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The resul ts  of an experimental  investigation into the d ispersed  flow of a sys tem subject to 
negative p r e s s u r e  gradients  a re  presented.  The measuremen t s  were  based  on an optical t ime-  
of-fl ight  method in a water  channel, using polys tyrene  spheres  as the solid phase. The average  
and pulsational cha rac te r i s t i c s  of the d i spersed  flow were  obtained in the boundary (wall) r e -  
gion and also in the center  (core) of the flow. For  zero  p r e s s u r e  gradient  the influence of the 
solid phase  expressed  i tself  as a reduction in the level of turbulence and an inc rease  in the ex- 
tent of the v iscous  sublayer,  leading to a fall in the coefficient of friction. For  a negative p r e s -  
sure  gradient  the p r e s s u r e  of the solid phase generated sma l l - sca le  vor t ices ,  reduced the ex- 
tent of the viscous sublayer,  and hence inc reased  the coefficient of surface friction. 

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

It is well known that the p re sence  of dense par t ic les  in suspension has a ma jo r  effect on the s t ruc ture  
of turbulent flows. In cer ta in  cases  the introduction of a solid phase reduces  the hydrodynamic res is tance ,  
and in o ther  cases  it has the r eve r s e  effect. Publ icat ions on the subject were  l is ted in [1]. The study of 
d i spersed  flows has so far  been mainly d i rec ted  at the case of fr ict ion with a zero p r e s s u r e  gradient.  How- 
ever ,  during the passage  of highly d ispersed  and mult iphase flows through nozzles and channels between the 
blades of turbines  and pumping installations,  as  well as in var ious  other  technical  devices,  boundary layers  
with considerable  negative p r e s s u r e  gradients  a re  created.  A study of these flows is highly desirable in view 
of the fact  that  negative p r e s s u r e  gradients  have a considerable  influence on heat t ransfer ,  chemical  r eac -  
t ions, and hydraul ic  res is tance.  In o rde r  to analyze these p r o c e s s e s  in a regula r  and soundly based  manner ,  
the accumulat ion of experimental  data regarding the physical  s t ruc ture  of such flows is a vital mat ter .  

1.  E x p e r i m e n t a l  M e t h o d  

Exper iments  were  ca r r i ed  out in a hydraulic tes t  installation compris ing two open tanks connected by a 
s ta inless  steel tube of square c ros s  section having a side 40 mm long. At a distance of about 60 d iameters  
f rom the inlet aper ture  of the tube an exper imental  Plexiglas  section was installed. The inner surfaces  of the 
experimental  section were  made flush with the inner surfaces  of the tube walls. In o rde r  to crea te  a longitu- 
dinalnegative p r e s s u r e  gradient,  a s tainless  steel plate A = 0.2 mm thick and L = 130 mm long was placed in 
the working section; with the help of a m i c r o m e t e r  screw this served  to compress  the flow. 

