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An express ion  is  der ived for  the hydraul ic  d rag  and r e s u l t s  of calculat ions a r e  compared  with 
exper imen ta l  data .  

The magnitude of the hydraul ic  drag  at the inlet due to local  separa t ions  of the s t r e a m  during t r a n s f e r  of 
a liquid (or gas) f rom one channel to another  can in many  ca se s  be found in [1]. As a ru le ,  fo rmulas  r e c o m -  
mended on the bas i s  of expe r imen ta l  data a re  valid when the total  flow r a t e  r e m a i n s  constant  during t r a n s f e r  
f rom one channel to another .  The theore t i ca l  solution obtained for s t ra igh t  channels  of uni form c r o s s  -sect ional  
a r e a  [2] and conf i rmed  by r e s u l t s  of expe r imen t s  is  valid only under that condition. There  a re  s e m i e m p i r i c a l  
approx imate  r e l a t ions  avai lable  for de te rmin ing  the hydraul ic  l o s se s  which occur  when a sepa ra t e  jet  of fluid 
flows out of a s t r e a m  (or into a s t r eam)  through a l a t e ra l  channel at a given r a t e ,  at a given angle, and a c r o s s  
a given a r ea  [1]. These fo rmulas  a r e ,  however ,  not suff iciently accura te  for the s imple r  l imit ing cases  such as,  
e.g. ,  a ze ro  exit  angle or  a zero  flow r a t e  through the l a te ra l  channel.  

Here  will be p resen ted  a theore t i ca l  solution to the p rob lem,  in the one-d imens iona l  formulat ion,  for 
de termining the loss  of total  p r e s s u r e  due to ent rance  of a s t r e a m  into a s t ra igh t  channel of uni form c r o s s  
sect ion f rom another  one with a l a r g e r  c ro s s  sect ion.  The sma l l e r  channel is comple te ly  inside the l a r g e r  one 
and it takes  up some a r b i t r a r y  f rac t ion  of the total  fluid flowing through the l a r g e r  one (Fig. 1). A fluid here  
will include gases  as well, but the effects  of compres s ib i l i t y  will be d i s r ega rded  (Mach number  NMa << 1). The 
hypothetical  s t r eaml ine  along which the s t r e a m  divides is  indicated by dashes .  The c r o s s - s e c t i o n a l  a r e a  of the 
s t r e a m ,  the p r e s s u r e ,  the veloci ty ,  and the density of the fluid in channel 1 under s teady s ta te  conditions ( sec -  
tion 1-2) will be denoted as F1, Pl, ul, and Pl, r e spec t ive ly ,  and the cor responding  p a r a m e t e r s  in channel 2 as 
F2, P2, u2, P2, r e spec t ive ly .  In the segment  of the initial  s t r e a m  in sect ion 0 - 0  which subsequently en te r s  
channel 1 we denote the cor responding  p a r a m e t e r s  as F0t , P01, u01, P0t; in the  segment  of the initial  s t r e a m  in this 
same  section 0 - 0  which subsequent ly  en te r s  channel 2 we denote the cor responding  p a r a m e t e r s  as F02, P02, u02, 
P02. The p r e s s u r e ,  the veloci ty,  and the densi ty a re  a s sumed  to be uni form within each thus defined segment  of 
the s t r e a m  c r o s s  sect ion.  The th ickness  of the l ayer  between dividing s t r e a m  segments  is  a s sumed  to be ze ro ,  

T rans l a t ed  f rom Inzhene rno-F iz i chesk i i  Zhurnal ,  Vol. 41, No. 5, pp. 842-847, November ,  1981. Original  
a r t ic le  submit ted  September  30, 1980. 
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F i g .  1. S c h e m a t i c  d i a g r a m  of the  f low p a t t e r n :  0 - 0  
and 1 - 2 )  r e f e r e n c e  s e c t i o n s ;  3) wa l l  of  o u t e r  channe l ;  
4) d i v i d i n g  wa l l ;  5) d iv id ing  s t r e a m l i n e ;  6) zone of  
s t r e a m  s e p a r a t i o n  f r o m  the wa l l .  
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Fig. 2. Experimental model: I) outer tube; 2) inner 
tube; 3) static-pressure gauges; 4) initial velocity 
profiles (a) and (b). 

i.e., F I + F 2 = Fol + F02 = Fo. 

