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An experimental  investigation was made of the flow of a viscous incompress ib le  liquid in a 
t rench  of square  t r a n s v e r s e  c r o s s  section, using a l a se r  Doppler velocimeter .  The invest iga-  
t ion was made  with two values of the Reynolds number  Re, corresponding to laminar  and 
turbulent flow conditions in the channel. The exper imental  data show that a core  with a con- 
stant vor t ic i ty  is formed in the t rench,  that a jet propagates  near  the walls of the trench,  and 
that there  a re  secondary  eddies in the co rne r s  of the trench. The motion of a viscous liquid in 
a t r ench  of rec tangular  c r o s s  section is pa r t  of a b road  class  of breakaway flows. Experimental  
data on the investigation of flow in t renches  a re  ext remely  few. A major i ty  of the existing in- 
format ion is l imited to visual observat ions  [1-4]. In [2, 5, 6] the question of the unstable char -  
ac t e r  of flow in t renches  was discussed.  Quantitative measu remen t s  of stable eddy flows in 
t renches  were  made  in [7-9] using a the rmoanemomete r ,  and in [7] measu remen t s  were  made 
of the p r e s s u r e  at the bottom and walls  of t renches ;  there  a re  data on the distribution of the 
veloci ty in the middle sections of t renches.  In [8] the mean  velocity, the intensity of the turbu-  
lence,  and the s t r e s s  of the turbulent flow were  obtained in severa l  sections para l le l  to the side 
wal ls  of  the trench. In [9] a measu remen t  was made of  the veloci t ies  also in two c ros s  sections 
of a t rench in which one component of the veloci ty prevai ls .  A br ie f  analysis  of the existing ex- 
pe r imenta l  resul ts  shows tha t these  data a r e  insufficient to form a detailed representa t ion of the 
cha rac t e r  of flow in a trench. 

1.  D e s c r i p t i o n  o f  E x p e r i m e n t a l  U n i t  a n d  M e t h o d  o f  M e a s u r e m e n t s  

The p re sen t  work  was ca r r i ed  out in a hydrodynamic loop, in which a constant-head tank served  to main-  
tain the m a s s  flow rate  of the water .  Wate r  is fed by a pump from a lower  tank to the upper tank (constant-  
head) ; it then enters  a stilling chamber  with a c ro s s  section of 200 • 200 ram, in which equalizing grids a re  
installed, and then, through a diffuser,  it enters  a fiat section with a c ro s s  section of 100 x 10 ram, consist ing 
of  three  sections. The exper imental  t rench,  with dimensions of its c ro s s  section of 40 x 40 ram, is located at 
the lower  wall of the th i rd  c ros s  section of the seetiorL The width of the t rench is equal to the width of the 
flat section (100 ram). The side walls of  the third section are  made of optical g lasses ;  they a re  instal led 
flush with the side walls  of the preconnect ion section. The t rench is a r ranged  at a distance of 1500 mm from 
the s tar t  of the fiat section. After  the experimental  channel, the water  pas ses  through a regulating valve i n~  
the lower  tank, in which a heat exchanger  is installed. 

The velocity of the motion of the liquid was m e a s u r e d  using a l a se r  Doppler ve loc imete r  [10]. The Dop- 
p l e r  frequency is connected with the p a r a m e t e r s  of the optical scheme and with the vec to r  of the velocity by 
the relationship (with the condition 2~ <_ 15 ~ 

]~ = [(U cos ? . cos r 

where  ~ is the vec tor  of the velocity,  a rb i t r a r i ly  or iented in space,  m / s e e ;  Y is the angle between the p r o -  
ject ion of the vec to r  of the veloci ty on the planes of the incident beams and the normal  to the b i sec t r ix  of the 
angle between the beams;  r is the angle of inclination of the vec tor  of the velocity to the plane of the incident 
beams;  2a is the angle between the incident beams;  • is the wavelength of the radiation of the l ase r ;  b is the 
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Fig. 9.. 

distance between the centers  of the forming diaphragms;  F is the focal distance of the direct ing objective; fg 

is the Doppler frequency, MHz. 

In the p resen t  optical scheme,  the coefficient of proport ional i ty  between the Doppler frequency and the 

m e a s u r e d  component of the velocity was found equal to 11.5, i.e. 

t~ = II,5 j 

(b = 4.40 ram, f = 80 ram. y = F = 0, 7. = 0.6328.10 -3 ram). 

