
106 INZHE NERNO- FIZICHE SKII ZHURNAL 

INVESTIGATION OF THE HYDRODYNAMIC BOUNDARY LAYER ON A DISK 
WASHED BY A TRANSVERSE STREAM 

G. V. Shantyr 

I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol. 12, No. 2, pp. 212-218,  1967 

UDC 536.526 

The results are given of an experimental investigation and of theo- 
retical calculation of the hydrodynamic boundary layer on flat disks 
washed by transverse flow of an air stream. 

The l i t e r a t u r e  contains  few inves t iga t ions  devoted 
to the p rob lem under  cons idera t ion .  There  a re  so lu-  
t ions [1, 2] deal ing with ana lys i s  of pe rpend icu la r  flow 
of an ideal fluid over  a disk. However,  in view of the 
apprec iab le  s impl i f i ca t ions  in the o r ig ina l  model  of 
the flow, the r e s u l t s  of the solut ion in [1] tu rn  out to 
be quite unsu i tab le ,  while the r e su l t s  of the solution 
in [2] a re  unsu i tab le  in the pe r iphe ra l  region of the 
d i sk  (see Fig.  3). The re  has been no success  in ob-  
ta in ing  a m o r e  accura te  solut ion,  for which r e a s o n  a 
pu re ly  theore t i ca l  inves t iga t ion  of the given p rob lem 
is not poss ib le ,  and it was n e c e s s a r y  to continue on 
the bas i s  of an expe r imen ta l  re la t ionsh ip ,  which has 
been obtained a lso  in the p r e s e n t  work. 

As wil l  be seen below the expe r imen ta l  r e l a t i o n -  
ship has been obtained in the fo rm of an odd power 
s e r i e s  of degree  nine.  The high degree  of the s e r i e s  
p reven ted  the author  f rom computing the boundary 
l aye r  by the exact  methods of B la s iu s -Howar th  [3] or 
GSr t l e r -Wi t t i ng  [14]. In the c i r c u m s t a n c e s  he had to 
use  one of the approximate  methods of ca lcu la t ion  
based on in tegra l  r e l a t i ons .  This  was jus t i f ied  by the 
fact that, as was pointed out in [3, 4], for convergent  
flow the approximate  methods give sa t i s fac tory  r e s u l t s  
a lmos t  coinciding with the exact  solut ion.  

Apropos of the use  in ca lcula t ion  of an approximate  
re la t ion  and of a n u m b e r  of the other  approximat ions  
there  is i n t e r e s t  in a final expe r imen ta l  ve r i f i ca t ion  
of r e su l t s  of ca lcu la t ion  by compar i son  of the ca lcu l -  
ated and expe r imen ta l  veloci ty prof i les  in the boundary 
layer ,  this  be ing also an object ive in the p r e s e n t  paper .  

Experimental  Equipment, Test  Conditions, and 
Method of Measurement.  The expe r imen ta l  equipment  
(Fig. 1) cons is ted  of a l ow- tu rbu lence  wind tunnel ,  the 
t e s t  models ,  i n s t r u m e n t s ,  and devices  for defining the 
coord ina tes  and m e a s u r i n g  the magni tude  and d i r e c -  
t ion of the local  flow veloci ty.  

The s t r a igh t - th rough  wind- tunne l  was des igned and 
bui l t  in  accordance  with the bas ic  r e commenda t i ons  
of expe r imen ta l  ae rodynamics ,  thus achieving a good 
qual i ty of flow and r e l i ab l e  m e a s u r e m e n t  of its p a r a m -  
e t e r s .  Special a t tent ion was given to means  of r e d u c -  
ing tu rbu lence  and other  flow f luctuat ions,  which d ic -  
tated a r e q u i r e m e n t  f i r s t ly  to express  the inf luence of 
the Reynolds  n u m b e r  in " in t r ins i c"  form or to approxi -  
mate  to this ,  and secondly,  to i nc r ea se  the accuracy  
of m e a s u r e m e n t .  

Nozzle 1, of square  sect ion and giving a c o m p r e s s i o n  
of 6.6, had a Vi toshinski i  prof i le  and }'ollowed the r a t io s  

of dimensions indicated in [5]. Two anti-turbulence 
grids 21, with characteristics recommended in [6], 
were mounted in series in the nozzle entrance section. 

