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We present  the resul ts  f rom an experimental  study of hydraulic res is tance  in turbulent flow 
for an incompressible  liquid in channels (collectors) of constant c ross  section, with a run-  
off and influx through a permeable  (perforated) wall. 

Calculations of the change in p r e s s u r e  through the length of a channel (collector) during the runoff or 
influx through a wall must be based on the use (in some form) of the equations of liquid motion with a v a r i -  
able flow rate  along the path [1, 2]: 

_ _  ~ w ~ d G  w ~ d x  = O. (1) 

Equation (1) differs f rom the conventional Bernoulli equation p r imar i ly  in the presence  of the t e rm 
/~y2dG/G by means of which we take into considerat ion the dynamic or inertial effect of mass  separat ion or 
addition. This inertial  t e rm is frequently the most important  in the equation and failure to make prov i -  
sion for this te rm leads to an e r r o r  which, as will be demonst ra ted  below, may amount to 100% and more  
of the calculated p res su re  difference.  

For  specific calculations with (1) we have to know the relat ionship applicable to the fr ict ional  r e s i s -  
tance factor  ~ in that equation (this is some dimensionless equivalent of the shearing s t r ess  ~" at the wall) : 

~ =  8,~ (2) 
pw ~ 

and for the momentum-flux factor  

P=7  (3) 

The coefficients ~ and fl are [3, 4] functions of the local Reynolds number Re(x) = w(x)Deq/V and of the run-  
off coefficient K_L(x) = Vw(X)/W(X).* However,  experimental  data on thesecoeff ic ients  are present ly  few in 
number and contradic tory  [5, 6]. This makes it neces sa ry  to apply inadequately validated assumptions 
in the calculations of the change in p r e s s u r e  along the col lectors  as regards  the coefficient of hydraulic 
r e s i s t ance  [7, 8]. 

There  are  even fewer data on the momentum-flux coefficient /3. 

The experimental  determinat ion of the coefficients ~ (Re, K• and//(Re, K_O is an ext remely  difficult 
problem,  since it is impossible to find both of these coefficients f rom the data of a one-dimensional  exper i -  
ment without measuring' the shear ing s t ress  at the wall (with the use Eq. (1)). For  this we requi re  an 
additional measurement  of ~" and of the velocity profile for u(r,  x). 

It is therefore  natural  that an attempt be made to reduce (1) to an equation with a single unknown which 
can be found from a one-dimensional  exper iment  without measurement  of r 

* Here and below in the case of runoff thequanti t ies  Vw and, consequently, K l  are  posit ive,  while in the case 
of influx they are  negative. 
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Fig. 1. D iag ram of the working section: 1) wa te r  inlet; 
2) support  for pulse tube; 3) porous  Plexig las  tube; 4) 
chamber ;  5) r o t a m e t e r  drains;  6) wa te r  outlet; 7) mov-  

ab l e  pulse tube; 8) packing gland; 9) p r e s s u r e  p robes  at 
pulse  o r i f i ces  in the wall  (to a ba t t e ry  manomete r ) .  

It was  p roposed  in [9] that a study be under taken with r ega rd  to the use,  in subsequent  calculat ions,  of 
the local  ra t io  of the Euler  num ber s  - the t rue  {experimental) and theore t ica l  - as such a coefficient:  

Eu 
E = , (4) 

EUth 

where  

EUth = 16K• - -  t0- 

This  method can be applied success fu l ly  in calculat ing flows with high runoff coefficient;  however ,  it 
is not sui table nea r  values  of Kx = ~0/16. 

We the re fo re  a t tempted  to develop a m o r e  universa l  method that is also based  on applicat ion of the 
equation of motion (1), but devoid of this drawback.  