In th i swork ,  consecutive measu remen t s  were  made of the t r ansve r se  and longitudinal components of the 
mean  velocity of the flow. With measu remen t  of the t r a n s v e r s e  components of U, the plane of the incident 
beams  is a r r anged  s t r ic t ly  para l le l  to the bot tom of the t rench,  and the b i sec t r ix  of the angle between the in- 
cident beams  is para l le l  to the r ibs of the trench. The focal region is located at an equal distance from the 
side walls  of the channel. The dimensions of the focal region a re  100 • 100 • 800 Ix. The zero  values of the 
coordinates  were  determined visually f rom the contact between the walls of the channel and the focal region. 
The width of the channel along the path of a beam is 100 ram, and the thickness of the optical g lasses  is 10 
mm. At a distance of 50 mm from the focal region~ the d iameter  of the l a s e r  beam is 0.5-0.6 ram. The mini-  
mal  distance f rom the walls  at which the velocity was  m e a s u r e d  was ~1 mm. The averaging t ime with the 
measu remen t  of one value of the velocity was es tabl ished within the l imits  3-5 sec. In all the f igures,  the 
values of the veloci ty given a re  the average  values of 3-4 measurements .  After  measu remen t s  of the longitu:  
dinal component of the vec to r  of the velocity,  the optical scheme of the l a se r  Doppler ve loc imete r  was changed 
over  for  measu remen t  of the t r a n s v e r s e  component of the velocity. 
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The velocity was m e a s u r e d  at 2-3 c ros s  sections of the channel ahead of the trench,  along the whole 
sect ion of the t rench  with a spacing of 1-2 m m  (both with respec t  to the longitudinal and the t r ansve r se  co-  
ordinates) ,  and in 1-2 c r o s s  sections in the channel beyond the trench. 

With Re = 1500, there  are  zones with very  small  values of the mean velocity, going beyond the limit of 
the meas u r emen t  by the e lectronic  par t  of the l a se r  Doppler ve loc imeter  (u < 1 r am/ sec ) .  In this case, the 
velocity was m e a s u r e d  using a cor re la to r .  The Doppler signal f rom the output of a differential ampl i f ier  
entered the input of the eor re la tor .  On the display sc reen  of the c o r r e l a t o r  there  was obtained the curve of 
an autocorre la t ion  function, having the form of a damped cosinusoid. Measuring the per iod of the au tocor re la -  
tion function, the mean value of the per iod of the Doppler frequency was determined. 

Investigations of flow in a t rench were  made with two values of the Reynolds number  - Re = 1500 ( lam- 
inar  conditions) and Re = 15,000 (turbulent conditions): 

Re = uo2h/v, 

where  u 0 is the velocity of the liquid at the axis of the channel, in a c ross  section located 10 mm upstream 
from the t rench;  h is the height of the channel (Fig. 1; 1 is the r e a r  wall of the trench;  2 is the bottom; 3 is 
the front wall; 4 is the mixing region; H is the height of the t rench;  L is the length of the trench). 

2.  L a m i n a r  F l o w  o f  a L i q u i d  

For  the case  of the l aminar  flow of a liquid in a channel, Fig. 2a,b (v is the t r ansve r se  component of 
the velocity) gives the distribution of the longitudinal and t r a n s v e r s e  components of the mean velocity of the 
flow over  the whole invest igated region. Figure 3a shows the field of the mean velocity in the trench. In the 
channel ahead of the t rench the experimental  profi le  of the velocity coincides with the theoret ical  Hagen-  
Poiseui l le  distr ibution of the velocity in the gap between two para l le l  p la tes :  

u/u o = 4 (y/h) -- 4 (y/h) 2. 

From Fig. 2a,b and Fig. 3a, it can be seen that a fully developed circulat ing motion a r i s e s  in the trench. 
The region adjaeent to the upper section of the t rench  can be regarded  as the zone of the mixing of the jet, 
forming af ter  the breakaway of the flow at the point x = 0, y = 0 with the flow in the trench. After  the impact  
of the jet  against  the r e a r  wall of  the trench,  a jet is fo rmed near  the wall, propagat ing along all the walls of 
the trench. In the r ight-hand lower  co rne r  of the t rench (see Fig. 3a) a secondary eddy is formed,  rotating in 
the opposite direct ion (in distinction f rom the main eddy). The zone occupied by this eddy makes up 6% of the 
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In the  I e f t - h a n d  l o w e r  c o r n e r  a s t a g n a n t  zone i s  f o r m e d .  
The  a r e a  o c c u p i e d  b y  t h i s  zone  i s  2% of  the  a r e a  of  the  t r a n s v e r s e  c r o s s  s e c t i o n  of  the  t r e n c h .  Le t  us  con -  
s i d e r  in m o r e  d e t a i l  the  flow in t he  d i f f e r e n t  r e g i o n s  of the  t r e nc h .  