The meas u rem en t s  were  ca r r i ed  out by the optical t ime-of- f l ight  method [2], based  on the t ime required 
for  the par t i c les  suspended in the tes t  medium to t r a v e r s e  a specified distance (base of measurement ) .  The 
instants at which the par t i c les  c ro s s  the end points of the base  (distinguished optically in a specified par t  of 
the flow ) a re  recorded  by means  of a photoelec t r ic  system. In contras t  to the a r rangement  descr ibed ea r l i e r  
[2], in which the signal was distinguished by photographing the pulses ,  in the present  investigation we used an 
a r rangement  with two photomult ipl iers  and a f requency meter .  Bias lighting of the flow was suppiied by means  
of a nar row light beam, which was directed along the channel and was  capable of being moved in a t r a n s v e r s e  
direction. By means  of the optical sys tem the image of the region thus separa ted  out was focused on a dia- 
phragm containing two para l le l  slits. The distance between the slits,  the height of the slits,  and the magnif i-  
cation of the optical sys tem were  calculated in accordance  with the recommendat ions  of [2]. The light pulses  
f rom each slit were  separa ted  by means of a p r i s m  and t ransmi t ted  to photomultipliers.  The pulses  reaching 
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the output of the photomul t ip l ie r s ,  toge the r  with all  the noise  s ignals  pass ing  the ampl i f i e r s ,  w e r e  applied 
to the input of a d i s c r i m i n a t o r .  If the ampl i tude of the pulse  exceeded the d i sc r imina t ion  level ,  a r ec t angu la r  
pu l se  of specif ic  ampl i tude  and durat ion (independent of the p a r a m e t e r s  of the input signal pu l ses )  was  
c r ea t ed  at  the output. The s ignals  then p a s s e d  to a f requency me te r .  The f i r s t  pulse  s t a r t ed  the f requency 
m e t e r  and the second s topped it a f t e r  a t ime  co r respond ing  to the t ime  requ i red  for  the pa r t i c l e  to pa s s  o v e r  
the b a s e  dis tance.  The spat ia l  resolu t ion  in the d i rec t ion of the object ive  axis  was  de te rmined  by the depth of 
focus of the objec t ive  and the s l i t  width. If the p a r t i c l e  m o v e s  away f rom the plane of sha rpes t  focus, i ts  
image  b e c o m e s  b l u r r e d  and the intensi ty  of the light flux pass ing  through the sl i ts  to the photomul t ip l ie rs  is 
reduced,  i .e . ,  t he r e  is  a reduct ion in the ampl i tude of the pu lse  at the photomul t ip l ie r  output. If the ampli tude 
of this pu l se  fa l ls  below the set  d i sc r imina t ion  level ,  the p a r t i c l e s  a r e  not recorded .  

In o r d e r  to check the method we m e a s u r e d  the m e a n  veloci ty  p ro f i l e s  in the channel for  s eve ra l  Reynolds 
n u m b e r  Re. The r e s u l t s  of the m e a s u r e m e n t s  w e r e  c o m p a r e d  with va r ious  power - l aw  veloci ty  dis t r ibut ions,  
in which the p o w e r  indices  n w e r e  se lec ted  f rom the m e a s u r e m e n t s  of Nikuradze [3]. The exper imenta l  data 
w e r e  in excel lent  a g r e e m e n t  with a power - l aw  veloci ty  distr ibution in the channel. The m e a s u r e m e n t s  of the 
m e a n  veloci ty  c lose  to the wall  enabled us to de t e rmine  the dynamic veloci ty  f rom the slope of the mean  
ve loc i ty  p rof i l e  

u ,  = ( v d u / d y ) l t  2. 

The values  of the dynamic veloci ty  thus obtained w e r e  c o m p a r e d  with the va lues  of u~ calcula ted  on the b a s i s  
of the B las ius  r e s i s t a n c e  law k = 0.316Re 1/4 and the express ion  for  the tangential  s t r e s s  at the wall  [3] r0 = 
~tp~2/8. For  the ve loc i ty  p ro f i l e  m e a s u r e d  with a ze ro  p r e s s u r e  gradient ,  the va lues  of u ,  ca lcula ted  f rom 
the slope of the m e a n  ve loc i ty  p rof i l e  w e r e  equal to 1.50 c m / s e c ,  as  c o m p a r e d  with a value of u T = 1.475 
c m / s e e  deduced f rom the B las ius  formula .  

It was  shown in [4] that  the ve loc i ty  u .  ca lcula ted  f rom the slope of the prof i le  c lose  to the wall  g ives  
a m o r e  c o r r e c t  value of the s t r e s s  at  the wall ,  and that  the veloci ty  v .  should be  r ega rded  as a matching 
constant  which b r i ngs  the expe r imen ta l  r e su l t s  into coincidence with the logar i thmic  p a r t  of the Klause r  law. 