In d imens ion less  fo rm Eq. (1) can be wr i t ten  as 

- - E u  dP 16[~K~ (1 + 0.5 dln[3 
= d--X = d lnRe] - -  ~" (5) 

Bear ing  in mind that  fl is close to unity and that  the known por t ion  must  be excluded f rom the object  
of our study, let  us r ewr i t e  (5) in the fo rm 

dP ~ 16K~ = 16K~(I~ - -  1) + 8 K • 1 6 3  - -  ~. (6) 
dX 

Having denoted the r ight -hand m e m b e r  of (6) as  ~, we find the equation of motion in a s imple  fo rm 
that is convenient for  calculation: 

dP 
- -  1 6 K ~  - -  ~.  ( 7 )  

dX 

The va r i ab le  ~ will be known as the effect ive coefficient  of hydraul ic  r e s i s t a n c e . *  

Fo r  flow with runoff (distr ibution col lectors)  we have/3 ~. 1.0, and the h y d r a u l i c - r e s i s t a n c e  fac tor  
is approx imate ly  equal to the coeff icient  of f r ic t ional  r e s i s t a n c e  ~. For  flows with influx (receiving col -  
l ec tors )  the coefficient  ~ is smal l  in mos t  cases  [6]. In this case  ~ may depend s t rongly on the coefficient  

for  the momentum flux; however ,  in t e r m s  of absolute magnitude ~ is smal l .  

Analys is  of the r ight -hand m e m b e r  of (6) eas i ly  demons t r a t e s  that  ~ (as well  as ~ and/3) is a function 
of the local  c r i t e r i a  Kx(x) and Re(x) (or Kx(x) and Rex(x) = vwDe/U).  

To  study ~ we develop an exper imen ta l  insta l la t ion whose working sect ion is shown in Fig. 1; the work -  
ing fluid is water .  The bas ic  e lement  of the working sect ion is a th ick-wal led  Plexiglas  tube with an inside 

* Or for b rev i ty ,  s imply  as  the coefficient  of hydraul ic  r e s i s t ance .  
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TABLE I. P a r a m e t e r s  of Porous Tubes 

No. of working 
section l 2 a 4 s 

Porosity 
No. of orifices per 

r o w  

No. of orifice rows 
Mean relative pitch 

t/Deq 
Length of working 

section, mm 
Value of central 

angle ~, within the 
linSits of which 
orifices were drilled 

0,008 
4 

10 
1,8 

225 

0,024 
4 

30 
0,578 

241 

0,080 
8 

50 
0,346 

241 

0,160 
16 

50 
0,346 

241 

360 ~ 
(drill holes about entire perimeter) 

0 ,030  
2 and 3 

50 
0,346 

241 

90 ~ 

diameter  of 20 ram, whose porosi ty  is governed by the number of orif ices (2 mm in diameter) ,  dril led 
into the wall. 

The pa rame te r s  of the porous tubes on which the tes ts  were  ca r r i ed  out are  given in Table 1. 

The basic  requi rements  imposed on the experiment  to find the res i s tance  factor  involve the exact 
establishment and maintenance of a specified runoff (influx) law over the length of the channel dG/dx = fl(x) 
and the exact determination of the derivative dp/dx = f2(x). To satisfy the f i rs t  of these requ i rements ,we  
have made the working section in 10 segments .  Each segment is connected by means of a regulation valve 
to its own ro tamete r  to set and measure  the required flow rate  for the runoff (influx) through the given seg-  
ment. 

To ra i se  the rel iabil i ty of the p rocedure  by which the static p r e s s u r e  is measured  along the length of 
the porous tube, the measurement  sys tem was duplicated. The p re s su re  was sampled at the pulse or i f ices  
in the wall (one orif ice per  segment) and at the movable pulse tube, the la t ter  provided with a positioning 
device (Fig. 1). With the pulse tube we can measure  the static p r e s s u r e  for virtually any pitch. The r ead-  
ings of both sys tems  were fed to a ba t te ry-opera ted  water  differential manometer .  

In studying flow with runoff, the basic  readings were those from the movable pulse tube, while in 
studying flow with influx, the basic readings were those taken from the pulse or i f ices  at the walls of the 
var ious  segments  (the readings of the pulse tube, par t icular ly  when K j. < -0~ were  dis tor ted by the 
velocity head of the jet of incoming fluids). 

