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The resu l t s  a r e  given of an exper imenta l  investigation into the coefficient  of hydraul ic  f r ic t ion 
drag  for  an acce le ra ted  turbulent flow in a pipe.  

In var ious  a r e a s  of modern  technology ever  m o r e  frequently we mee t  p rob l ems  requ i r ing  the ca lcu la -  
tion of sharply  nonsta t ionary  p r o c e s s e s  in machines and appara tuses  and in pa r t i cu la r  the calculat ion of 
nonsta t ionary  flows of a fluid in p ipes .  But whereas  the laws of s ta t ionary  flows have been studied in a 
m o r e  or  less  sa t i s fac to ry  manner ,  the s a m e  cannot be  said for  nonsta t ionary flows although they have long 
a t t rac ted  the attention of students of hydromechanics .  

Back in 1915 Bakhmet ' ev  concluded f r o m  a considerat ion of the physical  pa t te rn  of nonsta t ionary  flow 
that p r e s s u r e  head losses  (due to friction) in acce le ra ted  motion mus t  be  g r e a t e r ,  and for  a r e t a rded  flow, 
l e ss ,  than for  a s ta t ionary  flow [1]. 

However ,  subsequent  paper s  for  a long t ime were  unable to ref ine  this question; on the con t ra ry ,  their  
conclusions were  cont radic tory .  

In the las t  10-15 y e a r s  the authors  of the exper imenta l  invest igations [2] and [3] sta~ed that the f r i c -  
tion coefficients  in nonsta t ionary flows differ  somewhat  f rom those in s ta t ionary  flows. 

In [4, 5] this distinction was ve ry  marked  both for  turbulent and for  l amina r  flows, analytic e x p r e s -  
sions being obtained for  the fr ic t ion coefficients to l amina r  flows. 

An exper imenta l  express ion  was proposed in [6] for turbulent flows: 

D dw (1) 
~' = ~ o -  1 . 2 8 - -  - - ,  

w ~ dt 

where  X0 is the fr ict ion coefficient  for  an "es tabl ished flow."* 

But the coefficient  of nonsta t ionary  fr ict ion and even the reduced coefficient  of nonsta t ionary  fr ict ion 
in genera l  cannot be de te rmined  by the c r i t e r ion  

A -- (2) 
~,q 

Here  Xq is the quas is ta t ionary  value of the fr ict ion coefficient,  computed or measu red  for  s ta t ionary  f r i c -  
tion conditions at the same  Reynolds number  as the nonsta t ionary flow has at the given moment  of t ime.  
Obviously Xq = f(t) is a function of one va r i ab le  only for  sufficiently l a rge  t imes  and only for  a pa r t i cu la r  
c lass  of functions defining the change in the veloci ty (for example ,  for  l inear  and power functions) [4]. 

Since the concept of a nonsta t ionary  fr ict ion coefficient  is st i l l  not genera l ly  accepted,  and frequently 
is linked with d iss ipat ive  los ses ,  we consider  br ie f ly  the genera l  formulat ion of the p rob lem.  

Most p rac t i ca l  p rob l ems  in the hydromechanics  of nonsta t ionary  flows involve the es tab l i shment  of 
the re la t ion  between the flow r a t e  G(t) and the p r e s s u r e  drop AP(t). These  p rob l ems ,  and also p rob lems  in 
the expenditure of power"onpumping"  a re  solved by consider ing the equations of motion which express  the 
fact  that the change in fluid momentum is equal to the sum of the impulses  of the fo rces  acting on it. 

*Which es tabl ished flow in pa r t i cu la r  was taken to calculate  ~0 in [6] was not made c lea r .  
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Fig. 1. D iag ram of the exper imenta l  appara tus :  1) pump; 2) r e -  
s e rvo i r ;  3) a i r  cyl inder ;  4) cap i l l a ry  thrott le;  5) mixing chamber ;  
6) flow r a t e  control ;  7) flow mete r ;  8) working section; 9) p r e s s u r e  
drop detector ;  10) t h e r m o m e t e r ;  11) measu r ing  tank; 12) feed tank; 
13) manomete r ;  14) different ia l  m a n o m e t e r .  

