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NOMENCLATURE

As far as possible, the nomenclature conventional in lit-

erature on the subject has been adhered to. A summary of
the most important symbols used in this paper is included

for reference.

R, R'
Ct

¥P

v

yt

P(r,”)

q

0(~,2)

gz (u,ir,ur)
Ac

u ir u/

defined on page 40

similarity constant (page 30)
body force per unitmass on afluid element
function defined on page 36

numbering of grid mesh in radial direction
maximum value of 7

similarity constant (page 29)

length scale in turbulent flow field

mixing length vector

numberingof grid mesh in a>»aldi tection

hydrostatic pressure

function defined on page 36
-2

~ox T (rr,8C

function defined on page 36

velocity vector
Reynolds number

velocity componentsin rectangular -

ordinales



/d fr,

Ar-j A*.

rv

SUIM.RSCKiP'l '

SUHSvVv.HTPTIS

r.0,2

friction velocity (page 25)
defined on page 31

angular momentum for unit mass
« 1 for i=j and = 0 for t/ j
grid mesh widths

eddy viscosity

constant (pag 3')

defined on page 32

ahsolutc viscosity

vorticity co .ponents

density (mass per unit volu e)
stress tensor

vorticity vector

differential operator

mean value
turbulent component
similarity parameters

value at 2 * in grid mesh

re feiem e va Iue
'mnponent s in rectangular co-oid-nate

component; in cylindrical i1o0lar co oi



A components in a generalised co-ordinate
system

y values at r =3j in grid mesh.

The nomenclature used in the computer programme for the
solution of the swirl equations is included in Appendix

C.

(ix)



CHAPTER 1

i PRODUCTION

ICAI.LV wHim-D n

Al;hough the first patents for the manutactu.e of heli-
cally welded steel pipes date hack to early in tin. pre-
sent century, the low development of welding techniques
an I a number of problems associated with forming methods
held hack commerci 11 exploitation ol the process till

the mid-1950*s. During the last 15 years or so, however,
this type of pipe has gained increasingly wide acceptance
under the mo: t stimgent specification requirement: be-
cause of the advantages which helically welded pipe rif-
vi > both manufacturer and user.

Induction wsts on a helical-weld pipe mill can be cm-
si Icrably 1lc s than on a longitudinal weld mil! for large
hoie pipes, partly through reduced capital cost, partly
thrcugr reduced labour costs and also through reduced
.stock costs sim c the same coiled strip can be used for
varying pipe sizes merely by alteration of the helix
angle. The mill's great inherent flexibility also allows
chorter prodin tion runs at economical cost. The princi-
pal components of such a mil I are shown 1in *lg

Iurther economic advantages of the helit *11) weldid pipe
ir,. that it is manufai tured in a continuous t

50 pipe lengths can (in theory! he as Kup n 1 ne
thus redue in; sub: tant ial 1> the number B lit

in practice , length of up to 100 f et h, " MMI mad,



Helical weld pipe mills are now designed to be transport-

able so that they can be transported from site to site
without difficulty. When these mobile machines are oper-
ated in situ, substantial savings can be effected due to
the difference in shipping costs of pipes and steel 1in

coils.

From the strength aspect, helically welded pipe has an
inherently greater factor of safety than longitudinally
welded pipe. Since, when the pipe is subject to inter-
nal pressure, the hoop stress 1is twice the longitudinal
stress, the weld in a longitudinally welded pipe is sub-
jected to the maximum stress. The weld seam in a heli-
cally welded pipe is generally at about 43° to the axis
of the pipe and so the stresses in the seam (and the
heat affected zone) are reduced by 30 to 405. The geo-
metry of the pipe 1is shown in Fig 2. Additional techni-
cal advantages of helically welded pipe

fa) its greater resistance to tearing in the event of

failure, and

(b) its improved tolerances on the straightness, lourul-

ness, wall thickness and diameter of the pipe.

A helically welded pip, also has disadvantages, however.
Despite the statement made by Eckhardt and Robson ( ! it
is the author's experience that great difficulty 1is en-
countered when attempting to hothead helically welded
piping because the weld reinforcement tends
creasing on the in ide of the bend (28). It would app-
ear that Eckhardt and Hobson's comment refers to cold
field bending of line pipe, where bend angles of ovei

7° are rarely exceeded.

to encourage
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Another possible disadvantage of helically welded pipe

is that the hydraulic characteristics may be adversely

affected by the weld bead and the deformation caused b>
anticlastic curvature of the strip. lew of the inter-

national specifications place any 1limit on the si c¢ of

this weld bead but it is limited in SABS 719 (27) to S

mm. Conrad and Brandts (6) have shown that the effect

of the weld bead in helically welded pipes has less in-
fluence on the friction losses than the general rough-

ness of the pipe.