The working section 2 was of closed type and square 
section, measuring 350 • 350 mm, and was equipped 
with longitudinal (18) and transverse (19) reference 
scales and readirig glasses. 

The turning section 5 was equipped with a vane sys- 
tem 6. The first (7) and second (10) diffusers had an 
opening angle of 6 degrees. A honeycomb 13 was lo- 
cated ahead of the fan 9. The great elastieity and spongi- 
ness of the soft mounting 8, in addition to isolating the 
working section and the instruments from fan vibration, 
permitted realization of the recommendations of [7] 
regarding reduction of aerodynamic and acoustic fluc- 
tuations. The fan was centrifugal and had vibration- 
isolation mounting. Control of the flow velocity in the 
tunnel was effected by varying the revolution rate of 
the fan. The distributor (damper) 11 was of special 
construction to achieve uniform flow distribution and 
was made of wire mesh in the form of a cylindrical 
chamber with three mesh partitions. In accordance 
with the r e c o m m e n d a t i o n s  of [8], the wind tunnel  was 
located in a room with large volume (300 ma), and to 
secu re  g r e a t e r  damping of the a i r  r e t u r n i n g  to the noz-  
zle,  the room was pa r t i t i oned  off by the gauze s c r e e n  12o 

De te rmina t ion  of the flow veloci ty in the tunnel  was 
made f rom the s ta t ic  p r e s s u r e  drop between two sec -  
t ions of the nozzle .  The take-off  of s ta t ic  p r e s s u r e s  
was accompl i shed  by me a ns  of four n ipples  located 
around the p e r i m e t e r  of each sect ion joined via the 
common r ing  col lec tor  20. The p r e s s u r e  drop was 
m e a s u r e d  with a compensa ted  m i e r o m a n o m e t e r  19. 
Taking into account  the comment s  in [9] concern ing  the 
fac tors  which dec rea se  the accuracy  of r ead ings  of 
the compensa ted  m i c r o m a n o m e t e r ,  i t  was specia l ly  
adjusted,  and thus an accuracy  of • N / m  2 was 
achieved.  Because  of its r e l a t ive ly  la rge  iner t ia ,  the 
compensa ted  m i c r o m a n o m e t e r  was insens i t ive  to ve-  
loci ty f luc tuat ions  in the wind tunnel  that  a re  observed 
on an incl ined m a n o m e t e r ,  and indicated s table  values 
of mean  veloci ty.  A p r e l i m i n a r y  ca l ib ra t ion  of the tun-  
nel  was done obse rv ing  the r e c o m m e n d a t i o n s  of[6]. The 
m a x i m u m  flow veloci ty  in the empty tunnel  was 14 m /  
/ s e e .  The non -un i fo rmi ty  of veloci ty field in the cen-  
t r a l  core  of the working sect ion m e a s u r e d  by the tech-  
nique desc r ibed  in [10] was 0.985. The level  of t u r -  
bulence  of the flow in the working sect ion as m e a s u r e d  
by means  of a t h e r m a l  a n e m o m e t e r  with an ampl i f i e r  
did not exceed 0.2%. 

The expe r imen ta l  models  used were  flat  pol ished 
cy l ind r i ca l  d isks  with a sharp  r e c t a n g u l a r  edge. The 
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F ig .  1. Schemat i c  of the  e x p e r i m e n t a l  equ ipment .  
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Fig .  2. D i m e n s i o n l e s s  ve loc i ty  f ie ld  above a d i s k  washed  
by a p e r p e n d i c u l a r  s t r e a m ;  R = 0.075 m, U~ = 13.65 m /  
/ s e c .  The g r a p h s  show the v a r i a t i o n  of the modulus  of 

