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NOMENCLATURE

As far as p o s s i b l e , the n o m e n c l a t u r e  con vent ional in l i t ­
e ra ture on the subject has been adhered to. A summary of 
the most important symbols used in this paper is included
for reference.

R, R' d ef ined on page 40
C t s i m i l a r i t y  constant (page 30)
yp body force per unit mass on a fluid element

function d efined on page 36
n u m b e r i n g  of grid mesh in radial directi on

1
j" m a x i m u m  value of j

' s i m i l a r i t y  con stan t (page 29)
^  length scale in turbulent flow field
/  m i x i n g length vector
>v n u m b e r i n g  of grid mesh in a>»al di tection

yt hydro st a ti c  p re ssur e
P(r,*) function d ef ined on page 36

- a
q  ^  * T  (rr,8C
0(^,2) function def ined on page 36
qz(u,ir,ur) v e l oc i t y  vector 
Ac Reynolds number
u ir u/ v e l o c i t y  com ponents in rec tangular -

ord inales

velocity cniiiiionvnt s in polar vo-oidinal
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fri ctio n v e l o c it y  (page 25)
d e f i n e d  on page 31
an g u l a r m o m entum for unit mass
« 1 for i = j and = 0 for t / j
grid mesh widths
eddy viscosity
constant (pag 3')
d e f i n e d  on page 3 2
ah solutc viscosi ty
v o r t i ci t y co .ponents
den s i t y (mass per unit volu e)
stress tensor
v o r t i ci t y vector
dif ferential ope rato r

mean value 
turbulent compone nt 
s i m i l a r i t y  p a r a met ers 
value at 2 * in grid mesh

O

r. 0,Z

re fe i e m  e va I ue
•mnponent s in rectang ular c o - o i d -nat e 
component; in cylindrical 1 o 1 ar co oi



. A co m p o n e n t s  in a g e n eral ised co - ordi nate
l .j s y s tem
y values at r = j in grid mesh.

The n o m e n c l a t u r e  used in the co m puter programme for the 
s o l u t i o n  of the swirl equations is included in A p p e n di x
C.

(i x)



CHAPTER 1
i PRODUCTION

i c a i.lv w H i m - D  n

A l ; h o u g h  the first patents for the m a n u t a c t u .e  of h e l i ­
cal ly w e l ded steel pipes date hack to ear ly in tin. p r e ­
sent c e n t u r y , the low d e v elop ment of w e l d i n g  techniques 
an I a num ber of problems a s s o ciated with forming met hods 
held hack commerci 11 e x p l o i t a t i o n  o 1 the process till 
the m i d - 1 9 5 0 * s . During the last 15 years or so, however, 
this type of pipe has gained increasingly wide acceptance 
un d er  the mo: t s t i m g e n t  s p e c i f i c a t i o n  requirement: b e ­
cause of the a d v a ntages wh i ch  h e l i c a l l y  we l ded pipe r if- 
vi > both m a n u f a c t u r e r  and user.

I n d u c t i o n  w s t s  on a h e l i c a l - w e l d  pipe mill can be c m -  
si Icrably 1c s than on a longitudinal w el d mil! for large 
hoie pipes, partly through reduced capital cost, partly 
thrcugr r ed uced labour costs and also through reduced 
.stock costs s i m  c the same coiled strip can be used for 
var ying pipe sizes m e r el y  by a l t e ration of the helix 
angle. The mill's great inherent f l e x i b i l i t y also allows 
chorter prodin t ion runs at economical cost. The p r i n c i ­
pal c o m p one nts of such a mil I are shown in * 1 g

I urther economic adv anta ges of the h e 1 it *11) w e l d i d  pipe 
.ir,. that it is manufai tured in a co n t i n u o u s  t 
5o pipe lengths can (in theory! he as 1< up n i n e  i,
thus re due in; sub: tant ial 1> the num ber ■ lit 
in practice , length of up to 100 f, et h , ' m m i mad, .
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Helical weld pipe mills are now d e s ig n e d  to be t r a n s p o r t ­
able so that they can be tra nsported from site to site 
w it hout difficulty. When these mobile machines are o p e r ­
ated in situ, substan tial savings can be eff ecte d due to 
the d if f e r e n c e  in shi ppin g costs of pipes and steel in
coils.

From the str engt h aspect, h el i ca l ly  w e l d e d  pipe has an 
inh erently gre ater factor of safety than lon gitudinal ly 
w e l d e d  pipe. Since, when the pipe is subject to i n t e r ­
nal pressure, the hoop stress is twice the longitudinal 
stress, the weld in a longi tu d in a l l y  w el ded pipe is s u b ­
jected to the m a x i m u m  stress. The wel d seam in a h e l i ­
cally w e l d e d  pipe is g e n e r a l l y  at about 43° to the axis 
of the pipe and so the stresses in the seam (and the 
heat a f f ecte d zone) are reduced by 30 to 40$. The g e o ­
metry of the pipe is shown in Fig 2. Additional t e c h n i ­
cal a d v a nta ges of h el i c a l l y  w e l ded pipe

fa) its g reater res istance to tearing in the event of 
failure, and

(b) its improved tol eran ces on the straigh tness , lourul- 
ness, wall thickne ss and dia mete r of the pipe.

A hel ica l ly  w e l d e d  pip, also has dis adva ntage s, however. 
Despite the statement made by Eckhardt and Robson ( ! it
is the author's ex p e r i e n c e  that great dif ficu lty is e n ­
c o u n t e r e d  when a t t e mpt ing to hot head h e l i c a l l y  w e l d e d 
pip ing bec ause the weld re i nf o r c e m e n t  tends to encoura ge 
c r e asin g on the in ide of the b en d (28). It would a p p ­
ear that Eckhardt and Hobson's com ment refers to cold 
field b e n d i n g  of line pipe, whe re bend angles of ovei 
7° are rarely exceeded.
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A n o t h e r  p o s sibl e d i s a d v a n t a g e  of h e l i c a l l y  wel ded pipe 
is that the h y d r a u l i c  c h a r a c t e r i s t i c s may be adverse ly 
a f f e c t e d  by the w e l d  b e a d and the de f o r m a t i o n  caused b> 
a n t i c l a s t i c  c u r v a t u r e  of the strip. lew of the i n t e r ­
national s p e c i f i c a t i o n s  place any 1 imit on the si c of 
this w el d b e a d  but it is limited in SABS 719 (27) to S 
mm. Conrad and Brandts (6) have shown that the effect 
of the weld b ea d in h e l ic a l l y  wel ded pipes has less in­
flu ence on the friction losses than the general r o u g h ­
ness of the pipe.

It has been s u g g e s t e d  f 7), h o w e v e r , that a swi rlin g flow 
may be g e n e r a t e d  by a helical weld bead alt hough no w o r k 
appears to have been done to investigate this aspect.
This s w i rlin g flow might be sufficient to affect the re­
sults of p r e s s u r e  di f fe re ntial flow meters (4, is, 11 # 
but no guidance is given in the British S ta ndar ds Flow 
Mea su r e m e nt  Code (4) with regard to the use of hel i c al l y
welded pipe.

In view of the above the author has felt it des irable to 
invest,gate the d e v elop ment of flow patterns in hel i c al l y 
wel ded pipr-s under co n tr o l l e d  con ditions and t h e 1 r effect 
on the d is c ha r ge  c o e ffic ient in the light of a t h e o r e t i ­
cal anal v s is of s w i rlin g f 1o w s .

!

1 he British -tundard for flow m e a sure ment with pressure 
differe ntial devices (B 1042:1964) (4) excludes their 
a p p lica tion w h e r e  there is any swirling motion 'd -1 11 •' 
of the device. Gu i d e li n es  are given for the choice of 
s t r a i g h t e n i n g  lengths d o w n s t r e a m  of certain flow di^tuil 
in}’, feature > such as bends , valves, e t c . 1'art



St a nd a r d  p r o v id e s  a guide to the magnitude of the error 
to he e x p e c t e d  when d e v i a t i n g  from the s ta ndar d approach 
c o n d i t i o n s  but no reference is made to sw i rlin g flows. 
A p p e n d i x  I of Part 1 of the Standard gives some advice 
on the d a m p i n g of sw i rling motion. It also states that 
s t r ong swirls may persist for 100 or more pipe diameters 
d o w n s t r e a m  of rhe disturbance.

The A SMI- Guide to Fluid Meters (1) also makes reference 
to tin d e s i r a b i l i t y  of exc l u d i n g  swirl in the approach 
flow and gives gui delines similar to those in BS 1012.
It also specifies close tolerances on the pipe b o r e , 
roundnv s and surface roughness. This is, however, l i m ­
ited to the immediate vicinity of the orifice (4 d i a m e ­
ters up s t r e a m  and 2 dia me t e r s  d o w n s t r e a m ) .

In his woiK on the d ev elop ment of a slow s t r a i gh tener 
foi use with ori fice plate flow meters in disturbed 
f l o w s , Zanker (32) i n v es t i g a t e d  the effect of different 
types of swi rlin g flows on the discharge coe fficients of 
an orifice meter. He found that forced vor tex s w i r l s  

tended to give a high value of the discharge coefficient 
and th it a free vortex swirl gave a low value. A r e d u c ­
tion of area ratio tended to reduce these effects but 
not c on s i s t e n t l y  or within acc epta ble limits. He also 
found that the dischar ge coe fficient was dependent on 
the m o m entu m flux in the outer third of the pipe cross 
sectional irea.

Lugt (15) investi gated the effect of swirling flow on 
v a r i o u s  types of pressure dif f e r e n t i al  tlow mcteiing 
devices using vaiying area ratios. Using a tree vortex 
type oI iwirl he found that with a swirl angle ot 
the error on the meter disc h a r g e  c o e f f i c i e n t  was al'out 
10" d e p e nd i ng  on the type and area ratio of the device.
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In view of the large v ar i a t i o n  of err or d ep endi ng on 
swirl angle and the iif ficulty of d e t e r m i n i n g  the amount 
ot swirl in practic al installations, Lugt conclud ed that 
there was no point in a t t e m p t i n g  to inc orporate c o r r e c ­
tion factors into the standard specifications.

<
p i p e  n o w s

In recent years conside rable interest has been shown in 
swi rlin g flows be c a u s e  of their wide applica tions amunr 
which ore ( G a r t s h o r e ) (H):

Heat E x c h a n g e r s  (Kumar and Judd) (15)
Vor tex Rea c to r s (Ragsdale) (19)
V o r tex dec ay in pipe flows f T a l b o t ) fJ9) , (Collate and
Ctirtler) (5) (Baker) (2)
M e t e o r o l og i c a l  hist urbanevs 
Ranque-Hi 1 sch et feet (Hilsch) ( I D -

Some of this work (eg, Gar tsho re, Talbot, and Collatz and 
Gbrtler) has b e e n  d ev oted to the study of laminar H o w s  
hut since the flow of water in pipelines is almost always 
in the turbulent region, this investigation will be U n ­
ited to that regime.

Although stati tit ,1 met hods have beer used to study tur­
bulence effects, the fait that tncse have not yet been
fully dev ,l o p e d  resulted in a decision to use the simpler
and more commonly used phinom.nologica, theories based on 
the concepts of eddy vi co ity and mix ing lingta.

E a r l y  w o r k  on  t hr  m a t h e m a t i c a l  f o r m u l a t i o n  < I t l u o i )  

f o t  tu:i h u l l  n t  f l o w wa c o n d u c t e d  by  K e y n o M



i n t r o d u c e d  the concept of the "Reynolds s t r e s s e s ” and 
hy B o u s s i n e s q  (3) w h o  in 1877 con c e i v e d  the idea of 
"eddy v i s c o s i t y ” to account for the Reynolds stresses 
in an a n a l o g y  with m o l e c u l a r  viscosity for shear s t r e ­
sses. B o u s s i n e s q * s  "eddy viscosity", however, had the 
d i s a d v a n t a g e  that unl ike the m o l e c u l a r  viscosity, the 
eddy v i s c o s i t y  is not i p r o pert y of the fluid but dcncnos 
on the flow itself.

1 h i . d i f f i c u l t y  h e l d  up dev elop ment of the theory till 
19 25 w h e n  Brandt 1 (18) propose d the concept of a mix ing 
length. He d e v e l o p e d  this concept using a m o m e n t u m  
transport theory thus arriving at an expression for the 
oddy v i s c o s i t y  in terms of his m i x ing length. Although 
this inv olve d r ep laci ng one unknown with another, the 
fact that it is si m pl e r  to make pla us i b l e  assumptions 
about the m ix in g  length than about the eddy v is cosi ty 
r e p r e s e n t e d  a c o n s i d e r a b l e  advance. By mak ing assump- 
tion about the » i « l n g  length, Prandtl's theory has been 
s u c c e s s f u l l y  app li e d  to the study of turbulent motion 
along fixed solid boundaric .

T a y lor ( 3 0 )  i n t r o d u c e d  a mod ifie d ver sion of the theory 
by a s s u m i n g  a v o r t i c i t y  transport theory which has proved 
more s uc c ess ful in pro blem s of free turbulence. The 
drawback of both P r a n d t l ’s and Tay lor' s h y p o the ses ts 
their d e p e n d e n c e on assum pt i on s  about the nature of the 
mixing length. Von Kdrm.ln's sim ilarity h yp o the sis (31' 
has ena b l e d  us to dev e l o p  a mathematical ex p ress ,on for 
the m i x i n g  length (and hence the e d d y  viscosity) by a s s ­
uming that turbulent fluctuations arc similar at all 
point in the flow field. Thts theory was initially 
app lied only to re c ta n g u l a r  channel flow, but Kinney ,13' 
d e v e l o p e d  it for rotational flows and Rochino and 
(2 3) have e x t e n d e d  it to swirling pipe flows.



i n v e s t i g a t i o n  Rochino and Lavan c o m p a r e d  the result of 
a p p l y i n g  the above a; proach w i t h  p u b l i s h e d  exp erimental 
results of others and g en eral ly found a good cor rel a ti o n  
except for those por tion s of the flow field where c e r t ­
ain of the ir as s umpt ions were not valid - pri nc i p a l l y in 
the aiV;a of the pipe close to the axis.