The equation of motion of an incompress ib l e  fluid in a cyl indrical  pipe with r igid wal ls ,  wr i t ten  in 
t e r m s  of the pro jec t ion  on the axis 

x~ x~ 

Ot .) 
x l  F F F z l  Z 

can be reduced to the following f o r m  af te r  introducing va r i ab les  ave raged  over  a sect ion and round the 
p e r i m e t e r :  

x~ 

dw 4 (' 
AP = (Ax) ~ - ; 7  + ~ ! ,  ~ x  + I~ (x2) - ~ (x,)l p~ .  (4) 

The second t e r m  on the r ight  s ide of (4), express ing  the p r e s s u r e  losses  due to f r ic t ion can be put in 
the f o r m  

hpfr = ~ Jpw]w Ax (5) 
2 D ' 

where  X is the coefficient  of nons ta t ionary  fr ict ion.  

For  flows in a pipe of c i r cu l a r  c r o s s - s e c t i o n  

8~w (6) 
pw2 

We note that )~ does not de t e rmine  the energy dissipat ion.  This is c l ea r  f r o m  the example  of flows in 
which the veloci ty  changes f r o m  one direct ion to the opposi te .  For  such flows ~ = 0 at some  point in t ime 
and for ce r ta in  t ime  in tervals  ~ < 0, although there  is a lways diss ipat ion,  which is,  of course ,  always pos i -  
t ive.  

To de te rmine  X exper imenta l ly  in segments  where  the flow is s tabi l ized along its length (where 3(x2) 
= fl(x0) , it is not n e c e s s a r y  to m e a s u r e  the tangential  f r ic t ion s t r e s s  at the wall  or  the veloci ty  prof i le .  
F r o m  (4) and (6)we have 

( p 2D 
)~ = , (7) 

i .e. ,  it is sufficient to m e a s u r e  w(t) (or G(t)) and AP(t) in the exper iments .  
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Fig. 2. Graph of the change with time of the velocity w, m / s e c ,  the p r e s -  
sure  gradient AP/Ax,  b a r / m ,  and the reduced fr ict ion coefficient A. 

Fig. 3. Comparison of experimental and computed (from (9)) values of A. 

It is expedient [4, 5] to seek an equation not directly for ~, but for its rat io to the quasistat ionary 
value Xq (see (2}, i.e., for the reduced nonstat ionary friction coefficient A. 

In the experimental  investigation descr ibed below the reduced nonstationary fr ict ion coefficient was 
studied for accelera ted turbulent water  flows in a pipe in a section where they were stabilized along the 
length of the pipe. 

The experimental apparatus was a closed circuit  (see Fig. 1). Water f rom a pump (type TI-200) at a 
p r e s su re  of 120-150 bar  was fed into a r e s e r v o i r  (to eliminate fluctuations), f rom which it was admitted 
to the working section through a throttle and a mixing chamber at a p re s su re  of P = 2-5 bar ,  the working 
section being a seamless  pipe of lKhl8N9T steel of thickness 1.5 mm, internal diameter  10 mm and length 
2.44 m. 

This ensured a constant flow ra te  through the working section. A perturbation {variable flow rate) 
was pumped by a special flow ra te  control in the form of a cylinder with a piston set in motion in a par t icular  
manner by a cam mechanism.  The piston injected an additional quantity of water into the mixing chamber  
and the total flow passed through the working section. Although the p res su re  in the mixing chamber  varied 
with the time (depending on the flow ra te  of the injected water),  the constant component of the flow ra te  was 
virtually unchanged as a resul t  of the large drop at the throttle (capillary and needle valves).  

The flow rate  of the water  through the working section was measured (at the inlet to the section) by an 
induction flow meter  based on the flow meter  ZRI-25 with an electr ical  current  c a r r i e r  frequency of 500 Hz.* 

The p re s su re  drop AP was measured  in a segment of the pipe of length Ax = 120 mm at 1 m f rom the 
inlet. A p res su re  drop detector of type DIF-IM was used to measure  AP. The impulse lines (of the pipe 
0 8 x 1, l = 40 mm), as calculations showed, introduced an e r r o r  not exceeding 1% of the measured  p re s su re  
drop. 