M i x i n g  Zone.  T h e  p r o f i l e s  of  the  l o n g i t u d i n a l  c o m p o n e n t  of  t he  m e a n  v e l o c i t y  in  t he  r e g i o n  a d j a c e n t  to  
one  p l a n e  zOx ( s e e  Fig .  1) fo r  s e v e r a l  c r o s s  s e c t i o n s  of  the  jet  a r e  shown in F ig .  4a  (1 - 5 = x / H  = 0.25; 
2 - ~  = 0 . 3 5 ; 3 - ~  = 0 . 5 5 ; 4 - ~ = 0 . 6 5 ;  5 - ~ = 0 . 7 5 ;  6 - ~  = 0 . 9 5 ) .  The  v a l u e  ~ = y / H  = 0 . 1 2 5  c o r r e s p o n d s  to  
the  a r r a n g e m e n t  of  t he  a x i a l  l i ne  of  the  channe l .  He re ,  fo r  p u r p o s e s  of  c o m p a r i s o n ,  t he  p a r a b o l i c  p r o f i l e  7 i s  
a l s o  p l o t t e d .  The  e x p e r i m e n t a l  p r o f i l e s  of  t he  v e l o c i t y  in  a l l  the  c r o s s  s e c t i o n s  of the  j e t ,  s t a r t i n g  f r o m  ~ = 
0.25, p r a c t i c a l l y  c o i n c i d e  a m o n g t h e m s e l v e s  and,  i n t h e  zone  n e a r  the  a x i s ,  a l s o  wi th  the  i n i t i a l  p a r a b o l i c  p r o f i l e  
of  t he  v e l o c i t y  in the  channe l .  

A l i ne ,  w h i c h  i s  a p r o l o n g a t i o n  of  t he  a x i s  of  the  channe l  a b o v e  the  t r e n c h ,  can  b e  a r b i t r a r i l y  t a k e n  a s  
the  a x i a l  l i n e  of  the  j e t ,  f o r m i n g  in t he  m i x i n g  zone  a f t e r  the  b r e a k a w a y  of  the  j e t  a t  t he  p o i n t  x = 0, y = 0. In 
Fig .  5a  t h e s e  s a m e  p r o f i l e s  o f  the  v e l o c i t y  a r e  r e p r e s e n t e d  in  the  c o o r d i n a t e s  "if, Vt/2, w h e r e  ~ = (u - u 2 ) /  
(u 1 - u 2 ) ; u~ i s  the  v e l o c i t y  a t  the  a x i s  o f  the  j e t  ( ~  = 0.125 ) ; u 2 i s  t he  v e l o c i t y  a t  t he  o u t e r  b o u n d a r y  of  the  
j e t  7h/2 = y/61/2;  61/2 i s  t he  a r b i t r a r y  t h i c k n e s s  of  the  j e t  ( the  d i s t a n c e  f r o m  the  a x i s  o f  the  j e t ,  w h e r e  ~ = 1, 
to the  p o i n t  a t  wh ich  u = 0 . 5 )  ( 1 - ~ = 0 . 1 5 ;  2 - x  = 0 . 4 5 ;  3 - ~ = 0 . 8 5 ) .  As  the  o u t e r  b o u n d a r y  of  t h e  j e t  t h e r e  
is  t a k e n  the  p o i n t  a t  w h i c h  a u / B y  = ( a u / a y ) c o r e  = cons t .  H e r e  t h e r e  i s  a l s o  p l o t t e d  ( s o l i d  line) the  u n i v e r s a l  
p r o f i l e  of  t h e  v e l o c i t y  in  a c c o r d a n c e  w i th  the  f o r m u l a  [11] 