2 .  E x p e r i m e n t a l  R e s u l t s  

The pos i t ions  of the p la te  r equ i red  for  c rea t ing  high and medium p r e s s u r e  grad ien ts  (I and II) a r e  
shown in Fig. l a ,  while Fig. l b  shows the m e a n  veloci ty  dis t r ibut ion along the axis  of the channel for  the 
co r respond ing  p r e s s u r e  grad ien t  (the c r o s s e s  signify s ing le -phase  flow and the c i rc les ,  d i spe r sed  flow; d = 
0.82 mm).  In the case  of a high p r e s s u r e  gradient ,  a s  the d i s p e r s e d  med ium moves  the solid phase  lags  with 
r e s p e c t  to the ma in  flow in the  c o n v e r g e r  sect ion,  owing to the iner t i a  of the pa r t i c l e s .  Up to a coordinate  of 
x = 70 m m  no d i f fe rence  appea red  in the ve loc i t i e s  of  the s ing le -phase  and d i spe r sed  flows. As a p r e s s u r e  
grad ien t  p a r a m e t e r  we used  the quantity 

k ~ v d p _  v du l  
9u 3 dx  u 2 dx ' 
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The distribution of the parameter k along the section under consideration is shown in Fig. Ic. The 

velocity profile was measured over the channel cross section at a point x = 60 mm from the starting point 

of the plate. For x values of 50-70 mm the parameter k remains practically constant. Experiments on 

single-phase and dispersed flows were carried out for three values of the parameter k = 0; 3.94 �9 10-6; and 

9.42 x 10 -6. As solid phase we used polystyrene spheres with a concentration of 0.2 and 0.44 vol. % and two 

different diameters. The smaller diameter lay in the range 0.2 < d i < 0.44 mm with a confidence probability 

= 0.95; the mean diameter was dl = 0.32 ram. The larger diameter of the spheres (with the same confi- 

dence probability ~) lay within the range 0.66 < d 2 < 0.98 mm having a mean value of d2 = 0.82 mm. The 

effective viscosity was calculated from the equation 

~xlpo = I § (5/2)c 

(where c is the volumetr ic  concentrat ion of the solid phase), which is valid for low concentrations.  This 
equation was used for  determining the dynamic velocity. 

The measured values of the average velocity were expressed in dimensionless coordinates u + = u/u. 

and y+ = yu,/u. Figure 2a-c illustrates the mean velocity profiles for three values of the parameter k = 0; 
3.94- 10-6; and9.42 �9 10 -6, respectively. Points 1-3 correspond to single-phase flow; points 4-6, to dispersed 

flow with dl = 0.32 mm and c = 0.2%; points 7-9, to dispersed flow with dl = 0.32 mm and c = 0.44%; and 

points 10-12, to dispersed flow with d2 = 0.82 mm and c = 0.2%. 

The Reynolds numbers based on the equivalent diameter of the cross section x = 60 mm respectively 

equaled 12,500, 13,000, and 11,580. Let us consider the case of the motion of single-phase and dispersed 

flows under a zero pressure gradient k = 0. We see by considering the results presented in Fig. 2a that the 

particle concentration and diameter have no effect on the velocity profile at the wall. A slight deviation of the 

velocity distribution in the center of the tube from the Klauser law u + = 5.751gy + + 5.5 results from the fact 
that (in contrast to the tube) the outer region of the turbulent boundary layer borders the incident flow strik- 

ing the plate, and this flow has a very low turbulence compared with the layer itself. The values of the dimen- 

sionless velocity on the channel axis u~ = ul/u , are somewhat lower for a single-phase flow than the values 

of the velocity u~ obtained for a dispersed flow, this is a result of the slight reduction in resistance which 

occurs on introducing the solid phase. We remember that the coefficient of surface friction cf = 2 (u~)-2. 

In order to analyze the structure of the flow in the central part of the channel we constructed profiles 

of the velocity defect (difference) (u I - u)/u, (Fig. 3). For k = 0 the particle size and concentration have no 

influence on the law of velocity distribution in the channel. The law governing the velocity difference 

(u 1 - -  u)/u ,  = 5.751gS/y 

only gives a sa t i s fac tory  representa t ion  of the veloci ty profi le  in the outer  pa r t  of the turbulent boundary layer  
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for values of y/5 > 0.5. The deviation from this law in the region close to the wall is the greater, the smaller 
the Reynolds number. The reduction in the intensity of the turbulence on introducing the solid phase is con- 
firmed by the experimental data presented in Fig. 4 (case i, single-phase flow; 2, dispersed flow with 
c = 0.2% and d = 0.82 ram; 3, dispersed flow with c = 0.44% and d = 0.32 ram). 

