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Any equations obtained for determining the pulsation frequency at which the boundary layer  
separa tes  have a function of the relative amplitude, the pipe d iameter ,  and the average flow 
rate of the fluid. 

In pulsating flows, the velocity profiles differ sharply for accelera ted  and re tarded flows. During 
accelera t ion they resemble  the velocity profiles for steady flow in a gradually narrowing channel; during 
a period of re tardat ion,  they are c loser  to the velocity profiles for steady flow in an expanding channel [1, 
2]. 

During retardat ion,  there can be a re turn flow with separat ion of the boundary layer  from the pipe 
wall. The r e sea rch  of Nikuradse [3] has shown that for water  the return flow with boundary- layer  sepa-  
ration occurs  in a channel with half-angle of ce -> 5 ~ 

The type of pulsating flow that we shall consider  has a f low-velocity variation that is very frequently 
encountered in pract ice  (Fig. la).  Within the hal f -per iod between point A and point B (Fig. la) ,  the liquid 
flow is re tarded;  it is acce lera ted  between B and C. The relative amplitude of the velocity pulsations is 

A- -  wm~-- Wmi. (1) 
2w av 

The motion of the fluid between A and B can be represented  as steady fluid flow in a diverging tube; at the 
beginning, the flow section ensures  a flow rate  Q for a velocity Wma x (velocity at point A); at the outlet 
section,  a velocity Wmi n (velocity at point B) is ensured for the same flow rate Q (Fig. lb). The relative 
amplitude of the deviation between the velocity and its average value is represented  by Eq. (1), where Way 
is the average velocity that ensures  the flow rate Q for a certain average value of diverging-tube flow s e c -  
tion. 

If a part icle  of the fluid had velocity Wma x at point A, then following the half-per iod T/2 ,  having t r a -  
versed  the distance L, it will have velocity Wmi n at point B. During the same time T/2 ,  the part icle  can 
t r ave r se  the same distance L at an average velocity Way in a pipe with average radius ray.  Thus we can 
write 

T 
L =Wav 2 (2) 

The angle of the diverging tube that is equivalent with respect  to velocity profiles to the given pulsat -  
ing flow is determined as a function of Wmax, Wmin, and L. We find the angle a from Fig. 2, 

t g  a = rma• - -  r , . . ,  (3)  

L 

Substituting (2) into (3), we obtain 

tg u - 2 ( r ~  - -  rmi.) 
T w  (4) 

a v  
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Fig .  1. Var ia t ion  inf low veloc i ty  in pulsa t ing s t r e a m  (a); 
g r a m  fo r  p rob lem (t)). 
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Fig .  2. L imi t  for  b o u n d a r y -  
l a y e r  s epa ra t i on ,  pu lsa t ing  flow 
of w a t e r  in pipe with din = 4 m m ;  
Way, m / s e e :  1) 1; 2) 2; 3) 5; 
4) 8. 

This y ie lds  

But T = l / f .  Thus 

This y ie lds  

tg a = 2f (rmax - -  rmin) (5)  

W a y  

~z = arctg 2f(r~.• (6) 
~A  a v  

We change the e x p r e s s i o n  for  ( r m a x - r m i n )  , 

/.-2 F2 
nnax - -  rnin 

/ 'max - -  Ym in ~ ~ ,  
rmax "J- rmin (7) 

The fol lowing equat ion holds f o r  d ive rg ing  and converg ing  tubes:  

~r 2 = const. (8) 

F o r  sma l l  ang les ,  we can take 

[.03max/,-2min = F.O3min/-2 ~ [ .~ . j .2  +_~. COllSt ,  max ~ ~ v  r 

w h e r e  

fmax Z- t'min 
ray 

2 

, : 2  
F 2 .  _ _  r:JaV aV 

mm 
~Jmax 

2 array ?.2 ~ _ _ _ _ .  
max ~ rn in  

(9) 