( u - t ~ ) / ( u l - - u , _ )  : t--611 e ~ 8~1 ~ - -  3~1 ~, (2.1) 

w h e r e  77 = 37/5; 5 i s  the  h a l f - w i d t h  of  the  j e t .  T h e  e x p e r i m e n t a l  p r o f i l e s  of  the  v e l o c i t y  in  t he  j e t  p r a c t i c a l l y  
c o i n c i d e  w i th  the  u n i v e r s a l  p r o f i l e  of  the  v e l o c i t y .  
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The Boundary Layer .  As has been shown above, a jet  propagates  near  the walls  of the trench. The jet 
near  the wall is general ly  divided into two pa r t s :  a boundary l ayer  at the wall and a jet  region [11-14]. We 
assume that the boundary l aye r  of liquid extends from the wall of the t rench to the point at which the velocity 
has a maximum. We const ruct  the distribution of the velocity at the l imit of the boundary l ayer  and the thick- 
ness  of the boundary l aye r  (in Fig. 6a denoted by the light and dark c i rc les ,  respectively) along the longitu- 
dinal coordinate,  a rb i t r a r i ly  extending the walls of the t rench  into planes. Knowing this dependence, we can 
cons t ruc t  the distribution of the shape p a r a m e t e r  A, charac te r iz ing  the effect of the longitudinal gradient  of 
the velocity on the l aminar  boundary l aye r  (Fig. 6c). The values of the shape p a r a m e t e r  were  determined 
using the formula  

~v = (82/V) "dumax/dx. 

Figure  7 shows exper imental  prof i les  of the Iongitudinal component of the mean velocity in the boundary 
l aye r  at the r e a r  wall, the bottom, and the front wall of the trench. At the r e a r  wall of the t rench (Fig. 7a, 
1 - ~ = 0.35; 2 - ~ = 0.45; 3 - 5 = 0.5; 4 - ~ = 0.6; 5 - ~ = 0.7; 6 - ~ = 0.75), the profi le  of the velocity, with 
a decrease  in the shape p a r a m e t e r  h f rom 0 to 40, was r e s t ruc tu red  from full to breakaway,  which is in 
qualitative agreement  with the resu l t s  of a Pohlhausen calculation for a flat boundary layer  in the p resence  
of a p r e s s u r e  gradient.  For  an ord inary  l aminar  boundary layer ,  the shape p a r a m e t e r  A var ies  within the 
l imits  - 1 2  _ A _ 12. In our  case  (see Fig. 6c), the breakaway of the boundary l ayer  set in considerably 
la ter ,  which is connected with the p resence  of a negative vor t ic i ty  at the outer  l imit  of the boundary layer.  
With a t rans i t ion  f rom the r e a r  wall to the bot tom of the t rench (Fig. 7b, 1 - ~ = 1.25; 2 - x = 1.35; 3 - x = 
1.45; 4 - E = 1.65; 5 - E = 1.8; 6 - K = 1.85), the sign of the shape p a r a m e t e r  changes jumpwise to the oppo- 
site, but the breakaway prof i le  under these c i rcumstances  is t r an s f e r r ed  from the r e a r  wall to the bottom of 
the t rench,  as a resul t  of which the cha rac t e r  of the distribution of the velocity over  the c ross  section of the 
boundary l aye r  does not co r re spond  to the value and sign of the shape paramete r .  Fur ther  on, the flow de- 
veloped in such a way that, with a decrease  in A to zero ,  the profi le  of the velocity becomes  full, and, with a 
fur ther  decrease  in A (A < 0), it is r e s t ruc tu r ed  to a breakaway profile.  An analogous cha rac te r  of the change 
in the velocity prof i le  is also observed  at the front wall of the t rench  (Fig. 7c, 1 - ~ = 2.15; 2 --~ = 2.2; 
3 - E  = 2.25; 4 - ~ =  2.3; 5 - ~  = 2.5; 6 - ~  = 2.75; 7 - ~  = 2.9). This  argues  that, in the calculation of such 
a unique boundary layer ,  developing at the bottom and the front wall of the trench,  it is impossible  to use the 
methods of calculation for  an ord inary  laminar  boundary l ayer  in the p re sence  of a p r e s s u r e  gradient. The 
prof i le  of the veloci ty at the front wall of the t rench  has an anomalous cha rac t e r  at the point of breakaway of 
the flow (x = 0, y = 0). 