Rob erts (2 2) has sug g e st e d that the scalar model used 
for the eddy viscosity is not adequate and has used a 
vector model. However, in View ol the tact that his com 
ponent for the radial transport of ang ular mo m e n t u m  is 
thv same us the scalar model of Roc hino and lavan and 
b e a r i n g  in mind the latter's general success with theii 
model , it has been d ec ided to adopt a similar approach 
in this w o r k .



CHAPTER ?.
D E V E L O P M E N T  OF THE SWI RL E Q U ATIO N

■

REV NO I PS STR1 SSES

For the d e v e l o p m e n t  of an e q u a t io n  to represent the s w i r l ­
ing flow in a p i p e , it is propose d to use as the starting 
point the Nav icr - St o k e s  equatio ns for a general ised fluid 
motion. The de r i v a t i o n  of these equations can be found 
in most s ta n da r d works (eg, (26)) and in vectorial form, 
as s um i n g  c o n stan t viscosity, they can be wr i t t e n as 
follows:
d L f f f :  = -  V A  ' / *  . . (2.1.1)

±(j y  V  (P ̂ )- O < , . (2.1.2)
ar

If we neglect e xternal body forces (which in the case of 
pipe tlow i, illowable) and also assume that the fluid 
is incompressible thin these equations reduce to

+ p q. • V  e, = - V ^ a  + ^
(2.1.4)

e +■ - = " I . . . .  (2.1.3)
etc /X#

These equation: apply to the full flev v n r . a M e s  A  and J, 
but to von.lin t an analy is of turbulent flow it is enn- 
ven tent to split up th, e variables into their tin. m a n  
valui rt and V and fluctua ting c o m p one nts /*' and I to 
r e p r e s e n t  t h f  sup e r i m p o s e d turbulent motion. The time



ave rages o f  fC and ^  are of c o u r s e  z e r o  and

ft -fi + f\,‘ and %  ̂ %  , ' I. .c>)
*** xwf *V-'

\ uhst Lluting these values of fi and Q into equ. ,  i ion 
( .1.3), we find the following

(2 .1 .0 )

If we now take mean values tv rm l>y term (thi val idit y of 
thi p r o c e d u r e  is dis cu s s e d  by liinze in (1 2 ) i tlu f o l l o w ­
ing terms drop out since their means are zero:

, % -V 2  , , J. V /1' and yM. V 2J Z
i t  e e

and v.e arc left with

+ i'- = s (' V/1 + v* i )
? ____

^ =  / (' V - A  + u V '  l , -  %'or — —  ^  T
«)£■ e

  (2.1.7)

By the s m e  p r o w  -» equation (2.1.3) produces

V. i - O ....................... (2.1.8)

It is apparent that with the exc e p t i o n  of the 1 • t term 
on the ilglt hand side of eq u ation (2 . 1. ) ,  equations 
(2 .1 .") and (2 .1 . h ) for the nw an f low varial les ai forri
ally identical to equation ( ’. I . 7) and (2.1.4> f< \ hi
f u l 1 (low variables.
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a ' V»' V  w-jThis ad d it i o n a l  term Z ' Z can be express ed as y- b Xj *
In his dev el o p m e n t  of the N a v i e r - S t o k e s  equations Schl'ch- 
ting (2b) shows that the surface force per unit area can 
he e x p r e s s e d  by

T. L &  , w h e r e  - - yi + M  ( + £j*j' )
t * X-l J x y  ^
is a stress tensor. It can thus he seen that the effect 
of the additional term - % V V  in (2.1.7) is to increase 
the stress tensoi by - ̂  • Thus the effect of the
turbulence is to make the m ea n flow depart from the l a m ­
inar flow by the imposition of  these additional stresses 
known var i o us l y as "ap pare nt" or "Reynolds stresses" 
after O sborne Reynolds who first d ev elop ed this model for 
turbulent flow (20).

liy onsid* ring only the mot ion after a steady state has 
be n r e a c h e d , we can further simplify the equation to

i . v i  - - t V f i . . . . (2.i.9)

The e q u a t i o n s  (2.1.8) and (2.1.9) have more dependent 
variables than iviilable e quatio ns and in order to over- 
com tliis d i f ficulty, P o u s sin esq (3) ass umed that the 
tur bulence stresses behave like the viscous stresses i e , 
that they arc d i r e c tl y  pro port ional to the v e l ocit y g r a d ­
ient. This a s s u mp t io n  w o u l d  imply the existence of an 
"eddy ; i .os it > ' s ich tint

-  < T T ;  =  £ ( ) . . . . . . . . . . . . . . . . . . (2 . 1 . 1 0 1

t) X.0 d jt «.
Ac. ord i ng to Boii s inesq s original idc a £ w a a  sial.n 
qu a nt i t y  but s u b s e qu ently there has been conside rable 
d i s c u  - ion about the mat h t ma t i v 11 natui jI eddy visci 
ity (eg, R o b e r t s  (2 2) and Rochino and I, a van (231). Hinze



even goes as far as to suggest the introdu ction of "the 
e dd y d i f f u s i o n  coe ffic ient as a fourth- order tensor", 
al t h o u g h  lie goes on to say that "this would c o m p lic ate  
the whole m a t ter exceedingly". Since eddy viscosi ty is 
any way only a formal concept i n t r odu ced to simplify the 
analy is of turbule nt flows and does not represent any 
true physical pr o p e i t y  of the fluid, it would appear 
s e l f - d e f e a t i n g  to allow d i s c u ss i on  of its mathematical 
n a t u r e to introduce further co m p l i c a t i on s  of this sort.

In this study it is pro pose d to adopt a vector scheme 
for the eddy v is c o s i t y  on the grounds that it can a c c ­
ount for differe nt values in different directions w i t h ­
out involving u n n e c e s s a r y  complications. This scheme, 
h o w e v e r , p re c lu d es  the use of a rel a t io n sh i p  such as 
(2.1.10) for the product of a first order tensor (vector), 
Et and a second order tensor ( )  is a first 

or d er  tensoi whi ch c learly cannot be equated with the 
second ord er tensor -vl

A f o r m u l a t i o n  for a vector eddy viscosi ty can however 
be d e v e l o p e d  u s i n g  p he n om e no l o g i c a l  models wh i ch  arc 
d i s c u s s e d  in th e  next t w o  sections.

2.2 M I X I N G  1 K N GTH I HI dll IS

The p h e n o m e n o l o g i c a l  theories which will be used in this 
work -ire the c of Prandtl, Taylor and von Kdrmiln, all of 
whi ch are based on the concept of a "mixing length".
All these theories assume that in turbulent flow lumps 
of fluid transfer cer tain of their tra n s fe r ab l e  p r o p e r t ­
ies from one layer to another just as mol e c u l a r  agitation 
transfe rs pr o pert ies like heat and mo m en t u m  in a non- 
turbulent fluid. The lumps c o n serv e these tra nsfe rable
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p r o p e r t i e s  as they traverse a l e n g t h , 1, c h a r a c t erist ic 
of the flow and known as the mi x ing length. Hav ing gone 
this di s t a n c e  the lumps then merge with their new s u r r ­
o undings and ass ume the average pr o pert ies of the fluid 
in that region.

In certain respects mixing length theories show an a n a l ­
og' with the kin etic theory of g a s e s , the mix ing length 
pla ying thi part of the mean free path. The analogy 
breaks down be c a u s e  of the dif fere nce of scale between 
molecul es , which are discrete elements moving in v a c u o , 
and the fluid l u m p s , which even if assumed to be d i s ­
crete e l e m e nt s  for the purposes of the t h e o r y , are in 
reality part of a c o n t i n u u m  which is c o n t in u ou s l y  e x e r t ­
ing forces on the lumps. Part of the failure of mixing 
length theories to account for all the phen o m e n a  of tur- 
i u l c nce must be due to their n o n - r e c o g n i t i o n  of this 
f a c t .

The i ai d e s c r i p t i o n  of mix ing length theories given
above omits detail of

(a) th p r o p e r t y  which is c o n s ide red to be c on serv ed  
in the fluid lumps, or

(b) any hypothe: is for d e t e r m i n i n g  the siz m i x ­
ing length.

Prandtl a ssumed that m o m e n t u m  w o u l d  be p r e s e r v e d  wh r>
-laylor p r o p o s e d  a vorticity transport theory. Coldste. 
(9 ) says that though "there is not h i n g  to choose b e t we e n
the two theories for flow bet ween parallel planes ....
the vor tici ty transfe r theory gives results in better 
agr'emc nt with o b c r v a t i o n  than docs the momentum trans- 
for theory for pipe H o w " .  Taylor's theory has therefore
been adopted.
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N ei ther Prandt 1 or Taylor d is cuss es in detail the m e c h a n ­
ism a c c o r d i n g  to wh i ch  the lumps of fluid adapt their 
t r a n s f e r a b l e  pr o perty to their new s u r r o u n d i n g s . von 
K d r m a n 's si m i l a r i t y  theory fills this gap and provides 
the h yp o the sis required for d e t e r m i n i n g  the mixing length. 
This theory is d is cuss ed in the next section.

In order to use the v ortici ty transport theory we must 
first express the e qu a ti o n of motion (2.1.9) in a form 
wh i ch  gives us access to the turbulent vortici ty c o m p o n ­
ent thus :

~ V Q + yu. V 11 x J 2 ' ................................... ( 2 . 2 . 1 )
e

wh e re  Q  - ( A  t  ̂ )e *
If we c o n side r figure 3 w h i c h  shows the spacial r e l a t i o n ­
ships bet w e en  a point A (a, h , c ,) where the vorticity 
at time is TZ. and a point X  to whi ch the fluid lump 
moves before mixing with the new e n v i r o n m e n t , the vector 
A X  or is the mixing length. Let the v or tici ty at X 
have mean value Jl and turbulent component J#'. By the v o r ­
ticity transport theory

J? a  Jl + J l ' . . . . . . . . . . . . . . . . . . . . . . . . . (2.2.2)

However, if we assume that the mixing length is small 
then a I iylor e xp ansi on a round A  for the mean vorticity 
(which at A  is of course A * )  yields

jl# = -fZ - (Z V ) - ^  . to first orde r . . . (2.2.3)~  •x' ~

Thus to first order ^  = ”  ̂ ~ ~  • • • (2.2.4)

so that the e q u a t i o n  of motion becomes
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Figure 3 : M I X I N G  LH.MCT H VI G . OR

= . . . ( 2 . 2 . 5 )

In the d i s c u s s i o n  of pipe flows it will be con venient to 
express eq u a t i o n  (2.2.5) in cylindr ical c o- ordi nates as 
f o l l o w s , with the bars on mean flow velocities and v i s ­
c o s ity dro pped for co n veni ence

Radial Component
jr j Vr + l/tf Vr- V# — ^6 —

) Y r «>e V o

- vt'[ir ij+Lf 1\ Util ] * W  [iy TJ)L dy r Zd Sv r oO c>l ^

(2.2.6a)

T a n g e n t ia 1 Component 
w  > v, >- tra 4 -

<>Y
\ Q  + Vf*
b e  ?

. (2.2.6b)
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Axi al Component
ZTy. 3 Vt + Yjb  ̂vt > v t =  -  30. + ^  V 2 tr̂

dr' v <>0 <)z ?