An analysis of the oscillograms representing the velocity pulsations confirms our assertion regarding 
the influence of the solid phase on the characteristics of the turbulent flow. Figure 5a contains the oscillo- 
grams of the velocity pulsations at a distance of y = 0.35 mm from the wall for single-phase and dispersed 
flows (i and 2, respectively) subject to a zero pressure gradient. The time interval between the marks is 
0.02 sec. We see that the influence of the solid phase appears as a reduction in the turbulent pulsations. A 
qualitative model for the reduction in the hydraulic resistance of turbulent flows which occurs after introduc- 
ing small amounts of suspended impurity into a liquid was proposed in [5]. It was shown that for low concen- 
trations the reduction in the hydraulic resistance increased with increasing c and d. 

Let us now consider the motion of single-phase and dispersed flows in the presence of a longitudinal 
pressure gradient. It is well known that for a negative pressure gradient the viscous sublayer of a single- 
phase flow increases, while the velocity pulsations in the boundary layer diminish. Under certain conditions 
the turbulent boundary layer may become laminar. In our experiments the thickness of the viscous sublayer 

+ 
YL increased from 6-7 to 14 on increasing the pressure gradient k from 0 to 9.42 �9 10 -6 (Fig. 2a, c). How- 
ever, despite the presence of this severe negative pressure gradient, no transition from turbulent to laminar 
flow occurred, evidently because of the considerable degree of turbulence of the main flow, which amounted 

to ~4-5%. 

The reduction in the level of the turbulent pulsations may be seen by comparing the oscillograms (Fig. 
5a, b, 1 -i ) and the intensities of the turbulence ( Fig. 4, cases 1 and 4 ). 

The introduction of the solid phase into the turbulent flow in the presence of a negative pressure gradient 
affects the characteristics in a manner differing substantially from the case of zero pressure gradient. First, 
the existence of the solid phase reduces the thickness of the viscous sublayer, since the particles penetrate 
into the latter and turbulize it. Thus, whereas for a single-phase flow the laminar sublayer y~ ~ 14, for 
c = 0.2%,y~8-9, and for c--0.44%, y+ ~ 6 (Fig. 2c). L 

As regards its influence on the average velocity profile, an increase in the particle diameter is probably 
equivalent to an increase in the concentration of smaller particles, since the larger particles penetrate more 

effectively into the viscous sublayer. 

Outside the viscous sublayer the influence of the dispersed particles in the presence of a negative pres- 
sure gradient appears as a displacement of the mean velocity profile plotted in semilogarithmic coordinates, 
and the law corresponding to the wall may be written in the form 

u+ = ( J / z )  In y+ "-I- c, 
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, a  L I T , I  I ! '1~ ] 

, ' I , I  I , , ~ , I 2 , 

I I ! ' I  

I I / I ~  .I i [ I !~  l , 
b 

I I ' 1 , 

2 
' I I ' I ! ,  t 

I ! - I -  i ~ ' ! ~  i t 
Fig. 5 

cr z 

6 

4 

2 

0 

t �9 I ' 

'L__ 2 o,2 o,32 i I 
3 0,44 0,52 t- " 

I ,~ o , 2 _ o , s ~  ! ,I 
2 4- 6 8 I(,106 

Fig. 6 

8o 

70 

60 

EO 

40 

30 

20 

I0 

0 

20 

fO 

0 
4 8 12 IC 20 24 28 ,~2 cm /sec  

Fig. 7 

where  c is  a constant  of integrat ion,  depending on the p a r a m e t e r  k, the d i ame te r  of the spheres ,  and the con- 
cen t ra t ion  of the solid phase .  In the d i s p e r s e d  flow the deviation in the mean  veloci ty  p rof i le  u + = f(y+) takes  
p lace  in the opposi te  d i rec t ion to the case  of  the s ing le -phase  flow, the m o r e  so the g r e a t e r  the d i a m e t e r  and 
concentra t ion  of the pa r t i c l e s .  