the d i m e n s i o n l e s s  ve loc i ty .  
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Fig .  3. R e s u l t s  of the e x p e r i m e n t a l  inves t iga t ion  
and of the t h e o r e t i c a l  ca l cu la t ion  of the h y d r o d y -  
namic  boundary  l a y e r  on a f la t  d i s k  with p e r p e n -  
d i c u l a r  flow: the  po in ts  show the e x p e r i m e n t a l  
da ta ,  the  dot ted  l ines  a r e  a p p r o x i m a t i o n s  to the 
e x p e r i m e n t a l  da ta ,  and the full  l ines  a r e  theory ;  
1) d i s t r i b u t i o n  of U a t  the ou te r  edge of the bound- 
a r y  l a y e r  a c c o r d i n g  to [2]; 2) the  s ame ,  a p p r o x i -  
m a t i o n s  a c c o r d i n g  to f o r m u l a  (1), for  the t e s t  
da ta ;  a) the  s a m e ,  m e a s u r e m e n t s  with the  
t h e r m o a n e m o m e t e r  for  R = 0 .075 m, U=o = 
= 13.65 m / s e c ;  b} the  s a m e  for  R = 0.050 m, 
Uoo = 13.4 m / s e c ;  c) the s a m e  for  R = 0.025 m, 
Uoo = 12 m / s e c ;  d) the s a m e  r e l e v a n t  to p r e s -  
s u r e  d i s t r i b u t i o n  for  R = 0.0445 m, U~ = 12 
m / s e c ;  3) to  10) Z ,  computed  f r o m  equat ion (2) 
by m e a n s  of i soe l i ne s ;  4} 0.1 •; 5) 5*; 6} 0.1 c f ;  
7} 5; 8} d i s t r i b u t i o n  of v e l o c i t i e s  in the boundary  
l a y e r ,  a c c o r d i n g  to t he o ry ;  e} the  s a m e  acco rd ing  
to e x p e r i m e n t  fo r  Re = 4 .  104; f) the s a m e  a c -  

c o r d i n g  to e x p e r i m e n t  fo r  Re = 7 �9 104. 
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disks  were  30 m m  thick and of d i ame te r  30, 40, 50, 
89, 100, and 150 m m .  In o rde r  to evaluate  the effect 
of disk th ickness  on the veloci ty  f ield,  one of the 
disks of 100-mm d i ame te r  was made with a sharp  
conical  edge and mounted with i ts  l a rge r  end point ing 
ups t r eam.  The flow over this  type of body was equiv-  
alent  to flow over  a thin disk.  The sur face  of d i sk  3 
(of 89-ram diameter}  was dr i l led  with holes of d i a m -  
e te r  0.5 mm, posi t ioned along a rad ius  on a pitch of 
5 mm.  

Bear ing  in mind that it was requ i red  to make m e a -  
s u r e m e n t s  in a boundary  l ayer  of th ickness  r ang ing  
f rom one to seve ra l  tenths of a m i l l i m e t e r ,  and th i s  in 
condit ions where the d i rec t ion  of the veloci ty vec tor  
underwent  marked  change, a t h e r m o a n e m o m e t r i c  
method was chosen for m e a s u r e m e n t  of veloci ty d i s -  
t r ibu t ion  in the boundary  layer .  The choice was d ic -  
tated by the sma l l  d imens ions  of the working e Iement  

of the t h e r m o a n e m o m e t e r  14 (in the form of a wire  of 
2 0 # - d i a m e t e r  and 3-ram length), and by the fact that 
in the a x i s y m m e t r i c a l  condit ions of the flow one may  
keep the e l emen t  pe rpend icu l a r  to the local  veloci ty  
d i rec t ion  and m e a s u r e  the veloci ty  ampli tude.  The 
m e a s u r e m e n t s  were  conducted in the cons tant  t em-  
pe ra tu r e  mode.  Fo r  m e a s u r e m e n t s  above the cen-  
t r a l  par t  of the disk surface,  in condi t ions  of sub-  
s tant ia l  ve loc i t ies  of the oncoming s t r e am,  it proved 
to be imposs ib le  to use in the t h e r m o a n e m o m e t e r  
c i r cu i t  the usual  l o w - i n e r t i a  ga lvanomete r  16, ow- 

ing to the s t rong  n o n - u n i f o r m  f luctuat ions  in the lo-  
cal  ve loci ty .  In these  c i r c u m s t a n c e s  the ga lvanom-  
e te r  15 was used for  which the i ne r t i a  was  i n c r e a s e d  
by f i l l ing  i ts  cavi ty  with t r a n s f o r m e r  oil .  Th e r e  
was no not iceable  change in its sens i t iv i ty  in doing 
this .  Near  the sur face  the t h e r m o a n e m o m e t e r  read ings  
were  d is tor ted .  The d i s to r t ions  were  taken into a c -  
count to some degree  by means  of co r r ec t i ons  a c c o r d -  
ing to the method desc r ibed  in [11]. There  was no 
change in the r ad ian t  component  in going f rom ca l i -  
b ra t ion  to the tes ts ,  nor  dur ing  the tes t s  s ince the wire  
t e m p e r a t u r e  is kept cons tant  in this mode of opera t ion  
of the t h e r m o a n a m o m e t e r ,  and the degree  of e m i s -  
s ivi ty  was p rac t i ca l ly  unchanged because  of the very  
sma l l  sur face  a r ea  of the working e lement .  