Because of the use of the movable pulse tube, the channel of the working sect ion was made annular,  
with a d iameter  rat io of 0.305 and an equivalent d iameter  of 13.9 mm. 

The fr ic t ion fac tor  ~ and the momentum-flux coefficient/? for flows with a relat ively smooth change in 
the liquid flow rate over  the length are  vir tually independent of the form of ~he function G(x) [3, 4, 6]. It 
follows from (6) and ('7) that the hydrau l ic - res i s t ance  factor  in this case must also be virtually independent 
of the law governing the change in flow rate over the length of the collector.  The basic experiments  in this 
effort  were therefore  pe r fo rmed  with the influx and runoff uniform over the length, while the validity of ap-  
plying the derived relat ionships to any other (but sufficiently smooth) distribution function G(x) is demon~ 
strafed by special  experiments .  

P rocess ing  of the measurement  resul ts  was accomplished on an electronic digital computer~ The 
experimental  values of p(x) were approximated by a polynomial of third degree whose coefficients were 
determined by the method of least  squares .  The degree of the polynomials was selected on the basis  of data 
f rom a p re l iminary  theoret ical  analysis  [1], as well as an analysis  of the p r imary  experimental  resul ts .  
The der ivat ives  d P / d X w e r e  calculated at the points at which the static p re s su re  was measured.  

The hydrau l i c - res i s t ance  factor  ~ was determined f rom (7), and this led to the question as to which 
runoff (influx) coefficient it is best  to use, i . e . ,  the one calculated in t e r m s  of the " true" velocity Vtrue 
= AG/pTrDAxe.f at the or i f ices  of the porous tube, or the one calculated in t e r m s  of the conditional velocity 
Vco n = AG/pTrDAx, r e f e r r ed  to the entire side surface.  We will re fer  to the runoff (influx) coefficient ca l -  
culated by the f i rs t  method (from Vtrue ) as the "true" coefficient and we will denote it as K_ktrue. while the 
coefficient determined by the second method will be known as the ~eonditional" coefficient,  denoted as K• 
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Fig. 2. Effective coefficient of hydraulic res is tance  for flow with 
runoff as a function of the "true" runoff coefficients:  1) ef = 0.008; 
2) 0.024; 3) 0.08; 4) 0.16 (the d a s h , d o t  lines show the cor respond-  
ing values of ~0). 

TABLE 2. Values of the Coefficient and Exponents 
in (8) 

Poros i ty  , 0 , 008  0,024 0 ,080 o,  160 

a 
b 
S0 

0,0532 
1,15 
o, 0235 

O, 143 
1,24 
0,0253 

0,609 
1,27 
0,273 

1,601 
1,28 
0,0301 

Resul ts  from the process ing  of the experimental  
data with respec t  to flows involving runoff are  shown 
in Fig. 2 as functions of ~ run = ~ (Kxtrue)  (from the Rey-  
nolds number ,when Re > 104 the res is tance  factor  
is se l f -s imi lar ) .  The experimental  points provide 
a good approximation of the exponential relat ion 

~run  = t0 + a I~%ue~ (8) 

The coefficients of (8), found by the method of least  
squares ,  a re  shown in Table 2. 

The calculated values of ~0 agree  with the se l f - s imi la r  values of the fr ict ion factor for the porous tube, 
these having been derived experimental ly with constant mass  flow through the tube (when K.L = 0). 

In connection with the fact that the walls of the porous tube exhibit substantial roughness because of 
the or i f ices ,  the se l f - s imi la r i ty  of ~0 - on the basis of the Reynolds number - was reached as soon as 
Re = (3-4) �9 104. 

It proved to be preferable  (more universal) to p rocess  the experimental  data in the var iables  ~_run 
= ~ (K_0, i . e . ,  on the basis  of the conditional runoff coefficient (K 1 = K• e ~f). Here the experimental  points 
for the three var iants  of the porous tube, with the exception of the f i rs t ,  are  general ized bythe  single r e l a -  
tionship 

~run = ~0 + 15.6"KIj: 2z. (9) 

Formula  (9) in the range of pa rame te r s  104 -< Re -< 1.1 "105; 0.0022 -< Kj. -< 0.1; t /Deq -< 0.578, and d/  
Deq -< 0.145 descr ibes  the experimental  points with a standard deviation of ~ 6%. The hydrau l ic - res i s tance  
factor  in flow with runoff in the cited range of pa rame te r s  is virtually independent of the porosi ty  and 
relat ive spacing between the orifice rows. It is only [0 that depends weakly on these quantities. 