The equations describing the 
cross section will be written as [3] 

c o n s e r v a t i o n  o f  f low r a t e  and  m o m e n t u m  in a s t r a i g h t  channe l  of u n i f o r m  

[30,u0,F0, ---- piu~F i, [302u02F~2 : p2u2F~, (1) 

Fo, (Pc, -{- [3oiU201) 4= Fo2 (Po~ + [302"22 ) ---~ FI (/31 -~-[31L/2) 2f_ F2 (P2 -~- D2u2) �9 (2) 

Friction at the walls has been disregarded here. We furthermore let Pol = P02, P2 = POl, and P2 = P02 (heat transfer 
and mixing of streams will be disregarded). The loss of total pressure at the entrance to channels 1 and 2 will 

po,u~, p,uf 
hp~=po,+  - -  P, 

2 2 

[30~u~2 [3~u~ 
hp~ =Po~ -~ P~ 

2 2 

be sought in the form 

(3) 

(4) 

F r o m  e x p r e s s i o n s  (1)-(4) one can f ind the l o s s  of  t o t a l  p r e s s u r e  in one channe l ,  i f  the  l o s s  of  t o t a l  p r e s -  
s u r e  in the  o t h e r  channe l  h a s  a l r e a d y  been  d e t e r m i n e d  on the  b a s i s  of  s o m e  p a r t i c u l a r  c o n s i d e r a t i o n s .  When 
the  d iv id ing  s t r e a m l i n e  i s  d e f l e c t e d  t o w a r d  channe l  1 (as shown in F i g .  1), then  one can a s s u m e  tha t  a p p r o x i -  
m a t e l y  AP2* = 0 and  thus  s i m u l a t e  the  f low in channe l  2 wi thout  s e p a r a t i o n  f r o m  the  wa l l .  A f t e r  a few a l g e b r a i c  
t r a n s f o r m a t i o n s ,  e x p r e s s i o n s  (1)-(4) wi l l  then  y i e l d  
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~i p,u~ ~-o-, PolU2ol 1 ~ ' (5) 

where Fi  = Fi /Fo ,  7:o~ = Fo~/Fo �9 For Fo~<Ti this equation is ineffective. 

When the dividing s t reamline  is deflected in the direction opposite to that shown in Fig. 1, then expres -  
sion (5) can be used for calculating AP2* (on the assumption that Apt* = 0) with subscr ip ts  1 and 2 interchanged. 

In o rder  to calculate APl* according to expression (5) in the case of  uniformly distr ibuted pa rame te r s  
in the oncoming s t r eam (Pol = P02 and u01 = u__02) , it is neces sa ry  to stipulate the re la t ive  a rea  and gas flow ra tes  
in the channel under consideration: F 1 and G 1 = F01 (G2 = 1 - G~ = F02)- When GI = 1, then express ion (5) yields 
the well-known theoret ical  solution [2] 

~, = 1 - -  F t. (6) 

The derivation of express ion (5) has been based on a uniform distr ibution of gas velocity and density 
within each of the separat ing s t r eams .  This condition does not, as  a rule,  prevai l  in prac t ice .  Usually some 
sort  of discontinuous change in these p a r a m e t e r s  occurs  over the entire c r o s s  section of the not yet  divided 
s t ream.  In order  to make express ions  useful for calculating the hydraul ic  drag which occurs  due to division 
of a s t r eam with a beforehand known distribution of p a r a m e t e r s  over its c r o s s  section,  it is neces sa ry  not only 
to stipulate F1 and G1 but also to calculate the m e a n - o v e r - t h e - a r e a  veloci ty  heads in zones 01 and 02. The 

m 

magnitude of F01 needed for this can, moreover ,  be found f rom the solution to the equation 

puoiFo, = G,, (7) 

where P-~l is the m e a n - o v e r - t h e - a r e a  mass  ra te  of gas flow in zone 01, r e f e r r e d  to its mean over  the ent ire  
c ross  section of the initial s t ream.  

Experiments  were per formed for the purpose of verifying re la t ion (5), p r imar i ly  in application to s t r eams  
with a nonuniform velocity.  The model in which the loss  of p r e s s u r e  in an air  s t r e a m  was measured  had been 
constructed in the form of a tube with an inside diameter  of 34 mm around a coaxial with its other tube with 
an outside diameter  of 28.2 m m  and a wall thickness of 1.1 mm (Fig. 2). The spout of the inner tube was . 
mounted as shown on the d iagram (a 4 - m m - d e e p  chamfer  roundeda t the t ip ) .  The distr ibution of static p r e s -  
sure was measured  along the outer wall of this annular channel formed by those two tubes with a sharp edge at 
the entrance.  The location of s t a t i c -p re s su re  gauges connected to a V-tube differential  water  manometer  is 
shown in Fig. 2. In the course  of the experiment  the ra te  of a ir  flow G o and the air  flow ra te  G 1 through the 
annular channel were also measured .  Air was injected into this model at an ambient  t empera ture  of 290-295~ 