:i L' %  4 '  %fr ¥ > ^ ' f f ™
. (2.2.6c)

In he -witling pi pv (low undo t c o n s i d e r a t i o n  we shall 
assume axisymmetry. Ihis implies that there are no body 
forces (which we have alr eady ignored) and that there 
will be no c a v i t a t i n g  core which may take up a he!ical 
s h a p e . A l t h o ug h  these two con ditions will be good a p p ­
rox imations this will still not assure axisymmctrical 
flow. The above equations are s u f f ic i en t l y  i n t r a c t a b l e , 
h o w e v e r , that for further dev elopment of the theory, axi- 
s y m metr y must be assumed. This a s s um p t i o n  leads to the 
f o l l o w i n g  sim pl i f i c a ti o n

Radial Component >
" ■ ' 4 *  " g  - &  * - £ + ^ [ 7 2 + 7 %

- vJ f  L r d  1 + irjf Ly £2. f L* il I" i f X  J
L dr  da L ** y

. . . . . . . . . . . .  (2.2.7a)

Tan gential Component »
Ur £y* > ve I ~ + —  ]

fiy ill r  f L r V*

-  V,' [Lr * {+ L, X  - L f j l - r  < [  f »  f l  7( * 1 7  ~r 1 1 ^  J*



Axial C om pone nt  
K  + 2A av, - _  a a  +. 1J- f bxxrt * I +. }>'vt 1

3v i)Y << L Zy*- * Zy b'tx j

- Vy f Ly £2 ^  ̂Ll L  1 * [ L* "Li + L * <>{ - I~o 7 )L dr d*. ~Y J L dY }* r J
(2.2.7c)

In rue 1 to simplify the 1 q u a tion 1uithe 1 laylor assumed 
that the a n i s otr opy of the turbulence was sui tieient ly 
small that the tur bulence transport c o e f f i c ients Zy 
could be c o n s i d e r e d  nearly iscntropic , i c , 1%  Zy ^  i f

3 and Vt Lj , £Uy if < =  J

w h e r e  <  and j take on the values * , & , i . If we now 
w r i t e  the vor t i c i t y  components in terms of the mean flow 
velocities remembe ring that the flow is axisymmet rical 
we have
<f z — d Ug • r. — J t) ( V' l/e')

d r  * r . . .  (2.2.8)

Equations (2.2.7) now become 

Radial Component

V K ^ it, f fjf- ^ ’ H ’' + ± 1 ^ 1
4 V-' az r- ar ( a n  r Jr J*'

(<) (e) f/) f<) f/> d> (fc’ ce'

( f l) < 0

(2.7.9a)
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I n n g e n t i a l  C o m p o n e n t

Vr d >- tTx ^ Lf# v- ^  tT/ — yV- I £ Jff r ) b\Jq —  V# 1
i)y at r  >  L d y 1" K dy r L ^ z l

(e) (i) f/) (/) tfcj c/) (') ('> ^

6) I i_5> ^ 2.Da1- y J v
v. -f
v*- 7> #

f')
a v

r/) (/;
, . (2.2.9b)

\xial Compone nt
Vy + Vi c) Vg - -  J Q Y- / £ 3

I* 61 5  2 e D r i y  d r a t 1

(61 (l) (1) <61 </) (/) f / ) <e)

-  £ i»> r d2 ^
d‘v^2

-  u ,  
d r 1

Z dUr
v J 2

-  / J V* 
;

r e ) (/> (.6) c , )

. ( 2 . 2 .

Wi have now made what s i m p lif icati ons to the equations 
wi are able to by global assumptions about the flow and 
u must now investigate them term by term In ,n order 
,,f mag ni t u d e  ana lysi s to determine what further s i m p l i ­
fication can be made.

In the w i r l i n g  flow under con si de ra tio n  axial and f m -  
gential vel ocities are large compared with radial v  le 
citie s o  that if we regard small quant it ie i: of ( rder



V ,  »£> <•/> , v, r 0(0 and vr * 0 < ‘>, . . . (2.2.10)

F u r t her more, cha nges in the axial v e l o c i t y  over axial 
dis ta n c e s  are small com pare d with changes in the radial 
d i r e c t i o n  so that

= #  C'> and a . . . . . . . . . . . . . . (2 . 2 .1 1 )

By o m i t t i n g  terms of first or h i g h e r  order in c we can 
s i m p l if y  the equations to the following

Radial Compone nt

s £ 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (2 .2 .1 2 a)
V  6> V

Tangential Component

17, £ v >  a  /" ][  ^  2  ^  ^ J
dl L f d r 1 >"

. . . . . . . . . . . . . .  (2 .2 .1 2 b)

Axial Component

It is i n t e r es t in g  to note that to the order of accuracy 
of these equations eddy vis co s i t y  and mol e c u l a r  v i s c o s ­
ity arc pur ely additive in their effect on the mean ilow.

By d i f f e r e n t i a t i n g  equations (2.2.12a) and (2.2.12c) 
w it h respect to z and r- r es pect ively we can eliminate 3  
from this sys tem as follows x.
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We now h a v e , in equa t i o n s  (2.2.12b) and (2.2.13), two 
s i m u l t a n e o u s partial d if fere ntial equations for v0 and 
V i a n d  pro v id e d s a t i s f a c t o r y  models can be pr o vi d e d  for 
6 (1 ) and 6 (#) , a numerical sol utio n should be obtainable.

How ever , b e f o r e  p e r f o r m i n g  any numeric al w ork it ic d e ­
s i r a b l e  to n o n - d i m e n s i o n a 1 ise the equations using the 
following ref e r e n c e  scales:

= M a x i m u m  axial v el o c i t y  of the non swi rlin g flow 
pro file

V u  = Pipe radius
V = Kinemat ic m o l e c u l a r  viscosity 

If we denote dim e ns i on l c s s  values by asterisks

£(e> - u

* *
Vt = Vzo Uz' 6 (,) = U  &(*)
so that the equations b e c ome

r *  d v '  V 1 dz"

. (2.2.14a)

and

. (2.2.14b)

As a co n vent ion we will now drop the asterisks sin<.i 
from this point on all equations will be d i m e n s i o n l e s s . 
The above e q u a t i o n  therefo re bec omes



2  (2r»1 ) =  I {hntl2 .( + 1 — < )  7 . (2 .2 .1 5 b)V v  ; dv- L /?, 1 d vi r dr

2. 3 T U H  E D D Y  V i S C O S I T Y  M O D E L  A N D  V O N  R A H M A N ' S  S I M I L A R I T Y
H Y P O T HE S IS

In the search for a sat i s fa c to r y  model for eddy vis c os i ty 
v a r i o u s app roaches have been tried. In P r a n d t 1 1s m o m e n ­
tum t r a nsfe r theory the eddy visc o s i t y  is a scalar which 
may be w r i t t e n  as the product of the square of the m i x ­
ing length and the lateral d e r i vative of the mean v e l o c ­
ity. For free turbulence the mixing length was assumed 
p r o p o r t i o n a l  to the width of the m i x ing zone and in wall 
tur b u l e n c e to the dis tanc e from the wall.

Von Kdrmdn p r o p o s e d  that the mi x ing length vas determined 
by the local flow conditions and that the flow pat tern 
wo u ld  show g e ometr ical sim ilar ity throughout the flow 
field. Ro c h i n o  and Lavan (23) followed this approach 
u s i n g  a vector formulation with the com ponents in the 
radial and tangential shear planes being equal. Roberts 
(22) w en t one stage further s u g g e s t i n g  different values 
for the two c o m p o n e n t s . For the transport of angular 
m o m e n t u m  hr has adopted the same method as Rochino and 
Lavan and for axial transport p h e n o m e n a  he has assumed
the formula tion

w h e r e  C ^ i s  the constant in the * "  tur bulence m o d e l , *  
is the turbulence kinetic ene rgy and w  is the square of 
v o r t i c i t y  fluctuations.
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In this work we will use the met hod of Rochino and Lavan.

Before d i s c u s s i n g  the detail of von Knrmdn's theory it 
is d es irab le to express the equation of motion in terms 
of v o r t i c i t y  as follows.

Most theories require the eddy vis c os i ty  to be large 
c o m p a r e d  with the m o l e c u l a r  v is cosi ty so by n e g l e c t i n g  
the latter wc c m  write the equ atio n of motion as

H  + ~ ~ 1 V . « u . . . . . . . . . . . . . . . . . . . . . (2.3.1)at f

or * Z l 2 - % * £ = -  ±  V f * . . . . . . . . . . . . . (2.3.2)
it i ?

By taking the curl of both sides and rem em b e r i ng  thatV x  ( V  ) s  o

-Vx ( % x £ )  -* O . . . . . . . . . . . . . . . . . . . . . . (2.3.3)
3 t
or O . . . . . . . . . . . . . . . (2.3.4)a t
s i n c c  V  % = 0 (contin uity equation) and

V  £  = V . ( V x  ):)- O .

In turbule nt s w i rlin g flow the mean vel ocities arc

u, « u-,, ( r , a )  ; =  v ,  (t ,z ) ; v , = O

to first approximation. F u r t h e r m o r e , we assume that 
1 s u f f i c i e n t l y  small that we can neglect it (see 

(2 .2 .1 1)) .

The mean v o r t i c i t y  is therefore
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(  C,*)  J ) =  ( - 1  i m( r v 0) 9 0 ,  ±  j L ( r i r , ) )  . 
r  r

since the flow is a x i s y m m e t r i c .

. (2.3.5)

11 ^ , *7 , % are the f l u c t u a t i n g  v o r t i c i t y  components we 
can then exp ress the instantaneous v o r t i c i t y  as the sum 
O! mea n and f l u c t u a t i n g  values thus

( S, , y ,  J'+lgfru,)) . . . (2.3.6)
d z  r  3 k

/he ins tantaneous v e l o cit ies are

( V Y> zr# , t r , )  -  ( V /  ,  V> y  irj ,  trg y  v >  ) . (2.3.7)

S u b s t i t u t i n g  (2.3.6) and (2.3.7) into equation (2.3.4) 
we find the following, ass umin g axisymmetry.

Radial Compone nt __
£ £ '  «• V-; fc. ( r -  V i  # ^ ) .  » ( t- £ > )  - ( y ;  * U , ; .2.'
36 a % 3a da r

(r V,)). if/ y V  ( y ) = O  
K 3r r

. . • • ♦ ( 2 .  3 .  S a )

Tan gential C o m p o n e n t  __ __
3j7z y Uy t ( ir̂-f irg) y f ( ̂  k )
56 3 k  3t r 3 a

($-c2y,> ̂ ( V , / £ > ) - ( 3 7  1  .^.fr «>,)). 5 (x^Vv,)- 0
3a «/v- r 5 k 3Z r

. . . . . . . . . . .  (2.3.8b)
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Axial Com p o ne n t
£!' ^  + (vjJtVe) d(?+ J. i  (r u^)
dk r dr ^2 K

-ff - jdvfr)_£ (iTj,' f 9^) - ( 3rV^ a fr i^))^ (v2V  v a) = o  
^2 dr r

. . . . . . . . . . .  (2.3.8c)

I{ we fur ther assume the axial and radial change in 
to be n e g l i g i b l e ,  then the equations sim plif y uo the 
f o l l o w i n g :

Radial Com p o n e n t  
dC t v ;  *£’ >  vJ K'-r i  J f -  I' 9 ^  ^  dv, ^u-; _ J'Oir/
ST 7. si r t 71 ' 57 57

— ("r ) <^Vy —  Q
V  C)2
. . . . . . . . . . .  (2.3.9a)

Tangent i a j Com p o ne n t _ _  __
il' /- t V i z '  v- t/j i* 1 5  . £ 2  ' - ¥*. iZ* + ysJl
dt dr d* dl y r Jt r*

— L£, *)t^ - f ~ i dlfr y. ^ X> V>' y- ()V# ^ Us
v  J* J K J <• j V J K j 2 dr

- J'^vy _ I' dOjj _ J_ -I i.(rV) y ?  -lZi*0
r 5V ^ 2  f Jv <>< r

. . . . . . . . . . .  (2.3.9b)
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Axial Compone nt
il + V* il' + V r ± ( ± ±  (rir;)) -TVt + v t' <>J z a ( r ^ ) )  
dt dr iv K dv «)e ^ 2  r

+  i r ,  j i ’ , v ,  £ ( _ /  £ ( r v „ ) )  -  f  ^ y , '  + £ i  £>r,' 
di ^ 2  c>y a y  az dv

-  J J  £  f r  Vy) . ^  = O

. . . . . . . . . . .  (2.3.9c)

Von K a r m e n 1s sim i l a r i t y  hypothesis postulates that the 
t ur bule nt fluctua tions are similar at all points of the 
field of flow and that they differ only by time and 
length scale f a c t o r s . In more concrete terms, if we 
take the flow pattern of the turbulent eddies at any 
ar b i t r a r y  point P* in the flow f i e l d , we only have to 
st r et c h  (or shorten) the length and time scales in this 
pat tern by s u i tabl e factors to be able to obtain the 
pat t e r n at any other de s i r e d point in the field.

While this a s s u mpt ion would appear to have little t h e o r ­
etical b a 1-- i s , if the ap p lica tion of the theory is r e s ­
t ri cted to a small region near P0 , the results obtained 
by Roc hino and L a van won 1 I indicate that within l i m i t a ­
tions it can pro vide a useful tool tor analysi ng t u r b u ­
lent flows.

Since we arc c o n s i d e r i n g  only the immediate n e i g h b o u r ­
hood of P. (see fig 4) it will be convenient to take for 
our length scale f ,  the mixing length at P0 and for our 
time scale, / / v ,  where is the friction ve l ocity given
by

tr^ e. ( I I ) ̂  =  ( I *1. t <*/ I ) ̂ . . . . . . . . . . . . . (2.3.101
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(see Referen ce 26, page 485).

’hen for any point P (r, 0 , z ) in the n e i g h b o u r h o o d  of
£  , (n, ,e» ,z0 )

r m r0 + t d « ^  ^ ^ ~ *-0 + * v

where the as t eris ked variables are of order un i t y  in the
new ly scaled field. Fur th e r m o r e  we can state that the 
turbulence ve l oc i t y  and vortici ty components are

l y  K * ; v a' *  u y  v /  . irt ' = *4 ir'i*

Yi ; ^  9"  ; T  = VJ. S'*
l t C

£ f  *  »  J5> ; i i *  »  _i H *
I <) 0  ( dz I i t

!
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To first order of a c c u r a c y we shall also assume that the
value of at the point P near P0  is the same as
it is at Pp .

v #For the term ^  we shall take the first term in the Taylor
exp ansion about P0 . i e , at P

Similar treatment will be used for other term., of equation 
(2.3.9).