The d i r ec t ion  of the velocity vec tor  was de t e rmined  
v isual ly  f rom the pos i t ion  of a s i n g l e - s t r a n d  s i lk  th read  
of 1 - m m  length and d i a m e t e r  about 0.01 mm, at tached 
so as to be f ree  to p i v o t  on the wi re  of the t h e r m o -  
a n e m o m e t e r  head. The angle of slope of the thread  
was m e a s u r e d  with the b inocu la r  loop 4 of type BL-2 
provided for this purpose .  The m e a s u r e m e n t s  were 
made by b r ing ing  a r e f e r e n c e  l ine at the focus of the 
ocular  into coincidence  with the thread in the anemo-  
m e t e r  head. The d i rec t ion  was read f rom an angle 
scale  with 1 ~ divisions. 

In the tests the range of velocity was 2 to 14 m/sec 

and of disk radius 0.015 to 0.075 m, corresponding to 
a Reynolds number range of 2 �9 103 to 7 �9 104. 

Resu l t s  of M e a s u r e m e n t s .  The tes t  r e su l t s  were  
used to cons t ruc t  graphs of d i m e n s i o n l e s s  veloci ty a m -  
pli tude (Fig. 2), f rom which the veloci ty  d i s t r ibu t ion  

at the edge of the boundary  layer  (a, b, and c on Fig.  
3) was de t e rmined ,  as well  as veloci ty  prof i les  of 
i ts  i n t e rna l  flow (e and f on Fig.  3). It is c l ea r  f rom 
the graphs  of d i m e n s i o n l e s s  veloci ty that the re  is 
a reg ion  above the boundary  layer  in each sec t ion  
of which the vec tor  veloci ty  r e m a i n s  constant  in 
absolute  value.  These, values  were a s sumed  also 
to be those for potent ia l  flow at the edge of the 
boundary  l ayer .  The c o r r e c t n e s s  of this  p rocedure  was 
ver i f ied  by a check m e a s u r e m e n t  of p r e s s u r e  d i s t r i -  
bution above the sur face  of the d r i l l ed  d isk  (d on Fig.  
3). A m o r e  accura te  m e a s u r e m e n t  of the angle of 
slope of the veloci ty  vec tor  proved to be diff icult  be -  
cause of the low inheren t  accuracy  of the method of 
m e a s u r e m e n t .  It was es tabl i shed,  however,  that nea r  
the boundary  l aye r  edge the slope angles  of the veloci ty 
vec to r  r e l a t ive  to the sur face  do not exceed a few de-  
g rees  and we the re fo re  take the absolute  value of ve-  
loci ty to be the p a r a l l e l  component  of the s t r e a m  ve-  
loci ty  at the edge of the boundary  l ayer  to an accuracy  
suff icient  for the p r e s e n t  purpose .  

The m e a s u r e m e n t s  of veloci ty  field above the d isk  
of 100-ram d i a m e t e r  with a sharp  conical  edge showed 
no not iceable  d i f fe rences  in c o m p a r i s o n  with the ve -  
loci ty field above the cy l ind r i ca l  disk. This  shows that 
the effect of d isk  th ickness ,  if p resen t ,  is inapprec iab le .  

During the measurements an effect of disk diameter 

on the dimensionless velocity field was observed, con- 
nected with the finiteness of the stream in the wind 

tunnel. It was worthy of note that this effect was in 

evidence only in the peripheral part of the disks, dis- 

appearing asymptotically as their diameter decreased. 

This factor was taken into account in correlating the 
results in that experimental points noticeably affected 

by this factor were not taken into consideration. 