Three types of velocity profi les  were set up in the initial s t r e a m  (before division): one profile with the 
maximum velocity at the channel axis (profile a in Fig. 2), one profi le with the maximum velocity near  the 
wall (profile b in Fig. 2), and one profile with an a lmost  uniform veloci ty  (and a thin boundary layer  at the wall). 
The f i rs t  profile was produced by making the outer tube ve ry  long (1 m) beyond the inner tube, the other two 
profi les  were produced by placing a bundle of meshes  inside the outer  tube at a distance of 100 mm before the 
inner tube. The velocity prof i les  were measured  at a distance of 19 mm before the chamfer  of the inner tube, 
where they a l ready did not significantly depend on the varying ra t io  of flow r a t e s  in the separa te  s t r eams .  

The resu l t s  of s t a t i c -p re s su re  measu remen t s  along the channel with veloci ty prof i les  a and b are  shown 
in Fig. 3a, b, respect ively ,  with the change in p r e s s u r e  f rom that in the section of  veloci ty  profi le measuremen t  
plotted along the axis of ordinates ,  r e f e r r e d  to the mean velocity head qi = Glz/(2PlFI z) in the steady s t r eam i n  
channel 1 (the resu l t s  of exper iments  with a uniform veloci ty  profi le at the entrance,  obtained on the basis  of 
resu l t s  with profi les intermediate  between profi les  a and b, are  not shown here) .  The re la t ive  air  flow ra te  Gi 
in the annular channel served as the pa ramete r  for the p r e s s u r e  distr ibutions.  The point x = 0 cor responds  to 
the beginning of the inner tube. Here the Reynolds number r e f e r r e d  to the p a r a m e t e r s  of the initial s t r eam in 
the outer tube was constant for each G1 # 1 and equal to 8.8 -104 and for Gl= 1 was equal to 4.2.104. The ab-  
solute e r r o r  of Ap/ql determinations did not exceed the 0.03 l imi t .  

For a better presentat ion of the experimental  data, the stat ic  p r e s s u r e  in the annular channel was ca l -  
culated on the basis  of the one-dimensional  formulation of the problem (dash l ines in Fig. 3). The magnitude 
of F01 needed for calculations according to expression (5) was found f rom the solution to Eq. (7) for the given 
velocity prof i les  (a and b) and the known magnitude of G1- The theoret ical  change in the stat ic  p r e s s u r e  due 
to contract ion (or expansion) of jet tubes f rom F01 to F 1 before their  entrance to the annular channel is depicted 
in Fig.  3 by a jump at x = 0. The hydraulic loss at the entrance calculated according  to expression (5) (for the 
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Fig. 3. Distribution of stat ic  p r e s su re  along the 
wall of the outer  tube, x (mm) (a and b cor respond-  
ing to veloci ty profi les  a and b in Fig. 2, r e s p e c -  
tively): 1) Gl= 1.00; 2) 0.49; 3) 0.39; 4) 0.32; 5) 
0.27; 6) 0.22; 7) approximation of experimental  
data; 8) calculation. 

cases  where F0I > Fi) is also depicted in Fig.  3, by a jump at x = 10 ram. A continuous variat ion of static 
p r e s su re  in this formulat ion of the problem can be determined only when the location of the dividing s t reamline  
and the shape of the separat ion zone at the channel entrance are  given. 

The coefficient of fr ict ion between the air s t r eam and the wall of the annular channel, corresponding to the 
slope of the s t ra ight  dash l ines at x _> 10 mm in Fig. 3, was experimental ly  determined f rom the drop of static 
p r e s s u r e  between x = 20 mm and x = 100 mm in the same annular channel. The static p re s su re  was found to 
va ry  l inear ly  over this dis tance.  The fr ict ion coefficient was found to be ~0.03 and, interest ingly,  a lmost  in- 
dependent of the Reynolds number  r e f e r r e d  to the s t r eam p a r a m e t e r s  in the annular channel. 

The data in Fig. 3 indicate an agreement  between the resu l t s  of calculations and measurement  on the basis 
of the total change in static p r e s s u r e  in the s t ream upon entrance into the annular channel. A distinguishing 
feature of the experimental  data (in contras t  with the theoret ical  data presented here) is the appearance of an 
appreciable ra re fac t ion  along the x = 0-10-rnm segment at high values of G1. It is caused by a contraction of the 
s t r eam at the entrance to the annular channel due to its separat ion f rom the inner channel wall. Upon c o m p a r -  
ing the hydraul ic  entrance loss  in the channel with the loss  on shock behind the s t r eam separation zone, one can 
est imate the maximum ra re fac t ion  on the basis of the Borda equation of a uniform s t r eam.  