( lO) 

o r  

Subst i tut ing (9) and (10) into (7) and s impl i fy ing ,  we obtain 

~-)aVr2v ( Wmax  - -  Wmi n 

rrnax - -  Ymin - -  rmax  _]_ Ymin \ 2Way 
)( ,.,.v ) 

\ ~)maxWmin ] 

_ W.vr.v4( 2W..v ]. 
: m a x  - -  r m i n  2 \ ~  } (11) 

F r o m  (6) and (11), we have 

We find the funct ion 

a = arctg I:ra,A ( 'Way I]" 
\ ~max~'mtn/3 

0 2 )  

Z - -  2Way - -F(A) .  
WmaxF~min 
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This relat ionship can easily be plotted if we specify certain values of Wav, Wmax, Wmi n. Analysis of 
the function Z = F(A) yields an equation of the form 

Z=aAtg(2 A)§ (13) 

For  different specified values of Way, Wmax, and Wmi n we found equations for the coefficients a and 
b in the range of relat ive amplitudes 0.09 -< A -< 0.9: 

1.45 
a = - -  , (14) 

av 

2.00 
b = - -  (15) 

~.av 

From (12), (13), (14), and (15) we obtain the final expression for the angle a:  

a = a r c t g  {fravA [1,45 A t g ( 2  A)q-  2"0---~-0]1. (16) 
Way Way JJ 

From (16), we find the f low-rate  pulsation frequency at which separat ion occurs :  

Wavtg (z (17) /=  

Remember ing  that at a >- 5 ~ we have boundary- layer  separation and that tan 5 ~ = 0.09, we obtain 

0.09Way (18) [ = - -  

It follows from (18) that the g rea te r  the relat ive pulsation amplitude and the l a rger  the pipe diameter ,  
the lower the frequency at which there will he a re turn  flow with boundary- layer  separation.  Conversely,  
the lower the amplitude and the smal le r  the pipe d iameter ,  the higher the f low-rate  pulsation frequency at 
which separat ion will occur.  

It also follows from (18) that as the average flow velocity inc reases ,  all other conditions being equal, 
the pulsation frequency at which separat ion occurs  will go up. 

Figure 2 shows curves for f = r plotted from Eq. (18) for a pipe with din = 4 mm, for average flow 
velocities of Way = 1, 2, 5, and 8 m / s e e .  The curves were determined for speeified boundary- layer  sepa-  
ration boundary conditions for pulsating flows of an incompressible  liquid. Equation (17) is common to 
many liquids, while (18) can only be used for water .  

To conclude, we note that in pulsating flows the boundary layer  also pulsates,  and varies along the 
length of the pipe. Thus (18) bet ter  reflects  the nature of the process  for short  pipes where the boundary 
layer  is thin as compared  with the channel diameter .  Moreover ,  the nonsteady effects occurr ing in a pul-  
sating boundary layer  can have a substantial influence on the instant of separat ion.  Since the process  is so 
complex, the degree of this influence cannot be investigated theoret ical ly,  but can only be studied exper i -  
mental ly.  

Wmax, Wmin, Way 

O~ 

A 
Q 

rmax,  rmin,  ray  
L 
T 
f 

N O T A T I O N  

are the maximum, minimum, and t ime-averaged  fluid flow rates  in the pulsating flow, 
m / s e c ;  
is the half-angle for a diverging tube, deg; 
is the relat ive veloci ty-pulsat ion amplitude; 
is the t ime-averaged  fluid flow rate;  
are  the maximum, minimum, and average radii  of the diverging tube, l ;  
is the distance that a fluid par t ic le  traveis during one-half a period,  m; 
is the pulsation period,  sec;  
is the pulsation frequency,  Hz; 
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T is the t ime,  sec;  
din is the inside d i am e t e r  of the pipe, ram; 
x, y a re  the coordinate  axes .  

1~ 

2. 
3. 
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