It has been suggested £f7), however, that a swirling flow
may be generated by a helical weld bead although no work
appears to have been done to investigate this aspect.
This swirling flow might be sufficient to affect the re-
sults of pressure differential flow meters (4, is, 114
but no guidance 1is given in the British Standards Flow
Measurement Code (4) with regard to the use of helically

welded pipe.

In view of the above the author has felt it desirable to
invest,gate the development of flow patterns in helically
welded pipr-s under controlled conditions and thelr effect
on the discharge coefficient in the light of a theoreti-

cal analvsis of swirling flows.

lhe British -tundard for flow measurement with pressure
differential devices (B 1042:1964) (4) excludes their
application where there is any swirling motion 'd -111 ¢
of the device. Guidelines are given for the choice of
straightening lengths downstream of certain flow di*tuil

in}’ feature > such as bends , valves, etc. l'art



Standard provides a guide to the magnitude of the error
to he expected when deviating from the standard approach
conditions but no reference is made to swirling flows.
Appendix I of Part 1 of the Standard gives some advice
on the damping of swirling motion. It also states that
strong swirls may persist for 100 or more pipe diameters
downstream of rhe disturbance.

The ASMI- Guide to Fluid Meters (1) also makes reference
to tin desirability of excluding swirl in the approach
flow and gives guidelines similar to those in BS 1012.

It also specifies close tolerances on the pipe bore,
roundnv s and surface roughness. This is, however, 1lim-
ited to the immediate vicinity of the orifice (4 diame-

ters upstream and 2 diameters downstream).

In his woiK on the development of a slow straightener
foi use with orifice plate flow meters in disturbed
flows, Zanker (32) investigated the effect of different
types of swirling flows on the discharge coefficients of
an orifice meter. He found that forced vortex swirls
tended to give a high value of the discharge coefficient
and th it a free vortex swirl gave a low value. A reduc-
tion of area ratio tended to reduce these effects but
not consistently or within acceptable limits. He also
found that the discharge coefficient was dependent on
the momentum flux in the outer third of the pipe cross

sectional irea.

Lugt (15) investigated the effect of swirling flow on
various types of pressure differential 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 discharge coefficient was al'out
10" depending on the type and area ratio of the device.



In view of the large variation of error depending on
swirl angle and the iifficulty of determining the amount
ot swirl in practical installations, Lugt concluded that
there was no point in attempting to incorporate correc-
tion factors into the standard specifications.

PIPE nNOWwWS

In recent years considerable interest has been shown in
swirling flows because of their wide applications amunr
which ore (Gartshore) (H):

Heat Exchangers (Kumar and Judd) (15)

Vortex Reactors (Ragsdale) (19)

Vortex decay in pipe flows fTalbot) £J9) , (Collate and
Ctirtler) (5) (Baker) (2)

Meteorological histurbanevs

Ranque-Hi 1sch et feet (Hilsch) (ID-

Some of this work (eg, Gartshore,
Gbrtler)

Talbot, and Collatz and
has been devoted to the study of laminar Hows
hut since the flow of water in pipelines

is almost always
in the turbulent region, this

investigation will be Un -
ited to that regime.

Although stati tit ,1 methods have beer used to study tur-

bulence effects, the fait that tncse have not
fully dev,loped resulted in a decision touse
and more commonly used phinom.nologica,

yet been
the simpler

theories based on
the concepts of eddy vi co ity and mixing lingta.

Early work on thr mathematical formulation <I tluoi)

fot tu:i hull nt flow wa conducted by KeynoM



introduced the concept of the "Reynolds stresses” and
hy Boussinesq (3) who in 1877 conceived the idea of
"eddy viscosity” to account for the Reynolds stresses
in an analogy with molecular viscosity for shear stre-
sses. Boussinesq*s "eddy viscosity", however, had the
disadvantage that unlike the molecular viscosity, the

eddy viscosity is not 1 property of the fluid but dcncnos
on the flow itself.