Under actual conditions, we most  frequently encounter a discrete  change in the flow rate of the liquid 
over the length, andthe fundamental difference between the real  flow and that of a mathematical  model (with 
a constant runoff over the length and the perimeter)  is determined by the magnitude of the relative pitch 
t /Deq.  Here the effect of t /Deq,  provided it is sufficiently large ,  becomes noticeable in the intial exper i -  
mental resul ts .  Thus, when t /Deq = 1.8 the p iezometr ie  lines are  not smooth. Between the orifice rows, 
over the length t of the pitch, the flow can undergo changes designed to " res to re"  the charac te r i s t ic  velocity 
field for a cons tan t -mass  flow, and here we either find a drop in the static p re s su re  (with an overall  r ise  in 
pressure)  or a significant re tardat ion of its increase.  For a relative pitch t/Deq -- 0.578 this phenomenon 
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Fig. 3. Comparison of exper imenta l  r e su l t s  with the calculation 
according to formula  (10): 1) author ' s  data; 2) of [6J; 3) c f / c f 0  
(data of [12]); 4) according to (10). 

Fig. 4. Relat ive gradients  Eru n and E* as functions of the 
"conditional" runoff coefficient (el = 0.16): 1) Eru  n is the r e l -  
ative p r e s su re  gradient  according to (4); 2) E* is the r e l a -  
t ive p r e s su re  gradient  according to (12). 

is not observed.  P rocess ing  of the exper imenta l  data [10] der ived for values below t /Deq = 0.84 demon-  
s t ra ted  that the exper imenta l  points fall sa t i s fac tor i ly  along the curve  of function (9), which we derived.  
Hence we can draw the conclusion that t r u  n is vir tual ly independent of t /Deq,  at leas t  when t /Deq -< 0.84. 

The cha rac t e r i s t i c  feature  of the coefficient  of hydraulic res i s tance  for  flow with influx is the decline 
in the la t te r  as the absolute magnitude of the influx coefficient inc reases ,  i . e . ,  ~iniS always smal le r  than 
~0 (Fig. 3). The fac tors  responsib le  for this behavior  of t i n  are  covered ra ther  fully by the authors of [6, 
11]. 

The substantial  scat ter ing of the exper imental  values of t i n  is explained by the fact that it is der ived 
f rom (7) as the di f ference of two large  quantit ies (dP/dX < 0 throughout), with the resu l t  that (}in) is sma l l e r  
than the other  t e r m s  of (7) by 2-3 o rde r s  of magnitude. 

However,  we do not need high accuracy  in the res i s t ance  coefficient  }in for prac t ica l  calculat ions,  
since the p r e s s u r e  di f ference in flow with influx is governed p r imar i l y  by inert ial  forces  r a the r  than by 
f r ic t ion (see formula  (7)). 

Kutateladze and Leont 'ev [t l]  examined the l imit  laws of f r ic t ion as Re ~ ~and they der ived the the-  
ore t ica l  formula  for the calculat ion of f r ic t ion on a porous plate with continuous injection. In our notation, 
the Kutateladze and Leont 'ev formula  has the form 

~ i n = ~ o ( l  +0.5~_~__) s. (10) 

In Fig. 3 we compare  the exper imenta l  data f rom [6, 12] on ~ and our data on t in  with the calculat ion 
according to (10). 