If we su b st i t u t e  all the above relatio nships into (2.3.9) 
we find

Radial Component

i v # )  Y f £ £ *  -  'il J * £** -(L . Y i . -  o
\ bt >0 l l* bz+ y dv /o £ a**

, e • • • • • (z# 3* 1

I ingentia 1 C ompone nt

i ^ ( y  iff)
V bv bi Jo

(2. 3.12b)
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Axial Component 
v * -x I'* 

Wf  l f r  $  ■ v r -+  %  < j y » ‘ i  -  f

v V/ y' ; ^ %  £  7  |-/y H

- f- A fr ̂ )J . z v i *  =
Y C>Y /O O n _ ^^ J a " (2.3.12c)

ixvn rranging this equation in terms of and 6 for the 
sake of c o n v e n i e n ce

Radial Component
V f i T  »  ► ; * . £ » "  - n "  l 1 "  -  ? " # < •  _r  ‘ -it' ir' j C ,  J

+ 5  / £ ? * )  i y /  +  Y iU  » ( r v , ) 7  a v / -  =  o
t [ dz d y* e L * Zr Jo

. . . . . . . . . . . .  (2.3.13a)

Tan gential Component
}&l [ is" r is'Y*h'* + U i * 2 z z* - j v  &  ^1 32' J v *  J t'  J /I J g *

+ x \ ± ( v r r - r/ 16 r0 Ja « / ' r '0 / j v ' 0

+ % ( ? $ > )  [ I ? * * -  J,,j- Y'/j s>̂ 0̂ y  V^ >̂1 Vi§. ii®)
( /o I Jy> / / \r Jy /o J a* I v 5* A  d v /«,

Z J  Jut ) =  o
' r d 2 /<9 (2.3.13h)
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A x i a l  Component

vx  i ^  v , " » j "  t W i J "  _  f  j'1 3 vi* 7
£•■ 1 a v  71 *  7 7 -  I T -  V

*  ^  - "‘t . (J. ±  Ir a0 )) ^  ¥-Zz>4 L  1  i fr’i'e)) = 0
/ ^2 'O <)»'*’ / 1 r <3v 0 % l,* di v c>v /u

(2.3.13c)

it the turbulent flow properties are similar then the 
above e quatio ns must be independent of y® since it was 
chosen arbitrarily. Without loss of gen erality we can 
divide the equations by iyyl/y*and deduce the following 
r e l a t i o n s h i p s .

±  - v u  ~ K. I  ( V, . dv, )o ,
Y Zi

8

L  . ( iys)e -  KX H  ( ^ e  . i i f ® )  - K ,
^  ai v

/  f i 1  ̂ r - KJ €  fj..±(rvg) . 1 « *,.
tr̂ Y br zyl K ^ *• 0

r. ■*A. z 2. I .Z J. ZlTVrn) I ~

• k 4 - J V' k 'S

k 7
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M a n y  of these c on stan ts are not i n d e p e n d e n t , e g ,

K , j - X, x k ,t K q * Kl* K&

KJ * •*! ’ K* K

K, r X k 7 K 3 " * 6

A n d  if we neglect K (1 e k  * *<»4 d v
Af t er  a small amount of  further rearrangement these r e l ­
ati o n s h i p s result in the following sim ilarity conditions

I - C, y- . . . . . (2.3.14a)

Vf- cx e . . . . . . . . . . . . . .  (2.3.14b)
e>t

Vj. * Ci * (£2f» ^ . . . . . . . . . . . . . .  (2.3.14c)
z V y

T *  ' < 4  /  ( . . . . . . . . . . . . . .  (2.3.14d)
Oy r

Vj - Cs . . . . . . . . . . . . . .  (2. 3.I4e)

Vj * C, I 1 t )  (2 . 3 . 14f)
^ dr r '

There ,.as been cons - oral Lc di s c u s s i o n on the significance 
of these sim i la r it y  con diti ons and good accounts are given 
b y  Kinney f13) and Roc hi no and Lavan (23). The latter 
derive seven coalitions but two of these are not i n d e p e n ­
dent. The additional one given here is (2.3.14e).

Now from a dimensional argument by Goldste in (9) we can 
see that f r t *  I I VeI where *  is a constant and the ±  
sign ens ures that € is positive. But from page 11 we 
know that the t u r b ule nce stress tensor 7 ^  = - ?
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or in terms of the similarity variables = - f  v y  uf u/ 
w h i c h  c on f ir m s the cor rectness of ch o osing uy as our v e l ­
o c i t y  scale to make vf and "•rf of order unity.

We can the refore w r i t e  the eddy vis c o s i t y  in terms of 
m i x i n g  length and friction velocity

£ *  >  o< v y  /   ( 2 . 3 . 1 5 )

But if the s i m i l a r i t y  hypothesis s correct then all the 
co n di t i o n s  of (2.3.14 a - f ) must hold and we can use them 
to d e t e r m i n e  the eddy viscosi ty with the help o* equation 
(2.3.15).

By rcfei icc to figure 5 it can be seen that

£(&) = ± <* , I Ilf I ̂  i

and in o r d e r  to express this in terms of the shear v e l ­
oc i t y  we first observe that r r# ~  -  f since VY* and v /  
arc of order unity

i e .  r r ,  - c  - e  t '  ( -  v ’ ) 1

and ((,)' =  ” " ? )   (2.3.161

Thus r K<, « constant * f ~  '

S i m i l a r l y  *(») * * 1 ^

and » con stan t * f *(«) ( - ^ e )

If we now use s i m i l ar i ty  c o n d i t i o n  (2.3.14a) wo can see 
that
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i(e> -  -  r ‘ ( i . u .  -  ) « constant . (2.3.17a)<)r y

dv- v constant . (2.3.17b)

Now these ex p re s s i o n s  for eddy viscosi ty only hold in 
the !iee s t r eam whe re the sim ilarity theory represents a 
lose a p p r o x i m a t i o n  to the situation, (’lose to the wall 
randtl's h y p o t h e s i s  that the mixing length is p r o p o r t ­

ional to the d is t a n c e  from the wall has been shown to be 
acc urate and the above exp ressions need to be modified. 
We should now use the exp ression

£ „ , «  ±  c o n s t a n t ,  ,If j_5, „  _ y )  _ , . ( 2 . 3 . 1 9 a)
)v Y

and = ±  co n s t a n t  « ( i-y)x( <>y» - }*) . (2.3.19b)

Ihese 1 itter expre ss i on s  bill be used for 0.9 < v S I p 
or the out er 10% of the radial distance.

Thus we have finally the following eddy v is cosi ty e x p r e ­
ssion

/  oc (/- r) (2.3.18)

w i t h  (2.3.1b) to obt ain the modified expressions

d r  r

. (2.3.20)

where A - r

-md w h e r e  k  is a constant for the type of flow which has 
to be d e t e r mi n ed  experimentally. Rechino and Lavan found
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its value to be 0,0333. The Reynolds n u m ber is based on 
the pipe radius and the ma x i m u m mean flow velocity.

—V

r

* stress on face perp n icular to i in d ir ecti on of y . 

Figure 5: STRESS
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2.4 T H E SWIRL EQU ATIO NS

The g o v e r n i n g  equatio ns for swirling flow (2.2.15a and b) 
ire ;s follows
v, £j> = ( 1 )/ t 2 i5s - Yf > \

t ^c. ' s r 1 r ^ v r L d ' . (2.4.1a)

and ^  / 3f/ ) - £  r<*<MLL'>f —  Y* - i  ̂̂  de  ̂r / «)> /?r I i r*> r d v r1

From (2.3.20) we have 

ffe) = - A  *<lAl ( -  ){£)V

. (2.4.1b)

. . . . . . . . . . .  (2.4.2)

w he re A = r- y ^  o  9  ; A » l-y 0 . 9  < r ^ 1 . 0

The -.e equations are too complex to permit analytical s o l ­
ution but a small amount of further analysis will enable 
the numerical work to be simplified.

The form of the equatio ns suggests that the solution 
will best be ob t ained by solving (2.4.1a) for v, on the
a ss umpt ion that V t is independent o f * .  Using this s o l u ­
tion for i/f wt t m  now obt ain a b e tter a p p roximatio n for 
vt from (2.4.1b). P r o vide d there arc no problems over 
c o n 1 g e n c e , further iteration bet ween these two e q u a t ­
ions should provide an accurate solution. Bearing this 
in mind as our ultimate numerical system, the two e q u a ­
tions (2.4.1a) and ( 2 . 4 . Ih) can be sim plified as follows.

In ord er to simplify (2.1.1a) we will introduce a new 
var iable /3 f r ,£) 3 v .

Ih f fcrcn t i .1 1: of y9 a ’

a f  = T a r, ; tz? : u, +

dt d r
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so dvp c ± ~ & )
d v Y c>Y r

Z -and d Ue - / _ i d/9 - i bft 4. 2  . yg
T T l  y 3 7 : V  ^  yl 5 :  T i 7

so inserti ng (2.4.2") and the above into (2.4.1a) we have

i£ -- I (j.-nil'ftS -ze))(*?- - 1 ¥ )  ■
da v ? 1 /?£ > ' d r  r /( b** r Tv J

E x p a n s i o n  of (2.4.1b) gives

(2.4.3)

2 Ve -  ( f t i O ^ J J  ( ^ 3  + 1  ^  “* i  )
y  d e  A d v *  r  dv*- r *  d v

But for 0  ̂  ^ ^  °*9 A = v

/ d a fP))R Y2 ( - l  tz* *■ *') + 2 v( dire - H»)
fia.^by dvt y c>y ^  dr Y

= v *  2>J> . r  | £ .  -  5, _ _ (2.4.5)
d v  *- ^  V

When 0.9 < r  1.0 A = I - v

/

Kl dv» ('£f»)) = (i-'-)Y— • ‘ i —  *■\ a r t  y A v  Y* d v  ^

r d2 v, f l - y ) 1 * v » ( l  - •)T T i  d v  r y . . . (-.4.6)

So for both value- of X we have
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4  ~ f (V* } ^  . iJfd , r  ) or / (v z)
dv <) v  ̂ D v-

We can therefore write (2.4.4) as

0  - ' M .  5  - Q(r,») ^  - f fr,z) , 0 (2.4 .7)
win re for O  ^ v  ^ 0  9

F(y *):-_/ y a djf, f r i i  - y,) Zf J. > / V  A i >  _ Ve\d r 1 dr /  L fit t> Y V J
. . . . . . . . . . .  (2.4.8a)A  _

0  f r , z ) = J  -  Kl (V  -  v > )  / f  ' y. x ' y V -  Uf )  1
y* d Yk 2)v v * r '

(2.4.8b)
F(y,2) -  2 j j o  / r  ±  t  Kl rl ( hy* r  Y e ) 1 

* d t  /  L Ft r J

. . . . . . . . . . .  (2.4.8c)

For 0 9 < v  < 1 0

T

Hi( d' U0 (i-y)1 y £15, / r- J  ) y  ( J  -  / M  
A v i  d y r r* )

±  + KX (I-Y? ( - Vf)
fit oy y '

C1, fv Z) =■ 2. +

. . . . . . . . . . .  (2.4.9a)
k 1 / d11/# ( i - y ) 1 +  d V 9 (r- JL) +  Vb ( J. - / )\ 
v  ' 2>v‘ d K  ^  r* J

n1 (i-v)x ( - Ye)
b y y /Ft i> Y

. . . . . . . . . . .  (2.4.9b)

f  tv, i)= 2 v ,  Or  /  L 1- Kl ( ' - r f  I2?<> -  h > )
V it /  Hi 1

. . . . . . . . . . .  (2.4.9c)
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It can now he seen that given the value of and hence 
' I'om (2.4.3), the s o l utio n of (2.4.7) is nea rly that

01 a linear third order dif fere ntial equation.

Alt hough (2.4.3) cannot he linearised, it has been s i m ­
pl i f i e d to a form where it can he solved numerically.

2 . S ROU Nl) \ RY CO NO IT IONS

The letermination of b o u n d a r y  con ditions for the swirl 
equ atio ns, wh i l e  simple in pri nciple, presents a num ber  
cf d i f f i c u l t i e s .

If one ass umes that the fluid str eam enters a helically 
w e l d e d  pipe from a straight length of seamless or l o n g ­
i tu dinally w e l de d  pipe then the initial flow profile 
wo u ld  be that due to normal turbulent pipe flow.

iv, for Z * o v e ( v o) » !>, (0,0) I ̂  )Wl . . (2.5.1a)
y

v,(r,o) 0for all r  (2 .5 .1 b)

5.1a) is an empirical equation given by Sch lichting
>6).

.v .it the pipe wall will be zero but the algebraic 
r e p r e s e n t a t i o n  o i the shape of the wall is so complicated 
that this b o u n d a r y  cond i t i o n  can only be determined by 
p hysical m e a s u r e m e n t  of the flow a small distance from 
the pipe wall.