The Outer P a r t  of the Je t  near  the Wall. By the outer  pa r t  of the jet  we shall understand the region of 
the flow lying between the core  of the flow and the boundary layer.  It is well known that [11, 14] in the outer  
(jet) pa r t  of the jet  nea r  the wall at the point of a maximal  velocity the tangential s t r e s s  is not equal to zero,  
and the line of maximal  veloci t ies  is not the line of the flow. Direct measuremen t s  [15] show, however,  that 
the shift of the point of zero  tangential s t r e s s  with respec t  to the point of maximal  velocity is insignificant; 
therefore ,  it can be assumed  that the vec to rs  of the maximal  veloci t ies  lie at the line of the flow. Let us con- 
s ider  c ross  sect ions of the jet  lderpendicular to the vec to rs  of the maximal  velocit ies.  We find the value of 
the longitudinal component of the veloci ty by projec t ing  the vec tor  of the velocity at each point of the c ros s  
sect ion on the direct ion of the vec to r  of the maximal  velocity. In Fig. 5b (1 - ~  = 0.20; 2 - ~  = 0.35; 3 - ~  = 
0.50; 4 - E  = 0.65; 5 - ~ = 0.95, E is reckoned along the line of the flow), it can be seen that the prof i les  of 
the longitudinal component of the veloci ty in the outer  pa r t  of the jet  near  the wall coincide with the universal  
prof i le  of the veloci ty for  a plane je t  [11]. 

An analysis  of the experimental  data showed that the kinematic  momentum of the pa r t  of the jet  in the 
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is less  than the momentum of the jet  in a c r o s s  section of the jet  lo-  
cated immediate ly  a f te r  the rotation of the jet  with respec t  to the trench. The change of the maximal  veloci ty 
in the je t  near  the wall along the line of the flow in the t rench  prac t ica l ly  coincides with a dependence ob- 
tained for  a flat f ree  l aminar  je t  [16] : 

Umax -~- 0,454(/;2/vx) 1'3, 

where  K is the kinematic  momentum of the jet. The initial value of the longitudinal coordinate x 0 was de- 
t e rmined  using this same formula  from m easu remen t s  of the values of Umax and K in the initial c r o s s  sec -  
tion of the jet. 

Core. Having the values of the longitudinal and t r ansve r se  components of the velocity over  the whole 
c ros s  section of the t rench,  we can calculate the vor t ica l  s t r e ss  w: 

~o = l / 2 ~ ( O v / O x )  - -  ( a u / O y ) ] ,  

where  u is the component of the velocity di rected along the x axis;  v is the component of the velocity 
d i rec ted  along the y axis. 

Figure  8a [1) v/u0; 2) w] shows the distr ibution of the vort ic i ty  in a plane para l le l  to the bottom of the 
t rench,  a r r anged  at a distance of H/2  f rom the bottom. At the center  of the t rench there  is a zone with con- 
stant vort ici ty.  In the outer  pa r t  of the je t  near  the wall,  propagat ing along the walls  of the t rench,  there  is 
an inc rease  in the vort ici ty.  This inc rease  is mos t  appreciable  at the r e a r  wall of the trench. In the region 
of the boundary l ayer  the vor t ic i ty  changes its sign to the opposite. 

3 .  T u r b u l e n t  F l o w  

Very different sets  of flow conditions a re  possible  in a trench.  With laminar  flow in the channel ahead 
of the trench,  in the mixing zone there  can be ei ther  l aminar  o r  turbulent flow. Let us evMuate the exper i -  
mental  resul ts  of an investigation of the flow of a liquid in a channel and in a t rench with Re = 15,000. Under 
these c i rcumstances ,  in the channel there  a re  turbulent flow conditions with a velocity profi le  close to ex- 
ponential (n = 1/7). Figure 2e,d gives the distr ibution of the longitudinal component of the mean  velocity- of 
the flow over  the whole c ros s  section of the trench. Figure 3b gives the field of the veloci t ies  in the trench. 
Af ter  the impact  of the main jet ,  forming in the mixing zone, against the r e a r  wall,  a jet  is propagated  along 
the walls  of the trench. Here a considerable pa r t  of the initial momentum of the jet  is lost  with its p ropaga-  
t ion along the r e a r  wall. As with l aminar  flow, at the center  of the jet there  is a region with constant vortici ty.  
The secondary  eddy in the r ight-hand lower co rne r  and the stagnant zone in the left-hand lower co rne r  occupy 
an a rea  which is severa l  t imes  smal le r  in compar i son  with laminar  flow. In the co rne r s  of the t rench  and in 
the central  pa r t  of the zone with constant vor t ic i ty ,  there  were  large  fluctuations of the vec tor  of the velocity, 
which considerably inc reased  the e r r o r  of the measu remen t s  in these regions. 