Formula  (10) sa t i s fac tor i ly  descr ibes  the exper imental  data and can be recommended for  purposes  of 
calculation. However,  for  prac t ica l  purposes ,  consider ing the location of the main mass of the expe r i -  
mental  points on the curve  of Fig. 3 below the theoret ica l  curve ,  we can propose s impler  re la t ionships  

~in = ~o -I-K• when --Kz~.~o , 

~in-----O when -- I{• > ~. 
(11) 
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The stabilization segment for the hydrau l ic - res i s tance  factor  proved to be very short  (both in tests 
with runoff and with influx) and did not extend beyond the limits of the f i rs t  segment (x/Deq ~ 2). We found 
no noticeable sys temat ic  s t rat i f icat ion of the points corresponding to the initial segments  of the collector;  
analogous resul ts  were obtained in [6] in studying flows with influx in a porous tube. 

Since the col lectors  in numerous industrial installations are  designed sothat  there is no runoff or in- 
flux over the entire pe r ime te r ,  it would be interesting to ascer ta in  whether or not the orifice s tagger  angle 

in the collector  has a pronounced effect on the hydraulic res is tance .  

The tests  per formed in the NO. 5 working section (see Table 1) demonstra ted that the nature of the 
function ~run = f(K.)  remains  the same as in the case of c i rcu la r  runoff; however,  numerical ly  ~run is 
approximately 30%higher. 

From this standpoint it would also be interesting to examine the experimental  data of [10]. Despite 
the fact that the col lector  in that re fe rence  had only two orifice rows in diametr ic  a r r a y  (the second time 
there  were four rows),  the experimental  points - as pointed out ea r l i e r  - group themselves about the curve 
for function (9), derived for runoff over the entire channel per imete r .  

In conclusion, let us dwell in somewhat g rea te r  detail on the popular method [1, 14] of calculating the 
p r e s s u r e  difference ac ross  col lector  s by means of the conventional Bernoulli  equation, which involves the 
use of the coefficient of fr ict ional  res i s tance  for a flow without runoff. 

If this calculation procedure  is accura te ,  the result ing p re s su re  gradient 

d P  

E *  - -  d X  (12) 
8K~ - -  ~o 

(the denominator is the gradient  dP/dX,  calculated f rom the Bernoulli equation) would always be equal to 
unity. Figure 4 shows E* (K~), calculated from experimental  data for flow with runoff (from the averaged 
curve for  Erun(K 0). Near the values of K_[ = [0/8, where the denominator of (12) vanishes,  the e r r o r  may 
be as grea t  as you please.  Given sufficiently l a rge  values of K• the e r r o r  in the p res su re  gradient drops 
to ~ 10~ which is a resul t  of the fact that the e r r o r s  result ing from the failure to account for the inertial  
t e rm in (1) and f rom the incor rec t  specification of the fr ict ion factor  have been part ial ly offset. 

For  the flows in rece iver  col lectors  the p re s su re  difference derived f rom the application of the con-  
ventional Bernoulli  e q u a t i o n -  as follows f rom (1) - is smal le r  than the true difference by a factor  of ap- 
proximately  two, while in the case of c i rcu lar  receiving chambers  [1] the difference is smal le r  by a factor  
of three.  

P 
P 
W 

G 
X 

Deq 

~0 
U 

F 
V w  

P = p/(pw2/1);  

X = x/Deq; 
D 
t 
Cf 
Re = wDeq/V 
K• = Ww/W 
Eu = - d P / d X  

ef  

l S  

I S  

LS 

I S  

I S  

l S  

l S  

1S 

I S  

I S  

N O T A T I O N  

the static p res su re ;  
the density; 
the average velocity,  w = w(x); 
the mass  flow rate ,  G = G(x); 
a coordinate; 
the equivalent diameter ;  
the frict ional res i s tance  factor  in a cons tan t -mass  flow; 
the longitudinal velocity component, u = u(r, x); 
the a rea  of the flowthrough section of the collector;  
the radial  velocity at the wall (for runoff v w > 0, and for influx Vw < 0); 

is the d iameter  of the porous tube (of the collector);  
is the distance between adjacent rows of orif ices in the wall of the collector;  
is the res i s tance  factor  for external  s t reamlining of the plate with injection; 

is the Reynolds number; 
is the runoff coefficient; 
is the Euler number; 
is the channel porosi ty.  
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