Since we have alr eady made the ass umpt ion that the flow 
is a a i s y m m e t r i c a 1 then the tangential veloiity component 
will be zero on the p i pc centre line. Ih e axial velocity
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c om p o n e n t  will vary from its initial value at z * o , but 
thi^ v a r i a t i o n  can only he de t e r m i n e d as we solve the 
eq u a t i o n  alo ng the pipe. The p ro cedu re for overcom ing  
this d i f f i c u l t y  is des cr i b e d  in Section 3 2 and App endi x 
B.
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CHAPTER 3
S O L U T I O N  OF THE SWI RL EQUATIONS

3. 1 SOL NT ION 01' THE TA N GE N T I A L  FLOW EQU ATIO N

The ta n g e n t i a l  flow e qu atio n is 
V} * J. [ ±  + «1AX - 2ft )1 f dA I
«2 \ri v <>r r /J J Yk r dr -*

# # * « # (3.1.1)

w h e r e  A  - *  for o s  r 4 o  9 • A =  /-v for <-.9 < V ̂  1.0

To solve this equatio n it will be convert ed into a d i f f ­
ere nce e q u a t i o n  wh i c h  is capable of being solved n u m e r i ­
ca l ly  using a digital ele ctronic computer. Usi ng the 
grid me-h shown in figure h , /3 and its der ivatives are 
replaced by the finite dif fere nce approximations:

/3 (V, z ) is repl aced by/? (j* , * <  ) which is denoted by y6y

d/3 - a " -  a" • a/? = a: - A- = a" - ;/*; * A".,
3 1  X  ' Jy '  J dr'

# • # • • ( 3 . 1 . 2 )

S u b s t i t u t i n g  into (3.1.1) we have

/ 3 T -  A "  -  /  f  - ,  K-A' /  a :  -  A "  -  iA")l[ K - W + f i S -  
—   ^  V Ji ,,

(3.1.3)



e q u a t i o n  ( 3 . 1 . 3 )  c a n  b e  r e a r r a n g e d  a s  an  e x p l i c i t  e q u a ­

t i o n  f o r  t h u s  :

A ,"" = i - D )  *flj,, t/> -  r p " ^ 5
V*' *' y*' ' it'

( 3 . 1 . 5 )

f o r  c o m p u t a t i o n  we u s e  t h e  f o l l o w i n g  f o r m  o f  t h e  e q u a t i o n

P j ~ R [fiy ( ! - * - £ ) + ■  fijJ, (>- £ ) + /*;;:] • ( 3 . 1 . 6 a )

w h e r e  f o i  04  v  4 O 9

« ' ■ = _ < _  f  J .  f  i f r / A " '  -  /S"~('rl*))l ■ ( 3 . 1 . 6 b )
^  v, m  U '  * ( j" ' -  v y

a n d  f o r  0  9  < v  i  1 . 0

* W  i l Y / C - A " < . .

. . . . ( 3 . 1 . 6 c )

/ n + / 
n.

— —  y  f  /—  y
—  y - /

Ag =X

F i g u r e  6: G RI D MliSH FOR COMPUTER PROGRAMME
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The b o u n d ar y  con diti ons are /3 (r,o) - O ] /) f o,Z) = O  ;
/3 (0.1$ti) * ^ (i) whi ch transforms to

for all values of j  (3 .1 . 7 a)

for a 1 1  values of -n,  (3 .1 .7 b)

Potis * f(*-)  (3.1.7c)

F (*) will he d e t e rmi ned from the results mea sure d under
e xp erimental conditions.

The numerical technique for the solution of equations
(3.1.6) together with bou ndary conditions (3.1.7) will 
he to eva luat e eac h/3* by starting at/3/ t0ft/ and re ­
peat this procedu re for each value of yv.

A bri ef inv estigation into the s tabili ty of this e q u a ­
tion is given in A p p endi x A.

3.2 NUM FR I C A L  SOLUTION FOR TUT A X I A L SWIRL EQUATION

The axial swirl equation is given by

- Z3 (V,a). — Q  (v,i). =) - F  ( r z ) r O
d r 1 d v v d v

. . . . . (3.2.11

where P(rtz) , Q f r , z )  and F(r,z) are given by e q u a t ­
ions (2.4.8) and (2.4.9).

P f Q and F are only implicity dependent on H and their 
explicit dep ende ncy is in terms of r , 7?# , and •
Given the (temporary) solution of the tangential swirl
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e q u atio n for v-g by the means of Section 3.1 and provided 
the same grid n o t atio n is used for this section, there 
should be no p r o b l e m about cal culating these functions 
at each node point of the grid. The pro blem would appear 
then to be to find a m e t h od  of numerical solution for a 
third order differe ntial equation. This can be done by 
a pr e d i c t o r  - correct or method such as is outlined in 
M c C r a c k e n  and Dorn (17). We have a pro b le m  with the 
b o u n d a r y  conditions, however, for in order to use such 
a method we would need to Know the value of on the 
pipe centre line all along the pipe. For the initial 
sol utio n of the tangential equation, the ass umption that 
v, (o) was constant may be s u f f i c i e n t . For the axial 
e q u atio n this is, however, not good enough for the v a r ­
iation in v 2 may lead to a violation of the c o n t inu ity 
e q u a t i o n .

It is proposed, t h e r e f o r e , after each pass in the radial 
d i r e c ti o n to check for the continuity and if n ec essa ry 
to adjust the value of v 2 fo) to preserve it.

Further details on the technique of solution are given 
in Ap p endi x B.

3.3 A C OM P U T E R  P R O G RAMME FOR Till: SWIRL EQUATIO NS

Sections 3.1 and 3.2 illustrate the basic numeric al t e c h ­
niques for s olving each of the two swirl equations i nd e­
pen dently. The purpose of this section is to illustrate 
the method of t r a n s l a t i n g  these techniques into an i nt e ­
g r ated c om pute r programme for solving the simulta neous 
partial dif ferential equations.

Fig 7 shows the logic network for the programme as a
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wh o le  while fig,ires 8 and 9 show the det aile d logic for 
s ol ving each of the equations separately. Following the 
logic of figure 7, the first step is to define ade quately 
the bou ndar y conditions. A lt houg h this can in part he 
done theoretically, as out line d in Section 2.5 this work 
uses values d e t e r m i n e d  from the test rig. Step C d e t e r ­
mines the total flow in the pipe by numerical i n t e g r a t ­
ion of the initial flow profile. This serves as the 
sta ndard of c o m p a r i s o n  when checking the results of the 
axial equation. In order to begin the main t .Iculation 
por tion of the programme it is n ecessary to assume that 
the velocity profile is unchanged over the axial d i s ­
tance being considered. This is only true to first order 
and is correct ed later in the programme (at. Step L ) .
Steps D and E are also required to start the p r o g r a m m e .
The two main cal culation steps are G (the tangential 
equation) and L (f axial equation). Clo ser solutions 
are obtained by solving these equations a l terna tely in 
an iterative process (loop A). The iteration counters 
for the iteration loops are set in step F . At step K 
the solutions are checked for convergence and if the 
solutions have converged successfully then the results 
are printed o u t . Otherwi se the iteration counter is in­
c r e a s e d  and another iteration cycle started at step G.
If more than five cycles are required the programme a u t ­
o m a t i c a l l y  aborts and prints out the most recent values 
of u-0 and v# obtained.

Figure 8 shows the d e taile d logic sequence of solving 
the tan gential e q u atio n which is step G of the figure 7. 
The explicit nature of equation (3.1.6a) means that no 
iterative p r o c edu res are needed. Values of ft arc c a l ­
c u l at e d  p a s s i n g in the radial direction and then in the 
axial direction. The branch step in the logic is required 
to cope with the alternate value of X . Aft er the full
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/3-array is c a l c u l a t e d , the -array is deduced from the 
relation

/3 (r,*) •» 1- (r,z )  (3.3.11

The program me then proceeds to step H of fig,ire 7.

Figure 9 shows the detailed logic sequence for solving 
the axial equation which is step L of figure 7. The 
axial flow vel ocities for n = 1 are part of the b o u ndar y 
con ditions so that the c a l cula tion starts at n=2. At 
step L/A an iteration counter ITNR is set to 1 before 
c a l c u l a t i n g  (%,%) by the modified Euler method des-
crib 1 in A p p e n d i x  B. Since we now have th : value of 
V, ( /,:) and 2r, (2,2) we can use the pre dict or- c o r r e c t o r  
m e t hod for j=3. The predict ed value is cal cula ted in
step L/R. In step F the iteration cou nter ITNC for tie
correct or loop was set to 1. The cor re c t o r  loop is c o n ­
tained in stage L/C. The m at hema tics of the predictor- 
c or rect or method is detaile d in App endi x R. Step L/D 
is the error cor rect ion required after the final c o r r ­
ector step. The DO loop 4302 repeats the pre dictor- 
c o r r e ct o r stages for increased values of j fie, it c o m ­
pletes the radial pass for n=2). In order to com pensate 
for any er r o r  due to the assumpt ion of a value for v ,  ( * / / )  

the total flow at n=2 is ca l cula ted in step L/E and c o m ­
pared with the initial total flow (calculated at step C 
of figure 7) in step L/F. If the error is out ide a c c ­
eptable tol erances then the assumed value of v, f^, z) 
is c or rect ed and the process repeated from step L/A.
This iteration is con t ro l le d  by ITNR. When flow c o n t i n ­
uity is preserved, furtner radial passes arc made for 
increas ed values of r. until the complete v, - a r r a y  is c a l ­
culated. The progr am m e then proceeds to step M of fig­
ure 7.
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Work on the solution of the swirl equation was still in 
p rogress when the author was transfe rred to G e r m a n y . At 
this point solutions to the tangential equations were 
a va i l a b l e  (as indicated in the graphs of Section 5) but 
the influence of the axial equation had not yet been in ­
cluded. Due to a lack of suitable computer facilities 
a de m o n s t r a ti o n that the influence of the latter is only 
slight has not yet been possible. As and when computer 
facilities should become a v a i l a b l e , it is hoped that 
this can be ade quat ely confirmed.
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CHAPTER 4
E X P E R I M E N T A L  INVESTIGATIONS

4.1 P R E L I M I NARY INVESTIGATION

Since there is a lack of published work i the g e n e r a ­
tion of swirl in helical ly welded p i p e s , a small pilot 
exp erim ent was carried out to determine the lik elihood 
of suf f i c i e n t  swirl being generated to disturb the o p e r ­
ation of orifice meters.

The apparatus (shown in figure 10) consisted simply of a 
length of clear perspex pipe into which a wire insert 
was pla ced to simulate the dis turbance of the weld seam 
in a h e l i c a l l y  w e l ded steel pipe. This method of s i m u ­
lating the w el d seam was nec essary partly because h e l i ­
cal ly w e l d e d pipe is not commerc ially available in sizes 
be l o w  about 250 mm in diameter and partly because p e r s ­
pex was req uire d to permit the flow to he v i. The 
pipe length as connected up to a length o. 0 ardcn hose 
whi ch had c : ufficie ntly long straight length u p s trea m  
to settle out any flow disturbances.

Dye was inj ected into the pipe through a hyp odermic s y r ­
inge and was observed to acquire a flow pattern showing 
c o n s i d e r a b l e  swirl after a length of test pipe e q u i v a ­
lent to 70 d i a m e t e r s . The degree of swirl was such t h a t , 
bas ed on Lugt's results (15), a meter could be expected 
to show as much as 7-10% error. ..anker (52) has shown 
that the degree and the direction of the error are very 
much d ep ende nt on the nature of the swirl which could 
not be d e t e rmi ned in this case bec ause of the scale and 
c r u d i t y  of the apparatus.
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Des pite the limitations of the apparatus for this p r e ­
liminary i n v e s t i g a t i o n , however, the results show that 
swirl can cer t a i n l y  be generated in pipes with a p r o ­
t ru ding h e l i x  of the order of magnitude of that of the 
w e l d  bead in a hel ic a l l y  welded pipe and that this e f f ­
ect could be large enough to create serious errors in 
rifice plate m e t e r s . Further and more detailed inv es­

tig atio n of the p h e n o m e n o n  at a larger scale was t h e r e ­
fore justified.

$ y/" /*/jrc7/o*s 
Pa/aj r z?

C ft
0,15 UJ'At
sP/ral i*jr£*r

Z

150 *• '*>

PJJ£CT/0*V
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X)V£ t*jj tcTto*/ 
P  o/A/r

MjJiPL

O"
20'

F jgure 1 0 : APPA R A T U S  FO R PRFI.IMI N A R Y INVF ST I GAT I ON

4.2 DESCRIPTION OF  APPARAT US

Figure 11 illustrates the main portions of the apparatus 
used in the subsequent exp erimental investigations. 
Pu m p i n g limitations res tricted the diameter of pipe used 
to 100 mm. Com mercial hel ic a l l y  welded pipe was not
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u sed b e c au s e  of the same two p ri mary con side rations which 
p r e v a i l e d  in the p r e l i m i n a r y work, viz:

1. Com merc ial pipe is not made by the helical weld p r o ­
cess under about 250 mm, and

2. Tr a nsparent perspex windows were required to show up 
the flow pattern.

W a t e r  was pumped into the test section through a flow 
s e t t l i n g  length of resistance welded longitudinally 
s e a m e d  pipe. The test length was pri m ar i ly  seamless 
steel pipe with a helical wire insert to simulate the 
d i s t u r b a n c e  caused by the weld seam. Short lengths of 
p e r s p e x  tube were inserted in the *est length to provide 
w in dows to observe the b u i l d- u p  of any swirl which might 
occur. The test orifice installation immediately after 
t he test section complied fully with RS 1042 except for 
the helical insert in the ups trea m pipe. The wat er was 
finally d i s c h a r g e d  to a met erin g tank to provide a p o s ­
itive means of c a l ibra tion for the orifice.

Ins trum e n ta t io n  was kept as simple as possible by using 
a yuw -mvt vr/pi tot tube arrange: znt to provide data on 
speed and dir e c t i o n  of flow at cross sections c o r r e s ­
p on ding to each of the p er spex win dows on the test s e c ­
tion. Differential pressures for this and the orifice 
were mea sured with mercury manometci .