Mixing Zone. F i g u r e 4 b ( 1 - ~ = 0 . 2 5 ;  2 - ~ =  0.35; 3 - ~ = 0 . 5 ;  4 - ~  =0.65;  5 - ~ = 0 . 7 5 ;  6 - ~ = 0 . 9 5 ;  
7 - ~ = 1/7) gives the distribution of the velocity in the mixing zone at different distances from the point of 
breakaway of the flow. The velocity at the axis of the je t  and at its outer  boundary var ies  only slightly along 
the longitudinal coordinate. The relat ive value of the velocity at the outer  boundary of the jet  is considerably 
g r ea t e r  than the corresponding veloci ty with l aminar  flow. Here, for purposes  of compar ison,  there is plotted 
also the exponential profi le  of the veloci ty in the channel ahead of the trench. It can be seen that the profi le 
of the velocity in the jet ,  in compar i son  with l amina r  jet  flow, is propagated considerably m o r e  rapidly. In 
Fig. 5c (1 - H = 0; 2 - II = - 2 ;  3 - II = - 5 ;  4 - II =-1 .2 ;  5 - ~ =  0.25; 6 - ~ =  0.5; 7 - ~  = 0.75) these same 
veloci t ies  a re  represen ted  in the dimensionless  coordinates  

u = ( u - - ~ . ) / ( u : - - ~ ) ;  ,] = U/8 , :~ .  
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In such an ana lys i s ,  the expe r imen ta l  p r o f i l e s  coincide with the theore t i ca l  p ro f i l e s  of the veloci ty  in the 
t r ans i t iona l  sec t ion  of a turbulent  j e t  [11] with di f ferent  va lues  of the p a r a m e t e r  

c h a r a c t e r i z i n g  the grad ien t  of the ve loc i ty  at the axis  of  the jet ,  where  

u = (u--u2)/(ui--u~); TI= y/6; ~ = (1--60.f2) + 
+ [I(]~ -- i2].); ]~ = (1!2)"-'I' -- (4i5)q ~ + (U2)~le; 

], = (t/4)q' -- (2/5)~ ~ -5 (1/6)TI'. 

At the s t a r t  of the t rans i t iona l  sect ion of the j e t  the der iva t ive  of  the ve loc i ty  with r e spec t  to the longi-  
tudinal coordinate  is  equal  to zero.  Out of  th is  flows the condition, cha rac t e r i z ing  the init ial  p ro f i l e  of the 
veloci ty ,  1I = 0. With l a r g e  negat ive  va lues  of II( I II l > 0 ), f o r m u l a  (3) gives  a negat ive value of the veloci ty  
n e a r  the ou te r  boundary  of  the jet ,  which is  phys ica l ly  imposs ib le .  Consequently,  for  the t rans i t iona l  sect ion 
of the j e t  the  condition is  sa t is f ied:  

--10 < II < 0. 

The Boundary  Layer .  With turbulent  flow conditions in the channel ahead of the t rench,  the th ickness  of 
the boundary  l a y e r  at  the wal l s  of the t r ench  is  s m a l l ,  T h e r e f o r e ,  it is  imposs ib le  to make  m e a s u r e m e n t s  of 
the change in the ve loc i ty  in the boundary  l aye r .  Some qual i ta t ive conclusions  can be drawn with r e sp ec t  to 
the s t r u c t u r e  of the boundary  l a y e r  by analyzing the change in the veloci ty  at the l imi t  of the boundary  l a y e r  
and in i t s  th ickness  along the wal ls  of  the t r ench  ( see  Fig. 6b). The c h a r a c t e r  of the change in the veloci ty  at 
the l imi t  of  the boundary  l a y e r  is  app rox ima te ly  the s a m e  as  with l a m i n a r  flow (see  Fig. 6a). However,  the 
g r e a t e s t  value of the d imens ion le s s  ve loc i ty  r e aches  0.4 at the r e a r  wall ,  0.27 at the bo t tom,  and 0.23 at  the 
f ront  wal l  of the t rench ,  which is  h igher  than the co r respond ing  values  for  Re = 1500. These  values  a r e  ap-  
p r o x i m a t e l y  equal  to the va lues  of the m a x i m a l  ve loc i t i e s  in a boundary  l a y e r  obtained in [7]. Breakaway  of 
the boundary  l a y e r  f rom the wall  ( see  Fig. 6d) t akes  p lace  with values  of the Pohlhausen shape p a r a m e t e r  A 
exceeding by  an o r d e r  of magni tude the b reakaway  value fo r  a l a m i n a r  boundary  layer .  This  obviously con- 
s t i tu tes  evidence that  the boundary l a y e r  in the p r e s e n t  case  is  turbulent .  