Making a comparison of the experimentally obtained 

dimensionless velocity fields among themselves and 

with the theoretical solution over disks of arbitrary 
diameter, it may be considered that the dimensionless 

velocity distribution at the outer edge of the boundary 

layer on a disk washed perpendicularly is universal, 

depending only on the dimensionless radius r. This dis- 

tribution is approximated satisfactorily by the expression 

= 0.567 4- 0.5679, (1) 

r e p r e s e n t e d  by Curve 2 on Fig. 3. 
Theo re t i ca l  Calcula t ion.  Calcu la t ion  of the bound-  

ary  l ayer  on the bas i s  of r e l a t i on  (1) was accompl i shed  
by the K a r m a n - P o l h a u s e n  approximate  method in the 

fo rm in  which i t  has been  developed by Hols te in  and 
Bohlen [3]. It was convenien t  to use  the r e l a t i ons  in 
u n i v e r s a l  form,  so that the d i m e n s i o n l e s s  quant i t ies  
r ,  U and U' can be used d i rec t ly  in the calcula t ion,  and 
the computa t ional  c h a r a c t e r i s t i c s  of the boundary  l ayer  
can be obtained in d i m e n s i o n l e s s  form.  Under  these  r e -  
q u i r e m e n t s  the m o m e n t u m  equat ion for  the a x i s y m m e t r i c  
boundary  l aye r  on the flat  disk may be wr i t t en  as 

dZ 1 F (• -- 
d r  U r O J '  

Z =  ~2, • = Z  U'. (2) 
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At the s tagnat ion point Z0 = uo/U'o, ~ o  = 0.05708. 
It is cus tomary  to in tegra te  Eq. (2) by approximate  

methods:  g r a p h i c o - a n a l y t i c a l l y - - b y  i soc l ines ,  or  a n a -  

l y t i c a l l y - b y  reduct ion  to a quadra ture  by approx i -  
mat ing  the function F(~) by a l i nea r  re la t ion .  Conce rn -  
ing in tegra t ion  in a region of s t rong p r e s s u r e  r educ -  
tion, the author  of [3] r e c o m m e n d s  use  of the second 
method. However,  reduct ion to a quadra tu re  r e q u i r e s  
p r i o r  knowledge of the f inal  values  of the function F(~t) 
or  of its a rgumen t  in the range  of which it is subject  
to l i aea r i za t ion .  In the case under  examinat ion  only 
the value of the shape factor  ~ 0 at the s tagnat ion point  
is  known. It is  t he re fo re  i m p r o p e r  to use  the ana ly t i -  
cal  method. As r ega rds  the isocl ine  method, it is noted 
in [3] that  it is unsui tab le  in a region  of s t rong  p r e s -  
sure  fall, af ter  the fo rm factors  r each  value of n = 
= 0.0948 (X = 12) sincetthe function F(•  becomes  double-  
valued for one thing.  In these c i r c u m s t a n c e s  the fol-  
lowing p rocedure  was used.  It is pointed out in [3] that 
in an acce l e ra t ed  e s t ab l i shmen t  of flow, the a s sumed  
o n e - p a r a m e t e r  p rof i les  in the K a r m a n - P o l h a u s e n  m e -  
thod, in the fo rm of a p o l y n o m i a l o f f o u r t h d e g r e e ,  may 
exper ience  deformat ion,  accord ing  to the monotonic  
r equ i r emen t ,  only to a definite state cha rac t e r i zed  by 
shape fac tors  ~ = 12 and ~ = 0.0948 s ince  the prof i les  
co r respond ing  to k > 12 a re  improbable .  On this bas i s  
the i soc l ine  field was cons t ruc ted  accord ing  to Eq. (2) 
in the range  only up to k = 12, (~4 = 0.0948, i . e . ,  i so -  
c t ines  co r r e spond ing  to X > 12 were  not taken into 
account. 

As a result of the analysis of the isocline field, 

constructed within the assumed limits of variation of 

the shape factor, it turned out, of course, that the re- 

lation ~4 = ZU', corresponding to the behavior of the 
curve ~ (X), from Eq. (2) and taking the form 

Z------ 0.0948/0', (3) 

at the maximum value z = 0.0948, is a limit for existence 

of a solution of the differential Eq. (2). Careful con- 

struction of the desired integral curve from the iso- 

clines has shown that, on attaining the value z = 0.0948, 

it falls smoothly towards the boundary for existence 
of the isocline field, merges smoothly, and there- 
after coincides with it. The latter circumstance 
means that, after attaining z = 0.0948 (in the case con- 

sidered this is approximately at r = 0.85), the desired 
solution coincides with relation (3), and leads to con- 
stancy of the shape factors at z = 0.0948 (k = 12) 
throughout the entire final section. The physical mean- 
ing of this result is that if, during convergent flow, a 

state is attained by the profile corresponding to k = 

= 12, and if no factors arise subsequently that may in- 
duce an inverse deformation, the profile attained must 

be conserved in the later flow. 