4.3 CO N D U CT  O F _] XPH RIMFN T S

Two series of experiments were carried o u t , the first 
to d et ermine the growth of swirl in the pipe and the 
second to examine the pos sibl e deviati on of tin mvtci 
reading from that in standard conditions.



in the first set of experiments the work consisted of 
d e t e r m i n i n g  the flow profiles at the different windows 
in the test length using the following procedure. First 
the d i r e c t i o n  oi flow was found using the diametrical 
probe as a yaw meter ( i e , with the static tapping b l a n ­
ked off). The probe was then rotated through 35° so as 
t (' piesent the hole cor resp o n di n g to the common tapping 
to the now e s t a b l i s h e d  directi on of flow. The other hoi 
was bl a nk e d  oil and the manometer leg formerly connected 
to it was c o n ne c t e d  to the static pressure tapping - tin.- 
c o n v e r t i n g  the piobe into a pi tot tube to mea sure the 
flow velocity.

fhis p r o c e d u r e  enabled the superior direction finding 
c h a r a c t e r i s t i c s  of the yaw-me ter to be used to assist in 
the d e t e r m i n a t i o n  of the resultant flow velocities.

The second series of experiments consisted simply of a 
c a l i b r a t i o n  of the orifice installation at various flow 
rates us i n g  the met ering t a n k s .
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CHAPTER 5
DIS C U S S I O N C rcESULTS

5 . 1 SWIR1. GRO WTH

The results of a series of test runs conduct ed to e x a m ­
ine the growth of swirl in the flow at different R e y ­
nol ds Numbers is displayed in the acc ompa nying four 
graphs (figures 12 - 15). The growth of swirl in the 
longitudinal and radial directions is shown in figures 
12 and 13. Figure 14 h *s the radial swirl d i s t r i b u ­
tions for a var iety ot Reynolds N u m b e r s . Over the res­
tricted range investigated, swirl appears to be inde­
pen dent of Reynolds Number.

In Reference 31, flow meters arc shown to be affected by 
the axial flow profile as well as swirl. Figure 15 was 
p lo tted to show this profile. The shew pattern e x h i b i ­
ted was found to increase along the te<t length and, as 
can be seen in the f i g u r e , was more pronounced at lower 
Reynolds Number.

Figure 13 shows the radial distrib ution of swirl at v a r ­
ious cross sections of the pipe. It exhibits a c o m p a r a ­
tively slow growth of swirl in the cent of the pipe 
des pite the rapid ris»' in the outer annul u s . The actual 
growth of swirl was con side rably more than that p r e d i c ­
ted by equation (2.4.1) using the results displayed for 
r/R-O.US in figure 12 as a bou ndar y condition. The e q u a ­
tion was found to he very sensitive to changes in k  and 
the plot shown was based on the value of 0,0333 of Rochino
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and Lavan (23). It would appear therefore that additional 
w ork is required to c on firm the a c c u r a c y  of the value 
for thio flow p a t t e r n .

The axial plot of swirl growth in figure 12 demonstrates 
that the swirl builds up slowly over a considerable length 
of pipe and the oO pipe diameters available on the test 
rig were insufficient to .ulow m a x i m u m  swirl to develop. 
Lxtrapol ition of the curves would imply that 100 or more 
d i a m e t e r s  arc required before the axial swirl gradient
vanislie- .
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The apparent indepcndenco of swirl growth and Reynolds 
Numher dep icte d in figure 14 confirms one aspect of e q u a ­
tions (2.4.1) and (2.4.2). From (2.4.2) it can he seen 
that £ is of the order of magnitude of Re so that at 
high Reynolds Numbers omissioi >f the term ^  in I 2.4.1) 
would not ma t e r i a l l y  affect its solution .



58

Ihe skew vel ocity profile in figure 15 has no immediately 
obvious explanation. The profile became more skew along 
the test length and was also more pr o noun ced at lower 
Reynolds Number. -Unce the skewness was found in the 
ver tical plane it could be caused by some gravitational 
el feet but further investigation is required to examine 
tIvi ̂  a s p e c t . The skew velocity profile must , h o w e v e r , 
be a sec on d a r y  source of error in the orifice m e t e r .

5 . 2 EFP1-CTS ON MET ER

Aft er an initial c a l ibra tion of the meter in its ins ta­
lled position using straight seamless pipe in the test 
l e n g t h , a com pari son was made between the metered flow- 
rate as mea sure d at the orifice and the actual flourate 
as determined by use of the me t ering t a n k . Table 1 p r e ­
sents this comparison for the range of flowratcs m e a s ­
ured.

The error, amounting to an average of -12.3% with a 
spread of +1.8« and -2.1% which is introduced into the 
meter is clearly considerable. Although the swirl was 
independent of Reynolds Number the skewness and v a r i a ­
tion in vel ocit y profile must he partly responsible for 
the size of spread. Errors of similar magnitude were 
reported by Lugt (15). lie examined orifices of varying 
area ratios and found that the area ratio had considerable 
influence on the error. The meter used for the e x p e r i ­
mental work had an area ratio of m = 0.404. It would 
therefore seem that the above work might usefully he 
extended to find the effect of the flow pattern under 
c o n side ratio n on ori fice plates of other area ratios.
Of more importance, h o w e v e r , ti- the need to determine a 
suitable settling length for the induced swirl since it 
introduces e r r o r , of una cceptable magnitude.
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I— -1 e 1 : OKT FICE M E T E R ING HRROk i)Ul- TO PFi'.Sl.NCK OF K ] RH
HHL IX

. .Actual Flowratv1/s
Linear Flowrate m/ s

ReynoldsNumberx l O 5
Met ered Flowrate1/s

MeterError
%

12.25 1.77 2. 38 10.71 -12.4
15.45 2.23 3.00 13.31 -13.7
16. 80 2.42 3.26 14.98 -10.9
18.65 2.69 3.61 16.20 -13.1
20. 30 2.93 3.94 17.41 -14.1
21.90 3.16 4.25 19.22 -12.1
26.05 3.76 5.05 23.00 -11.9
28.90 4.16 5.61 25.95 -10.2
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CHAPTER 6
C O N C L U S I O NS

A l t h o ug h  work has been conducted on the use of helical 
swirl inducers (14) designe d spe cifically to promote a 
s w i rling flow, little work has been done to investigate 
the effects of the small helical surface deformat ies 
such as in a hel ical ly welded pipe. Ihe present work 
investigates some aspects of this p h e n o m e n o n . It dcr 
enst rates that even on this scale a significant amount 
( f  swirl can be generated and that this can affect the 
accurate p e r form ance of an orifice plate flow meter. 
Further work is required to determine suitable settling 
lengths for damping this type of swirl but in the absence 
of such information it is recommended that the use of 
h el ical ly w el ded pipe in con nect ion with met erin g in s tal­
lations he avoided.



b l

APPENDIX A
S T A B I L I T Y  A N A L Y S I S  O F  S W I R L  E Q U A T I O N

For the pur pose of this section vie express the equation
as

.*/=pro -*-< i - j. )) */ij:; ̂ > r a": .' -  " " "  3 X
#6* rA

• • • • • • (A . 1)

where B  » / m M 2/ - /i. ' (±. - iL M  7
i^L/Pa y I * * r 'J

let T » fl X f 2. - _i ) , y - S A  f J. - _L ) , = £ 5

Then =  /S* ' (i-r) + B* ' y v  /3." d • • (A.2)= /i/'('-*)* A , "  f  ' /t-., <<
#| ,4* X?Let fbj-'Lij/'e. be a Fourrier Series.

Then (A.2) reduces to

or
J

or p  = /  - t  r  y  e + p  e.

~  I + (ytf) c*>s h + (. y~ ̂ ) sir> M. . . • (A . 3)

Von N e u m a n n ’s necessary (but not sufficient) condition for 
stability is I pI < I - Taking the worst case of (A.3)
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'< - A ■ Caj A r -/  J „***. ft = O
f - / -  { Z + <p) =T l- IZ

so I IZ \ 4 1

or O < 2ZT < 1 ie. O  ̂  C |

Hence a n e c e s s a r y  condition for stability is

O  4 8 A  (}_ - _L ) * I
41 r4

This e x p r ession is always the same sign as 6, the sign 
of w h i c h  is neg ativ e only in areas of flow reversals in 
the mean flow.
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APPENDIX R

S O L U T I O N  OF AX I A L  SWIRL EQUATION

The axial s \ i r 1 equ atio n is as follows
1  ;  <r9 (1 + ,) r z>jre + J_ ^ y ,  - _/ . £ 3  )
r d 2  fia L dv* y dr» ,rl d r -»

■ _i £ £  ( +J. . ££»)&r dr»- r dr . (R.la)

w h e r e  for o  ^ T ^  0  9 A '  r  so that

/ . e  y 1. ^ + y . . . . . . . . . . . (B. lb)ft* Kl br a r& dr
and for 0  9 < v ^ 1 o A  - l - v  so that

/ , a'u* (v- •_) t V*(± -1) . . CB.lc)
/fa*l Av d rl 2)/ r y-L

/ JcHence for both values of A we have expressions for ^  
whi ch are functions of r  and £ though t h e ? -dependency is 
only via Ugt*, *) •

The solution of the axial equation uses the same grid 
format as that of the tangential equation.

d V,The not atio n for the (i)th iterative value of a y  at the 
grid point n,j is * ^  ,i} where additional primes d e ­
note further di f fe r e n t i a t i o n  w.r.t.*".

As far as boundary con ditions are concerned, we can assume 
der iv a t i v es  of v, w.r.t. z are s m a l l , so for short int er­
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vals along the pipe axis and its derivatives w.r.t. r  
will be constant. By making this ass umpt ion along the 
centre line for one s t e p , we can then make a pass in the 
radial d i r e ct i on  o btaini ng the full velocity profile 
s h a p e . An integration of the velocity profile will d e t ­
e r m i n e any v iolati on of the con tinuity of the flow and 
a rea d j u s t m en t  to the value of ir4 on the centre line 
c m  be made before a final radial p a s s .

We know the initial velocity profile; the flow at the 
out;.ide of the pipe is determined from experiment; and 
the v e l o c i t y  at the centre line is det ermined by the 
above procedure. The situation for derivatives is the 
same so we have adequate bou ndar y conditions for the 
e q u a t i o n .

From the tangent ial equ atio n we have a complete array 
for v 0 so that values of all derivatives of and hence 
of F (r i) , p ( r,i) and Q(r,t') are k n o w n . Rather than store
large arrays for these variables, they will be calculated 
as and when required.

E q u a t io n  (B.1) can be wri tten as

ilr- - p (■',•> °  . . (b.2)

where P , Q and F arc functions known and defined by 2.4.8 
and 2.4.9.

The m et hod of solution follows that given by McCrack en 
and Dorn (17) (on page 390) since we can regard (B.2) as 
an o r d i n ar y  differential equation for v t w.r.t.r. Each 
new step in the axial direction will be treated as a new
O.D.E. The major logic steps are shown in figure 9. The 
basic logic is as follows:
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1. V e array d e t e r m i n e d  from Tangential E q u a t i o n .

2. V z (N , 1) (i e , on ^ ) is bou ndar y condition.

3. V z (N,2) is cal cula ted by Mod ifie d Euler Method from 
V z ( N , l ) .

4. Vz ( N , j ) j*3 ... 21 is predicted using V z ( N J - l )  and

5. Vz(N,j) is corrected iteratively until there is s a t ­
isfactory convergence.

6. Vz(N,j) has its error corrected.

7. When the full vel ocit y profile is det ermi ned this is 
int egrated and compared with the total flow.

8. If nec es s a r y  Vz(N,l) is correct ed and we return to 
step 2.

9. This procedure is then repeated for the next step in 
the axial direction.

Steps 3, 4, 5 and 6 require to be examined in more detail
before actual programming.

MO D IE It I' I III I R METHOD

Vz(N,j-2).

For a third order equ atio n the modified Euler Method 
p rovides the following equations

(R.3a)

(B.3b)
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+/(Ar, ?*,';*'))]

. . . . . . . . . . . . . . . .  (B.3c)

/I' r, W ' , "«") T Plr^v'i t /7r,«)uhc re

(B.5)

In the com pute r programme equation (R.3c) has been repre 
s e n ted as ? v /  * ,h v, /• ^   ̂ <#) and for ease of p r o ­
gramming we have

X* «l(*3  - 5») and Xfi*X+ K*y £** . . . . (B.4)
1 V / a V'~

w h i c h  enables us to write

1 (y, W , S ' > - - - - - - - - - - - - - - - - - - - - - —
U  '  ",yj

P R H D I C T O R  STAC.h

Once we have Vz(N,l) and Vz(N,2) wc can use the pred ct- 
o r - c o r r c c t o r  method. The predictor stage provides tirst/V —  // /O) A' 7 6o) , A/ )>a p p r o xi m at i o n s  to ^ Vj , j and y Ug

For trie third order equation we have:

7 w - "x v,"*i&y f r v - ^ J j- 6T) • • (R-Gai 

~ = j.x *i * * a * W  (B -6b1

'T ~  V,  A* Z, V‘ (B. 6c)1 J -/
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A g a i n  for ease of pr o gram ming we have introduced the 
following n o t atio n

v  0 (o) V  -  „
j I = Vl]>2*p J-Xvi - vztltfi

—  //j-/ V 2 ~WZJ>2fi8 etc as well as intermediate variables 
XP and XAP analogous to X and XA a b o v e .

C O R R E C T O R STAGE

The c or r ec t or  stage can be repeated as often as necess-/v .*■ (*ary as an iterative process to improve the values j V"t 
etc o b t a i n e d  from the predictor s t a g e .

For the third order equation we have

yV - // ft)
)]

(B.7a)

(B.7b)

For p r o g r a m m i n g  purposes

VZDZRC  and

E R R O R  C O R R E C T I O N

A f t e r  c o n v e r g e n c e  of ~  v / 1 " ’ has heen obtained we can
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then add the t r u n cation error back onto it and its d e r i ­
vatives by the following equations

=  r v  . . . (b.8)

and two similar equations for the two derivatives.
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APPENDIX C
LIST AMD EXPLANA TION OF VARIABLES USED IN THE COMPUTER 
PROGRAM ME

The variables are listed alp habetical ly within the maxn 
sections of the programme for which they are used.