Outer  P a r t  of J e t  nea r  the Wall .  In Fig. 5d (1 - 5  = 0.20; 2 - ~  = 0.35; 3 - E  = 0.50; 4 - ~  = 0.65; 5 - 
= 0.95; ~ is reckoned  along the line of m a x i m a l  ve loc i t ies )  t he re  a r e  given exper imen ta l  p ro f i l e s  of the 

veloci ty ,  worked  up using the s ame  method  as  in the ex te rna l  p a r t  of a l a m i n a r  je t  nea r  the wall. For  p u r -  
p o s e s  of compar i son ,  the  s a m e  f igure  gives the p ro f i l e  of  the ve loc i t ies  in the mixing zone (curve  7) at a 
d is tance ~ = 0.7 (only the outer  p a r t  of  the ve loc i ty  p rof i l e  located  below the line y = 0 is  considered).  Curve 
6 is  the un ive r sa l  p ro f i l e  of the ve loc i ty  in acco rdance  with fo rmula  (2.1). This  compar i son  shows that  the 
p ro f i l e s  of the veloci ty  in the ou te r  p a r t  of a turbulent  j e t  r e ta in  the fo rm of the init ial  dis t r ibut ion of the 
veloci ty  in this p a r t  of the jet ,  which then tu rns  in the t r ench  and p ropaga tes  along i ts  walls .  The k inemat ic  
m o m e n t u m  of this  p a r t  of the je t  in the mixing  zone (below the l ine y = 0) is  20% g r e a t e r  than the m o m e n t u m  
of the j e t  n e a r  the wal l  immed ia t e ly  a f t e r  the ro ta t ion  of the je t  in the t r ench  (~ = 0.2). The change in the 
m a x i m a l  ve loc i ty  in the j e t  n e a r  the wall  along the line of  the flow in the t rench  p rac t i ca l l y  coincides with a 
curve  ealctf lated using the equation [16] Uma x = 2 .40~/K/x .  The initial  value of the longitudinal coordinate  x 0 
was  de t e rmined  in the s a m e  way as  with Re = 1500. 

Core.  The  dis t r ibut ion of the vo r t i ca l  s t r e s s  w, pa ra l l e l  to the bot tom of the t rench,  is  shown in Fig. 
8b [1) V; 2) w], where  the sect ion with constant  vor t i c i ty  has  a g r e a t e r  extension in compar i son  with the 
cor responding  sect ion with l a m i n a r  flow. An i n c r e a s e  in the vor t i c i ty  in the je t  n e a r  the wall  i s  obse rv ed  
only a t  the r e a r  wal l  of the t rench ,  and this  i n c r e a s e  is  l e s s  than with Re = 1500. 

In the e x p e r i m e n t s  t h e r e  was  o b s e r v e d  a ce r t a in  lack  of a g r e e m e n t  in the m a s s  flow r a t e s  for  two s y m -  
m e t r i c a l  ha lves  of the c r o s s  sec t ion  of the t rench;  for  example ,  for  a hor izonta l  sect ion with y / H  = 0.5 (Re = 
1500), 12% m o r e  liquid flows in than flows out. With Re = 15,000, this lack of a g r e e m e n t  is l e s s ,  but it is  
stil l  p resen t .  This  phenomenon is,  of course ,  not connected with the a c c u r a c y  of the m e a s u r e m e n t s  of the 
veloci ty ,  which m u s t  enable  drawing up a ba lance  with an e r r o r  not g r e a t e r  than 1-2%. 

A poss ib l e  explanation of this  effect  m a y  be connected with the appea rance  of a ce r t a in  lack  of s y m -  
m e t r y  in the p lane  of the  m e a s u r e m e n t s ,  brought  about by the f r ic t ion  of the cen t ra l  eddy at  the end wal l s  of 
the trench. 