The reduct ion in the veloci ty  u~ on the channel axis  is a r e su l t  of the i nc rea se  in su r face  fr ict ion.  
F igure  6 shows the coeff icients  of su r face  f r ic t ion  for  the modes  of flow under  considerat ion.  

The p r e s e n c e  of a negat ive  p r e s s u r e  gradient  r e su l t s  in a deformat ion  of the veloci ty  defect  (difference) 
prof i le ,  with a s imul taneous  l aye r ing  of the p ro f i l e s  for  both s ing le -phase  and cl ispersed flows (Fig. 3). With 
inc reas ing  p r e s s u r e  gradient  the quantity (u 1 - u ) / u .  d iminishes  for  cor responding  coordinates .  

The  i n c r e a s e  in the hydraul ic  r e s i s t a n c e  of the d i spe r sed  flow by compar i son  with the s ing le -phase  flow 
m a y  be  explained by the fact  that  the solid p a r t i c l e s  not only d is rupt  the turbulent  modes  but also genera te  
smal l  vo r t i c e s  t hemse lves .  A cons idera t ion  of the expe r imen ta l  data regard ing  turbulence  intensi t ies  in the 
c r o s s  sect ion of the boundary  l a y e r  ( c a s e s  4-6) and the o s c i l l o g r a m s  r ep re sen t i ng  the veloci ty  pulsat ions  
close to the wall  at a coordinate  y = 0.35 m m  (Fig. 5b) conf i rm this conclusion. 

In the p r e s e n t  invest igat ion,  by s ta t i s t i ca l ly  analyzing the e:~perimental r e su l t s ,  we calcula ted  the p r o b a -  
bi l i ty  densi ty  dis t r ibut ion of the veloci ty  in the boundary  l a y e r  at  va r ious  d is tances  f rom the wall,  using the 
equation 

P(u) = (2g)-112~ -1 exp {--(u --~)2/2a2], 
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where  a is the mean  square  deviation and U is the average  velocity.  

The resu l t s  of the m e a s u r e m e n t s  w e r e  checked in re la t ion to the normal  veloci ty  distr ibution law on 
the bas is  of the • c r i te r ion .  A compar i son  between the calculated X 2 values and the cr i t ica l  values obtained 
for  the cor responding  degrees  of f reedom shows that the re  a re  no grounds for  doubting the normal i ty  of the 
veloci ty  dis tr ibut ion in the boundary layer .  

F igure  7a and b i l lus t ra te  the probabi l i ty  density distr ibution P(u) of the velocity in the boundary l aye r  
in the p r e s e n c e  of a negative p r e s s u r e  gradient  (k = 9 .42 .10  -6) for  s ingle-phase  and d i spersed  flows, r e -  
spect ively  (c = 0.27O, "d = 0.82 mm). We see that, on introducing the d i spersed  pa r t i c l es ,  the viscous sublayer  
is turbulized" and the mean flow veloci ty  ~ at coordinate  y = 0.35 m m  inc reases  f rom 8.6 to 11.8 c m / s e c ,  
i .e . ,  by a f ac to r  of a lmos t  1.36 t imes ,  with a s imultaneous inc rease  in the intensi ty of the turbulence f rom 3.2 
to 8.77o. However,  beginning at a dis tance of y _ 1.0 m m  f rom the wall,  the veloci ty  of the d ispersed  flow 
diminishes by compar i son  with the s ingle-phase  flow for  the corresponding coordinates ,  this being a conse-  
quence of the i nc rease  in the hydraul ic  res i s tance .  

The author  wishes  to thank Yu. A. Buevich for  in te res t  in this work and V. L. Zalukaev for  par t i c ipa-  
t ion in the exper iments .  
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