1. Main V a r i a b l e s
DELAR 
DELZED 
J
N
VE Z ED  (501, 21)
V T H E T A  (SOI, 21) 
vzniR 
VZD2R 
Z(SOl)

2. Tangential Equation
ADA SH * Intermediate variable
BETA ( 5 0 1 , 2 1 )  - ft
BOU ND (501) = Value of /3 for r/R-0.9 5
j- - Intermediate variable
p » Intermediate variable
q  « Intermediate variable
v » Intermediate variable

= Radial Mesh width A  v 
= Axial Mesh width A  2 
■ Radial Mesh co-ordinate 
= Axial Mesh co-ordinate



(

7C

^ • Axial Equation - Modified Ruler Method S e c t ion
BIGG
LITG
V Z D 1 R A
V Z D 1 R B
VZD1RN
V Z D 2 R A
V Z D 2 R B
VZD2RN
X
XA

= Intermediate variable 
= Intermediate variable

d v

£ 5 -
v l

= Intermediate variable 
= Intermediate variable

4. Axial Equation - P r e d ictor See t i on

6 .

VZD1RP 7  a v *

VZD1RX j  ^

VZD2RP 1

VZD 2RX )  a  Y '

VZP s )VZX s J

XAP s Intermediate variable
XP Intermediate variable

Axial 1quation - Corrector Section

vzniRC ^  Vg /  d v

V Z D 2 R C 3 l  i>* /  d  v l

VZC
XAG Intermediate variable
XC Intermediate variable

ion

FLOW n Pipe flow (actual)
FLOWN B Pipe flow (uncorrecte
FLOWR Flow in annular ring
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7 . (.’on t ro 1 Va r iah 1 es

D I F B T A  = Max changj in /3 bet ween iterations
bl’SA = a  Conve rg e nc e  test
E P S B = £ a C o n vergence test
EPSC = ̂  c Converg ence test
ITNA = Iteration counter
ITNI3 = Iteration cou nter
ITNC ■ Iteration cou nter
M A X I T  = M a x i m u m num ber of iterations

8. Sundry
KAP PA = K , Kinney's constant
PIT CH - Helix pitch
REYNO = R e , Reynolds number
SWIRL = A ng ular vel ocit y as g ot>
WI R E D  * Wire insert d ia mete r
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Some implications of the 
generation of swirl by helically 
welded steel pipes

C A A H IG M A N

Synopsis

I hr pa/'t i c xtiniinvx the , </,-;// h, which Iw lim lly wcltlcd stcd nines
v",r/ //"" «,„/ z/„ s. /v,rz/„,W,

" "  " tl'llvrenluil pressure .How ttu-nrittg orifitvx 4n invest i
,/ /,,,v  •' <k'<rihe,l On the basi* nf the results obtained a 

let iuntti iii/ation n made regwdinz die an d to avoid the use of hdicalh 
welded ripe upstream »/ differential pressure How metering devi'cs.

Opsomming
In hierdie verhandeling word under un i ingeste! no die mole waann 

le ie\ gcswente xtaalpvp vcn el me aan n p ip  sc ; loci sal verleen en die 
toiwerk mg daanan. \»ral op die akkuraatheid <an differensiaaldrul, - 
dud  i fmeters Die ondersvek no hierdie uitwerking wordheskrvf Op die 
xronddag urn die verkree retaliate word 'n aanhe\ding fredoen 

h t fhli <//< nrH)t/>aak Hkheid om die gebruik von holies v wveisto p\p  
\troonu>p tan difjerensiaahlriiksloeimeettoestelle te voorkom.

N ota tion
J Pipe nternal diameter
1 mil Tangential component o f eddy viscosity
1 Mixing length vectoi
/ Axial distance along pipe from start of

helical deformation
m Orifice area ratio
P Hydrostatic pressure
Q As defined I p , it 2)
q 1 •„ >■. Velocity vector
R Pipe internal radius
Re Reynolds number
rS Cylindrical polar co-ordinates
k Constant in Fquation lb '
z As defined for Equation (6)
A Absolute viscosity
P Density
n Vorticity vector

Mean value o f variable
Turbulence value o f variable

Helically welded steel pipe
Although the tirst patents for the mnnufacture of he In 

ally welded steel pipes date havk to carts in the present 
century, the slow development o f welding te* hniipies and 
a number o f problems associated with forming method 
held back commercial exploitation o f the process till the 
mid 1950s ( I )  During the last I < scars or -.o how i

*l urgi Mineralft n chnik (c nil. W (n mv

this type of pipe has gained increasingly wide acceptance 
because o f the advantages which helically welded pipe 
(ilfers it hoth manufacturer and user.

Production costs on a spiral-weld pipe can be consider 
ably less than on a longitudinal weld mill for large bore 
pipes, partly through reduced capital cost, partly through 
reduced labour costs and a's through reduced stocl 
costs since the same coded strip can be used for varying 
pipe si/cs merely by alteration of the helix angle. The 
mill's great inherent Hcxibilm also allows shorter pro­
duction runs at economical cost

I urther economic advantages o f the helically welded 
pipe arc that since it is manufactured by a continuous 
process, pipe lengths can (in theory) be as long as is 
desired, thus reducing substantially the number o f line 
joints In practice lengths o f up to W m have heen 
r tdc Spiral weld pme mills are designed to be trans­
portable so that thc\ * an bo transported from site to site 
whhout ililfuulty When ih se mobile na, hirvs u 
operated in 'itu, substantial s ivinvs > m he effected from 
the ditTerence in shipping costs of pipes compared with 
steel in coils

I rom the strength aspect helically welded pipe has m 
inherently greater I ictor <’ f  safetv than longitudi nally 
welded pipe Since when the pipe is subject to internal 
pressure, the hoop stress is twice the longitudinal stress.
I he weld m i longitudio dlv welded pips' is subjected to 
the maximum stre-' I he weld e on in a helicallv welded 
pipe is generally at about to the axis o f the pipe and 
so the stresses in the seam arc reduced by '<) to 40 per 
*i?nl Nddili'ria l ii * I al *dv ml w s of hels illv elded 
pipe are in) it* ut i'ei reswtamv to tearine m h - event
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C A A H IG M A N

Some implications of the 
generation of swirl by helically 
welded steel pipes
Synopsis

p a t i i l f S
< " *////>< Upstream oj (li/lerentialpressure flow metering devices. 

Opsomming
In liter die verlumdelmg svord ondersoek mgestel no die mute naarin 

Itches gessceistc stualpvp venveling aan pyp se vbei sat verieer, en die 
tutsecrkmg daarvan, sera! op die akkuraatheid sun differensiaaldnd- 
stuss \ fmeters. Die ondersoek nu hierdie uitwerking word heskrvt Op die 
grom/slag sun die serkree rcsuhute word 'n uanhcscling gedoen 
'cticftcndc die noodsaaklikheid om die gehruik sun Itelies gesncis, n\p 

stroomop sun di/fcrensiauldruksbeinteettoestelle te voorkom.

N ota tion
d Pipe internal diameter
‘mil Tangential component of eddy viscosity1 Mixing length vector
/ Axial distance along pipe from start of

helical deformation
m Orifice area ratio
P Hydrostatic pres ure
Q As defined ( p p if J, 2)ll«V, Velocity vector
R Pipe internal radius
Re Reynolds number
r,0 Cylindrical polar co-ordinates
k ( onstanl in 1 quation (6)
). As defined for 1 quation (6)// Absolute viscosity
P 1 Tensity
n Vorticity vector

Mean value of variable
t urbulence value of variable

H elica lly welded steel pipe
Although the liN patents lor the manufacture of helii 

ally welded sited pipe, date hack to earl> in the present 
century, the slow development of welding tech inpics and 
a number of problems associated with forming tael hod 
held hack commercial exploitation ol the process till the 
mid 1050s (I) During the hist 15 year, or so, however.
‘Liirei Mincraloltc linik (imhll. West tictmany

this type of pipe has gained increasingly wid- acceptance 
because of the advantages which helically welded pipe oil 'is to both manufacturer and user.

Production ci'sts on a spiral-weld pipe can he consider­
ably less than on a longitudinal weld mill for large bore 
pipes, partly through reduced capital cost, partly through 
reduced labour costs and also through reduced stock 
costs sin f the same coiled strip can be used for varying 
pipe si/ crelv hv alteration of the helix angle. The
mill’s g crent 'lexihility also allows shorter pro­
duction at economical cost.

l urth r economic advantages of the helically welded 
pipe arc that si ve it is manufactured by a continuous 
nroccss. pipe lengths can (in theory) be as long as is 

ired, thus reducing substantially the number of line 
o In practice, lengths of up to 30 m  have been 

made Spiral weld pipe mills are designed to he trans­
portable so that they can be transported from site to site 
without dilliculty When these mobile machines are 
operated in situ, substantial savings can he effected from 
the difference in shipping costs of pipes compared with 
steel in coilsfrom the strength aspect helically welded pipe has an 
inherently grcatci factor of safety than longitudinally 
welded pipe Since, when .he pipe is subject to internal pressure, the hoop stress is twice the longitudinal stress, 
the weld m  a longitudinallx welded pipe is subjected to 
the maximum stress I he weld seam in a helically welded 
pipe is generally at aooul 45 to the axis of the pipe and 
so the stresses in the seam arc reduced by 30 to 40 per 
cent. Additional technical advantages of helically welded 
pipe are (a) its greater resistance to tearing in the event
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of failure, and (h) its improved tolerances on the 
straightness, roundness, well thickness and diameter ol 
the pipe.Despite the assertion made b) Lckardt and Robson 
that helically welded pipe presents no problems in bending 
(I), it is the author's experience that great difficulty is 
encountered when attempting to hot-betul helically 
welded piping because the weld reinforcement tends to 
encourage creasing on the inside of the bend I ckardt 
and Robson's statement therefore presumably refers to 
cold field bending where offsets are general!) limited 
to 7,5 . Another po: si hie disadvantage ol helically 
welded pipe is that the hydraulic characteristics may be 
adversely affected by the weld bead and the deformation 
caused by anti-clastic curvature of the strip (bamboo 
effect). Few of the international specifications place any 
limit on the si/e of this weld bead but it is limited to 
S A B S  719 (2) to 5 mm. Conrad and Brandts (3) have 
shown that the effect of the weld bead in helically welded 
pipes has less influence on the friction losses than the 
general roughness of the pipe.

It has been suggested, however, that a swirling flow 
may be generated, although no work appears to have 
been done to investigate this aspect despite the possible 
detrimental effects which could arise. I wo such 
possibilities which spring immediately to mind are (i) 
the accuracy of pressut - differential flow meters could 
be impaired, and (n) adverse prerotation in the suction 
pipes of centrifugal pumps could lower the suction 
performance characteristics.

coefficient was dependent on the mo m e n t u m  flux in the 
outer third of the pipe cross-sectional area

I ugt (7) investigated the effect of swirling flow on 
various tynes of pressure differential flow metering 
dev: es and using varying area ratios. I sing a lice vortex 
type of swirl he found that with a swirl angle of 20 the 
error on the meter discharge coefficient was ± 10 per cent 
depending on the type and area ratio of the device. In 
view of the large variation of error depending on swirl 
angle and the difficulty of determining the amount of 
swirl in practical installations. I ugt concluded that there 
was no point in attempting to incorporate correction 
factors into the standard specifications
Theoretical considerations

I he geometry of the interior surface of a helically 
welded pipe i\ sufficiently complex that it effectively 
precludes any purely mat hematic iroach to the 
problem. It is possible, how eve determine the
inward growth of a swirl pattern from an empirically 
determined swirl growth in the outer annulus of the 
pipe flte fundamentals of the method are well set out 
by Rochino and I aven (8) who used it to examine a 
number of different rotating and swirling flows.

In vector form the equation for a steady state flow, 
neglecting body forces and assuming constant viscosity 
is:

(I)
Swirling flow in orifice approach lengths

The British standard for flow measurement with 
pressure differential devices (B S 1042:l%4> (4) excludes 
their application where there is any swirling motion 
upstream of the device Guidelines arc given for 
straightening lengths downstream of certain flow 
disturbing features such as bends, valves, etc. but no 
mention is made of helically welded pipe Part 3 of the 
standard provides a guide to the magnitude of the error 
to he expected when dev iating from the standard approach 
conditions but no reference is made to swirling flows. 
Appendix I of Part I gives some advice on the damping 
of swirling motion It also states that strong swirls may 
persist for 100 or more pipe diameters from the 
disturbance.

The A  S VI I guide to fluid meters (5) also makes 
reference to the desirability of excluding swirl in the 
approach flow and give guidelines similar to those in 
B S 1042 It also specifics close tolerances on the pipe 
bore round ness and surface roughness. I Ins is. however, 
limited to the immediate vicinity of the orifice (four 
diameters upstream and two diameters downstream).