Before each ser ies  of experiments the induction flow meter  and the p res su re  drop detector  DIF-IM 
were  calibrated using ID-2I amplif iers  and an MPO-2 oscil lograph in steady state conditions. 

In the experiments to determine A the accelerat ion of the flow was varied f rom 8 to 140 m / s e c  2 and 
the initial velocity f rom 0.7 to 1.3 m / s e c ,  while the mean velocity at the end of the accelerated r eg imeva r i ed  
up to 2.7 m / s e c .  The water  tempera ture  in the experiments was 25-30~ 

*The flow meter  was modernized by engineers L.A.  Santalov and V. Ya. Gurovich. 
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The oscf l lograms of the nonstat ionary p ro ce s se s  were  f i r s t  p rocessed  and the data on the MPO-2 
osci l lograph tape cal ibrated using a P l 0  en la rger .  

The exper imental  resu l t s  were  la te r  p rocessed  on a digital computer .  

Since the exper imental  values of the veloci ty and the p r e s s u r e  drop (in a t ime interval  of 0.002 sec) 
had random sca t te r ,  they were  smoothed using Chebyshev approximation polynomials and the method of 
leas t  squares  [7]. F rom the smoothed curves  for  w(t) and AP(t), values of dw/dt,  d2w/dt 2, Re, X, A, K 1 and 
cer ta in  other  var iables  were  calculated.  

The exper imenta l  values of the fr ict ion coefficient in the working section for  s ta t ionary flows a re  well 
descr ibed  (with a mean-square  e r r o r  of less than 1%) by Blas ius '  equation. Hence A was calculated f rom 
the equation 

A =  0.3162D Re~ ( h p p w  2 -~x dwl �9 - p - ~ - , .  ( 8 )  

Typical  curves  for  the changes in w(t), AP/Ax,  and A during the exper iment  a re  given in Fig. 2. 

Analysis and process ing  of the exper imenta l  resu l t s  showed that k depends on c r i t e r i a  involving not 
only the f i r s t ,  but also the second der ivat ive  of the velocity with r e spec t  to the t ime.  

As a resu l t  of p rocess ing  the exper imenta l  resu l t s ,  an equation was obtained for the approximate  ca l -  
culation of A for  the acce le ra ted  flow of water  in pipes:  

A = exp ( - -  2OK,) -~- 20K~ 1 A- K~ exp (1 + K,), . (9) 
1 + 10KI ' 

where  

K~ = D d_2_w ' ( 1 0 )  
dt 

K2 = D2 d~.' 
dt.~ (11) 

Since the above equation is empir ica l ,  without additional ver i f icat ion it cannot be extrapolated beyond 
the range of the p a r a m e t e r s  of the exper iment .  The p a r am e te r s  K 1 and K 2 in the exper iment  var ied within 
the ranges 

0.04 ~ K1 ~ 0.43, 

0.12 ~ K~ ~< 0.86, 

and A reached  the value of 20. 

The e r r o r  in determining A f rom (9) in the above range  of p a r am e te r s  is es t imated at *25% (see Fig. 
3). 

NOTATION 

D 
Dh 
F 

G 
P, AP 
t 
u is 

w is 

w = w(t); 
x is 

is 
A is 
p is 

is the internal  pipe d iameter ;  
is the hydraulic d iamete r  of pipe; 
is the c ros s - sec t iona l  a r ea  of pipe; 
is the mass  flow ra te ;  
a re  the p r e s s u r e  (mean at section) and p r e s s u r e  drop in segment;  
is the time; 

the local velocity;  
the mean flow ra te ;  

the distance; 
the coefficient  of veloci ty  averaged with r e spec t  to momentum; 
the coefficient  of f r ic t ion drag; 
the reduced coefficient  of nonstat ionary fr ic t ion drag; 
the density; 
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Tw 

Re = w D / v  

is the tangential s t ress  at pipe wall; 
is the pipe perimeter; 
is the Reynolds number. 
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