In [17] an approximate evaluation is made of the systematic and random errors arising in the measure- 

ment of the components of the vector of the mean velocity. The systematic errors due to inaccuracy in ad- 
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j u s t m e n t  of the opt ical  s c h e m e  of the l a s e r  Doppler  v e l o c i m e t e r  can be  reduced  to f rac t ions  of a percent .  The 
e r r o r s  in de te rmina t ion  of the sca le  coeff ic ient  of the opt ical  s cheme  a r e  on the s a m e  o rde r .  When the ex-  
p e r i m e n t a l  r e su l t s  a r e  made  d imens ion less ,  e r r o r s  of a s y s t e m a t i c  c h a r a c t e r  a r e  excluded. The mos t  con-  
s ide rab le  contr ibut ion is  that  of e r r o r s  connected with the c h a r a c t e r  of  the  Doppler  s ignal  i t se l f  and with the 
p r o c e d u r e  fo r  i t s  ana lys i s  by the e lec t ron ic  s cheme  of the l a s e r  Doppler  ve loc ime te r .  

It i s  wel l  known that  even in the absence  of turbulent  pu lsa t ions  and of a gradient  of the veloci ty ,  within 
the  l imi t s  of the m e a s u r i n g  volume of the l a s e r  Doppler  ve loe ime te r ,  the spec t rum of the Doppler  signal has  
a finite width, i nve r se ly  p ropor t iona l  to the flight t ime  of the s c a t t e r e d  p a r t i c l e s  through the m e a s u r i n g  vol -  
ume. This  b roadening  of the spec t rum,  which in the l i t e r a tu r e  has  r e ce ived  the name of Doppler  i nde t e rmi -  
nacy,  can be  evalua ted  using the fo rmulas  given in [18]. The va r i ance  appea r s  in the fo rm of a var ia t ion  of 
the read ings  of the digital f requency m e t e r  of the l a s e r  Doppler  v e l o c i m e t e r  and in the fo rm of noise  at the 
out le t  of the f requency de tec tor ,  whose level  bounds the lower  l imi t  of the m e a s u r e m e n t  of the p a r a m e t e r s  of 
the turbulence.  The e r r o r ,  ca lcula ted  using the theore t i ca l  fo rmula  of [18], for  Re = 1500 and an averag ing  
t ime  of I sec,  is  found equal to 0.1%. 

The r e s u l t s  of  the e x p e r i m e n t s  w e r e  used  to evaluate  the re la t ive  m e a n - s q u a r e  e r r o r s  in de te rmina t ion  
of the m e a n  ve loc i ty  under  l a m i n a r  and turbulent  flow conditions in different  zones of the channel and the 
t r ench  (the e r r o r  was  ca lcula ted  as  the va r i a t ion  coeff icient  o v e r  10 readings  of the digital f requency m e t e r ,  
with an ave rag ing  t ime  of 1 sec).  At the cen te r  of the channel with Re = 1500 the value of the e r r o r  was  0.2% 
and at the wal l  of the channel,  1.2%. The r i s e  in the va r i ance  of the readings  in the zone n e a r  the wall  is ex-  
p la ined  by the additional broadening  of the s p e c t r u m  of the Doppler signal due to the gradient  of the velocity.  
Under  turbulent  condit ions,  the va r i ance  of the readings  is also g rea t e r .  The calcula ted  va lues  of the e r r o r s  
at the c en t e r  of the channel and at the wal l  under  turbulent  conditions (Re = 15,000) w e r e  0.5 and 2.570, r e -  
spect ively.  In the t r ench  n e a r  the wal ls  and at the bot tom the e r r o r  in m e a s u r e m e n t  of the vec to r  of the 
m e a n  veloci ty  under  l a m i n a r  conditions was  within the l imi t s  of 2-370, while,  under  turbulent  conditions,  as  
a r e su l t  of the l a rge  f luctuations of the v e c t o r  of the mean  veloci ty,  the va r i ance  of the readings  r eached  1070. 
At the  c o r n e r s  of  the t r ench  and the cen t ra l  p a r t  of the core  of the eddy, where  the components  of the v e c t o r  
of the ve loc i ty  w e r e  va r i ab le  in sign, m e a s u r e m e n t s  w e r e  not made.  It is a lso  n e c e s s a r y  to take into con- 
s ide ra t ion  the shift  in the evaluat ion of the mean  veloci ty  in t roduced by the e lec t ron ic  s cheme  of the f i l t ra t ion 
of the Doppler  signal.  P r e l i m i n a r y  ca lcula t ions  showed that if  the mean  value of the f requency of the spec -  
t r u m  of the Doppler  signal ( fo r  a l a m i n a r  g rad i en t l e s s  flow) does not coincide with the cen t ra l  f requency of 
the f i l te r ,  then the m ax i m a l  shift  in the evaluat ion of the m e a n  veloci ty  is 1.5%. 
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