In the  case of isokinetic s t r eam entrance to the annular channel, when the dividing s t reamline  is a s traight  
one paral lel  to the wall, there  should be no hydraulic entrance loss.  The straight  dash line approximating the 
experimental  data in the x = 10--40-ram segment  should then a lmost  pass  through the origin of coordinates (its 
actual deviation f rom the origin of  coordinates  is due to an increase  of fr ict ion at the chamfer  of the inner tube). 
In the case of isokinetic s t r eam entrance,  moreover ,  calculations yield an F01 equal to 0.26 and 0.37 for velocity 
prof i les  a and b, respec t ive ly .  We will note that F1 = 0.31 here .  According to the experimental  data, a pe r fec t -  
ly isokinetic entrance of a ir  to the annular channel was not rea l ized  in these tes ts .  However,  through the in te r -  
polation of the experimental  data obtained at other values of Gi close to isokinetic ones,  one can find the values 
of Gt for isokinetic entrance.  These values of Glwere  found to be close to the theoret ical  values 0.26 and 0.37, 
respec t ive ly .  

It has been assumed  in the calculat ions,  just  as in the derivation of expression (5), that there is no hydraul-  
ic loss at the channel entrance when F01 < F I. It appears  that when F01 differs appreciably f rom F 1 (F0t < Fi) , 
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the s t r e a m  should separa te  f rom the wall of the outer  tube opposi te  the chamfer  of the inner tube and a hydrau l -  
ic loss  should occur  as a consequence.  Expe r imen t s  with F01 up to 0.17 (Gt = 0.13 and 0.19 for ve loci ty  
prof i les  a and b, respect ive ly)  were  p e r f o r m e d  for the purpose  of detecting such a l o s s .  However ,  no s ignif -  
icant difference in p r e s s u r e  was found between m e a s u r e m e n t s  and calcula t ions  based on the assumpt ion  of ze ro  
hydraulic entrance loss .  This indicate that the loss  of total  p r e s s u r e  will be smal l  when F0t = 0.17 and 1~ 1 = 
0.31, even with separa t ion  of the s t r e a m  occur r ing .  

The exper imenta l  data per ta in ing to smal l  va lues  of G1 did not yield an adequate bas i s  for pinpointing the 
hydraulic  loss  (the m e a s u r e m e n t s  were  v e r y  inaccura te) .  The m e a s u r e d  i nc r ea se  of p r e s s u r e  in the annular  
channel at G 1 = 0 was equal to 0.46 and 1.22 t i m e s  the mean veloci ty  head in the oncoming s t r e a m  with prof i le  
a and with profi le  b, r e spec t ive ly .  No conclusions r ega rd ing  separa t ion  of the s t r e a m  can be drawn f rom these  
f igures .  Only the exis tence of some re la t ion  can be deduced f r o m  the fact  that  these  f igures  co r respond  ap-  
p rox imate ly  to the ra t io  of the mean veloci ty  head in a boundary l aye r  of th ickness  equal to the height of 
the annular channel to the mean  veloci ty head in the en t i re  s t r e a m  at sect ion 0 - 0 .  

The measu re d  p r e s s u r e  r e c o v e r y  in the inner tube at G1 = 1 was equal to the mean  veloci ty  head in the 
oncoming s t r e am,  a fur ther  conf i rmat ion of a smal l  loss  of total  p r e s s u r e  in the inner tube with F02 < F2. 
This reading in the inner tube and the a g r e e m e n t  between theore t ica l  and exper imen ta l  data per ta ining to the 
annular channel (Fig. 3) val idate,  to some extent,  the e a r l i e r  a ssumpt ion  that  Ap2* = 0 in the der ivat ion of the 
engineering formula  (5). 

N O T A T I O N  

p, density; u, velocity;  p, s ta t ic  p r e s s u r e ;  F, a rea ;  x, dis tance f rom the chamfer  of the inner tube in the 
downs t ream direction; Ap, change of p r e s s u r e  along the channel f rom the p r e s s u r e  at the ent rance  section; q, 
veloci ty  head; ~, drag  coefficient;  subscr ip t s ;  1, outer  channel; 2, inner  channel; and 0, ent rance  sect ion.  
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