We note that, as is to be expected, the method of 
reduction to quadrature recommended in [3] for a r e -  
gion of strongly of strongly falling pressure leads to 
the same constancy of shape factors, if linearization 

of the function F(z) is performed in the range 0.0570 _< 

_< ~t _< 0.0948 quoted in the previous calculation, the 

r e a s o n  being that at ~ = 0.0948 the approximat ing  func-  
t ion coincides  with that being approximated.  

The r e m a i n i n g  c h a r a c t e r i s t i c s  of the boundary layer  
(X, 5, 5*, cf  and u/U), as  calculated by well-known r e -  
la t ions  f rom the graph of Z (Fig. 3, Curve 3), a re  
shown on the same f igure (Curves 4 -8 ) .  

Summar iz ing  the r e su l t s  obtained, it  may be con-  
cluded, that in the range  examined,  the d i s t r ibu t ion  of 
all  the d i me ns i on l e s s  c h a r a c t e r i s t i c s  of the boundary  
l ayer  on a d isk  washed pe rpend icu la r ly  a re  u n i v e r s a l  
depending only on the d i m e n s i o n l e s s  rad ius .  It is ev i -  
dent f rom Fig.  3 that the pecu l i a r l t i e s  of the c r i t i ca l  
point region,  the l i nea r  growth of veloci ty at the outer  
edge of the boundary layer ,  and of the shear  s t r e s s  at 
the wall, the cons tancy  of the boundary l ayer  th ickness ,  
and the affinity of the velocity prof i les  of its i n t e rna l  
flow are  conserved  in p rac t ica l ly  the en t i re  cen t ra l  
reg ion  of the d isk  up to r = 0.5. Later  the growth of 
veloci ty and of shear  s t r e s s  i n c r e a s e s  rapidly ,  the 
th ickness  of the boundary layer  th ickness  of the bound-  
ary  l ayer  d imin i shes ,  and the veloci ty  prof i les  change 
shape sharply,  af ter  which no not iceable  change 
occurs  in the whole pe r iphe ra l  r eg ion  of the disk, up 
to the edge i tself .  The in tegra l  curve of Z (Fig. 3, 
Curve 3) is approximated  sa t i s fac tor i ly  by the e x p r e s -  
s ion 

~ 9  

=0.1019 (1--8r s -t- 7.166r ), (4) 

from which all the characteristics of the boundary 
layer required in practice may be calculated from 
well-known relations. 

The nature of the profiles is evidence that the struc- 

ture of the internal flow in the boundary layer was 

laminar in the whole range of investigation. Judging 

from the profiles it may be concluded that there is no 

separation of the laminar boundary layer in conditions 
where disks are washed by perpendicular flow. 

NOTATION 

R is the disk radius; r is the current radius; ~ = 

= r/R is the same in dimensionless form; U~ is the 

velocity of the oncoming stream; u is the local veloc- 
ity; U is the velocity at the outer edge of the boundary 

layer; U = U/U ~ is the same in dimensionless form; 

U' is the first derivative of U with respect to r; U' is 

the first derivative of U with respect to r; ~ is the 

kinematic viscosity; y is the coordinate along the 

normal to the disk; y = (y/R) (U~R/~) I/2 is the same 

in dimensionless form; 5 is the thickness of the bound- 

ary layer; 5-= (5/R) (U~R/~) I/2 is the same in dimen- 

sionless form; 6* is the displacement thickness; 6-* = 

= (5*/R)(U~R/~) I/2 is the same in dimensionless form; 

is the momentum loss thickness; ~- = J/R (U ~R/ 
/p)i/2 is the same in dimensionless form; p is the den- 

sity; T O is the shear stress at the wall; cf = (2T0/pU2) �9 
�9 (U~/~) I/2 is the same in dimensionless form; k = 

= U'52/v is the first shape factor; ~ = U'~2/p is the 

second shape factor; F(~) is the auxiliary function 

whose values are given in Table 14 and in Fig. 106 in 

[3]; Re = U~R/~ .  
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