In his work on the development of a flow straighlener 
for use with orifice plate flow meters in disturbed flows, 
/anker (ft) investigated the effect of different types of 
swirling flows on the discharge coefficients ol an orifice 
meter, lie found that forced vortex swirls tended to give 
a high value of the discharge coefficient and that a free 
vortex swirl gave a low value. A  reduction of area i.ilio 
tended to reduce these effects but not consistently or 
within acceptable limits He also found that the discharge

If the velocity vector q is broken up into its mean 
component q and its time dependent or turbulence 
component q then I quation 11) can be rewritten

P ‘I (2)
I he Derivation of this equation can be found in any 

standard work such as Schlichting (9) It will be observed 
that this equation for the mean flow variables differ 
only from I quation 11) for the full flow variables by the 
additional term q q This term has been 
considered to he due to the action of a purely notional 
but nonetheless useful concept, eddy (or turbulence) 
viscosity I his concept is useful mainly because the 
mathematical effect of the additional term is that we can 
simply add the eddy and molecular viscosities Vo 
demonstrate this it is convenient to express I quation (2) 
m  the form

<! <1
where (J t/'/i

O /<
P 12

(3)

I he turbulence component ol vorlicity. 12. can be 
c pressed in let ms of the mean vorliuty component by 
use of I'raiulil's mixing length as described in the 
appendix I his enables i quation (3) to be expressed a-

P
P I 12 (4)

ASM"”!*!***'0!, 

# 0 1
SI

V <Q
cr

• c:
Axial comPoncnl

cQ (V :

The tangential M

SCE'
Although this vann 
be so to first order

vM is von Karman s Simil-

where /. r for111 -  r for
and k is a constant 
experimental data. 
Lavan (based on wor 
to dimensionlcss foe

1
LRi

1 - ,ii
has been solved usm 
are d'seusxed later 
practical experiment:

Fij 
used 
dons
mere
unc
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Assuming that the flow is axisym m etrical and that the 
turbulence is isotropic I quation  (4) can be further 
simplified by neglecting terms o f  second order yielding  
the fo llow ing cy lindrical p o lar equations.

Radial com ponent:

hr < V
r cr 

Tangential co m p o nent:

<
r  ( r

(5a)

Axial component:

c Q  ft i-i. It i,i1 / n irz ‘ p i r- r <r (5c)

The tangential liquatioi. (Ms) (the swirl equation) can 
he used to determine the tangential flow in the pipe 
assuming that the axial velocity, v... is essentially 
undisturbed by the swirl velocity superimposed on it. 
Although this cannot be strictly true, it is assumed to 
be so to lust order An expression for the eddy viscosity 
i,,/.. i,  is provided by Rochino and lav an (R) using 
von Karman's Similarity Hypothesis I his is:

< v, ) (6)
where / r for 0 r 0,9 

I r for 0,9 <  r 1,0

and A is a constant which has to be determined from 
experimental data. The value ised by Rochino and 
Lavan (based on work by Kinney ) was 0,033 3. Reduced 
to dimensionless form, the swirl equation therefore is:

I,  I I

I rv,

r  ( r -2 (7)

This is a non-linear partial differential equation which 
has been solved using a digital computer. I he solutions 
arc discussed later together with the results from the 
practical experiments.

Description of apparatus
big I describes the main portions o f the apparatus 

used in the experimental investigation Pumping lim ita­
tions restricted the s i /e  ol pipe used to loo mm < om- 
menial helically welded pipe was not used because 0) 
commercial pipe is not made by the helical weld process 
under about 250 mm and (n) transparent perspex 
windows were required to show up the f lo w  pattern.

Water was pumped into the test section through a 
flow settling length o f resistance welded longitudinally 
seamed pipe I he lest length was primarily seamless steel 
pipe with a helical wire insert to simulate the disturbance

THE SOUTH AFRICAN M ECHANICA L ENGINEER VOL 26

caused by the weld seam. Short lengths of perspex tube 
were tarnished in the lest length to provide windows to 
o serve the build up ol any swirl which might occur, 
the test orifice installation immediately after the test 
section complies fully with BS 1042 except for the 
helical insert in the upstream pipe. The water was 
Imally discharged to a metering tank to provide a positive 
calibration facility for the orifice.

Instrumentation was kept as simple as possible by 
using a yaw-mcter pilot tube arrangement (see Fig 2) to 
provide data on speed and direction of flow at cross 
sections corresponding to each o f the perspex windows 
on the test section. Differential pressures for this and the 
orifice were measured with mercury water and water air 
manometers.

Experimental work
I he purpose of the experiments was to examine the 

build-up ol the swirl component o f velocity and to study 
Its effect on an orifice flow meter. In addition other data 
were collected which might throw some light on ‘he 
mathematical model o f swirling flow outlined above, 
particularly regarding the effect o f swirl buildup on the 
axial velocity profile.

I he procedure used to find the direction and velocity

ORIFICE

SETTLING l e n g t h  t e s t  l e n g t h

_ £ r
SUMP n METERING

tank

Fig I D ia g ra m m a t ic  layout of test rig

P*OT*ACTOR\
COMPWESSON

YAW METER 
TAPPING

POINTER

B!T*!L*—  tuoss SECTION wjth£,1„RAM OF. ■NSTXUHtNTOtlQN
Fig 2 D r t a i l  of typica l tost lec t ion  w ith  in i t ru m o n ta t io n

OCTOBER. 1976 427

«



of flow at each point was as follows I irsi the direction 
o f flow was as found using the vertical diametrical 
pro he as a yaw-meter and then the probe was rotated 
through 35 so as to present the hole corresponding to 
the common tapping to the direction o f flow, fhe other 
hole was blanked o lf and the manometer leg formerly 
connected to it was connected to the static pressure 
tapping thus converting the probe into a pilot tube to 
measure the flow velocity. This procedure enabled the 
superior directional characteristics o f the yaw-meter to 
he used to assist in determination o f resultant flow 
velocities.

Typical results are displayed in I igs 3 to 6 and I able I.

T A B L E  I
O r i f ic e  m e te r in g  e r r o r  du e  to  presence of w i r e  helix

Actualflowratef/B
Linear flown'c m i

Reynolds1number MeteredHowratef/s
Metererror%

112$ 1.77 2,18 10' 10,71 12 4IS.4S 2.21 1.00 11.31 11.714.80 2.42 1.26 14.98 109I8.6S 2.49 3.61 16.20 13.120.10 2.91 3,94 17,41 14,121.10 1.16 4 25 19.22 12,124.05 1 76 $.05 21.00 11.929.90 4.16 5.41 25.95 - 10.2

I / d  = 6 2  3 

/  d = 46  4

I / d  = 14 4

EQUATION ( 7 )  
USING K ;  0 033

uj 15

01 02  0 3  04  0 5 0 6 0 7 0 8 0 9 10

RADIAL DISTANCE ( r/ R)
Fig 3 Radia l d is t r ib u t io n  of sw ir l  at  various d o w n s tre  posit ions.

R? 3,47 10

25

20

15

X R *  = 5 61 < 105
o R e : 3 47 < 105

A Re = 2 58 * 10s
0 Re = 174 xto5

.

A
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0 2 03~ 04 8 3  fa 07 5 1— 53— To
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The growth of sw 
direction is shown 
radial swirl distrih 
numbers. Over the 
appears to he mdept 
of the effect of avia 
orifice meters (6). I 
The skew pattern c’ 
the test length and i 
at lower Reynolds 
Table I indicate 
number for the ori 
Of m  0.404 The 

12.3 per cent.
D iscussion

fig 3 shows the r 
cross settu n< of tf 
dow growth of sw,r 
raP'd rise m  the oi 
swirl was consider Equation Usm
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BLE I
je  to  presence o f w i r e  h e lix

itoldi1nber Meteredflowratel/l
Metererror*/.

!»' 10,71 12,413.31 13,711.98 10.918.20 13.117.41 14.119.22 12.123,00 11.925.93
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Fig b V e lo c i ty  prof i les  fo r  various Reynolds numbers. I d 62.3
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The gri>\sth of wsirl in the longitudina* and radial 
direction is shown in I ics 3 and 4 I i;; 5 s l io w s  the 
ndial swirl distribution for a variety of Reynolds 
numbers. Over the restricted range investigated, swirl 
appears to he independent of Revnolds Number Because 
of the effect of axial velocitv piofilc as well as swirl on 
orifice meters (6). I ig A was plotted to show th is  profile 
The skew pattern exhibited was ton "I to increase along 
the test length and as can he seen w.ts  more pronounced 
at lower Reynolds numbers l ie results tabulated in 
Table I indicate the meter error at diherent Reynolds 
number for the orifice used which had an area ratio 
' '  w  0,404 The results display a n  average error of

12.3 per cent
Discussion
H g 1 shows the radial distribution of swirl at various 

cross sections of the pi;* It exhibits a comp natively 
slow growth of swirl in the centre of he pipe despite the 
rapid rise in the outer annulus I he actual growth of 
swirl was considerably more than that predicted hv 
Equation (7) using the ivsiilts displayed for r K 0.93 
in I ig 4 as a I .aindary condition I he equation was 
found to he very sensitive to changes in and ti e plot 
shown was based on the value of (I.B33 1 ol Rochino and 
I.avan. It would appear, therefore, that additional work 
is required to confirm the correctness of their value.

I lie axial plot of swul growth in I ig 4 demon'.rates 
that the swirl builds up slowly over a considerable length 
ol pipe and the AO pipe diameters available on the test

rig was insufficient to allow maximum swirl to develop. 
I xtrapolation of the curves would imply that 100 or 
more diameters are required before the axial swirl 
gradient vanishes.

I he apparent independence of swirl growth and 
Reynolds number depicted in Tig 5 confirmed one 
aspect of I quation (7). It can be seen by inspection that 
at high Reynolds numbers omission of the term would 
not materially affect the solution.

The skew velocity profile in Tig A has no immediately 
obvious explanation. I he profile became more skew 
along the test length and was also more pronounced at 
lower Reynolds number. Since the skewness is in the 
vertical plane it could he caused by some gravitational 
effect but further investigation is required to examine 
this aspect I he skew velocity profile must, however, be a 
secondary source of error in the orifice meter and also 
upsets one of the major assumptions ol the theoretical 
investigation.I he error introduced into the meter is very clear from 
I able I. I he error is 12.3 per cent w ith a spread 1.8 per cent 2.1 percent Although the sw ml was independent 
of Reynolds number the variation in velocity profile 
must be partly responsible for the st/e of spread. I r ro is  
of similar magnitude were reported by I ugt (7). He 
examined orifices of varying area ratios and found that 
ihe area ratio had considerable influence on the error. 
H would therefore seem that the above work should he 
extended to lind the effect of the flow pattern under 
consideration on orifice plates of other area ratios. Of
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r/ R = 0 95

AXIAL  D I S T A N C E  FROM ST AR T  OF TEST  
L E N G T H  ( I / d )

Fig if- A x ia l  sw ir l  g ro w th .  R, 1,47 10

introduces errors o f  unacceptable magnitude 

ConclusionSB! w = n + o'

Fig 7

Appendix8* B — ■ . r r "  "
12 11 12 (2.1)
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Proceedings of Annual General Meeting
I he 25th Annual General Meeting o f the Institution was 
held in the Main Hall. Kelvin House. Johannesburg on 
Thursday the IOth June, 1976 at IKhtH).

I he President. Prof I A Hunt, extended a warm 
welcome to those present and expressed his appreciation 
ol the support of the Presidents o f so mans sister 
engineering institutions.

I he minutes of the Annual General Meeting which was 
held on 12th June, 1975. having been published in the 
October, I ‘>75 Journal were taken as read and continued.

Annual Report and Balance Sheet
C opies o f the Report and Balance Sheet for the 1975 7(> 
Session had been previously circulated and the President 
commented briefly on the salient points ol the report. Ik- 
proposed the adoption o f the Annual Report and Ac­
counts and called on the Honorary freasurer. M r X\ M 
Kinghorn to second his proposal.

Revenue and Expenditure Account
In seconding the report. M r Kinghorn drew attention to 
the increase in administration, stationery and prinli. g 
costs.

Further items o f expenditure are the annual John Orr 
Memorial I eel tire, branch grants, travelling expenses and 
following the usual practice bursaries to the amount of 
RI 800.00.

The situation which existed in previous vcars o f 
expenses being offset by revenue received from sub­
scriptions and investments no longer exists as the 
income rate has dropped below the rate o f expenditure 
and an increase n subscriptions has only been avoided by 
profit received from the Journal and symposia V  these

are not a reliable source o f income it w ill necessitate 
keeping a closer control over income and expenditure in 
the future.

I he Annual Report and Accounts were adopted. 

Awards
The Institution's Awards for papers published during the 
calendar year 1975 were then announced and were 
presented to the following persons:

.S//ur Medal: N ( I W Cook as co-author o f the pancr 
entitled: II oik sa/nnini’ behaviour of brittle  materials. 

Certificates: I I* M Hojcm and C Heins as co-authors o f 
the above paper.

Ratid \1ines Award: N G W Cook. J P M Hojcm and 
C Heins as co-authors ol the paper entitled: Work 
softening beha\iour of brittle materials 

Jubilee heard I* B Power, for his paper entitled:
I entilatiii.e freeway tunnels for publit safet\ 

ritomas Price heard ) van der Walt and I) G Kroger as 
co-authors o f the paper entitled: Hydrodynamics of 
liquid film down vertical surface 

I isitors heard J de Kock. for his paper entitled: 
South [ f ’rieun coal industr\.

Dr N G \V Cook responded suitably on behalf of the 
recipients.

Honorary Fellowship
Honorary f ellowship o f the Institution was conferred 
upon Professor C J Rallis. M r ( .1 Hopewell and M r J (,
H l.oubscr. who expressed their appreciation and 
gratitude o f this honour.

M r  A R A d a m ,  , p r a k i n K at  the A n n u a l  G r n r r a l
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