thi. difficulty held up development of the theory till
1925 when Brandtl (18) proposed the concept of a mixing
length. He developed this concept using a momentum
transport theory thus arriving at an expression for the
oddy viscosity in terms of his mixing length. Although
this involved replacing one unknown with another, the
fact that it is simpler to make plausible assumptions
about the mixing length than about the eddy viscosity
represented a considerable advance. By making assump-
tion about the »i«lng length, Prandtl's theory has been
successfully applied to the study of turbulent motion
along fixed solid boundaric

Taylor (30) introduced a modified version of the theory
by assuming a vorticity transport theory which has proved
more successful in problems of free turbulence. The
drawback of both Prandtl’s and Taylor's hypotheses ts
their dependence on assumptions about the nature of the
mixing length. Von Kdrm.ln's similarity hypothesis (31
has enabled us to develop a mathematical express,on for
the mixing length (and hence the eddy viscosity) by ass-
uming that turbulent fluctuations arc similar at all
point in the flow field. Thts theory was initially
applied only to rectangular channel flow, but Kinney ,13'
developed it for rotational flows and Rochino and

(23) have extended it to swirling pipe flows.



investigation Rochino and Lavan compared the result of
applying the above a; proach with published experimental
results of others and generally found a good correlation
except for those portions of the flow field where cert-
ain of their assumptions were not valid - principally in

the aiV;a of the pipe close to the axis.

Roberts (22) has suggested 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 angular momentum is
thv same us the scalar model of Rochino and lavan and
bearing in mind the latter's general success with theii
model , it has been decided to adopt a similar approach

in this work.



CHAPTER 2

DEVELOPMENT OF THE SWIRL EQUATION

REVNO IPS STR1 SSES

For the development of an equation to represent the swirl-
ing flow in a pipe, it 1is proposed to use as the starting
point the Navicr-Stokes equations for a generalised fluid
motion. The derivation of these equations can be found

in most standard works (eg, (26)) and in vectorial form,
assuming constant viscosity, they can be written as

follows:

dLfff: = - VA /% . . (2.1.1)
+Gy V (P")- 0 < , . (2.1.2)
ar

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

e mpghezcVad T (13

(2.1.4)

These equation: apply to the full flev vnr.aMes A and J
but to von.lint an analy is of turbulent flow it is enn-
ventent to split up th, e variables into their tin. man
valui rtand V and fluctuating components /*' and I to
represent thf superimposed turbulent motion. The time



averages of fC and ~ are of course zero and

hiss —ﬁ+ﬂ,‘and g " % ,' I.O)
D

\ uhst Lluting these values of fi and QO into equ., iion
( .1.3), we find the following

(2.1.0)

If we now take mean values tvrm Dy term (thi validity of
thi procedure is discussed by liinze in (12)1i tlu follow-
ing terms drop out since their means are zero:

o\

-V 2 , , J. V/1' and WM.V 27 Z
it e e

and v.e arc left with
+ 1'- = 35 ('V/l+ v* i )
2

A = /] ("V-A + uV"' 1 - %'
or -- A T ( !
«) e

(2.1.7)

By the sme prow = equation (2.1.3) produces

V. i -0

It is apparent that with the exception of the 1+ t term
on the 1ilglt hand side of equation (2.1.), equations
(2.12.") and (2.1.h) for the nw anflowvarial les ai forri
ally identical toequation (".I.7)and (2.1.4> K \hi

ful1 (low variables.
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. L. a'v»' \Y W)
This additional term 2 ' Z can be expressed as y—- bXj *

In his development of the Navier-Stokes equations Schl'ch-
ting (2b) shows that the surface force per unit area can
he expressed by

T. L& , where - -yi +M +  £5%55" )
t * X Jxy A
is a stress tensor. It can thus he seen that the effect

of the additional term - % VV in (2.1.7) 1is to increase
the stress tensoi by -* * Thus the effect of the
turbulence is to make the mean flow depart from the lam-
inar flow by the imposition of these additional stresses
known variously as "apparent" or "Reynolds stresses"
after Osborne Reynolds who first developed this model for
turbulent £flow (20).

liy onsid* ring only the motion after a steady state has
be n reached, we can further simplify the equation to

i.vi - - t %4 r 1 oo (2.109)

The equations (2.1.8) and (2.1.9) have more dependent
variables than 1iviilable equations and in order to over-
com tliis difficulty, Poussinesq (3) assumed that the
turbulence stresses behave like the viscous stresses ie,
that they arc directly proportional to the velocity grad-
ient. This assumption would imply the existence of an
"eddy ;i .osit> ' s ich tint

- <TT,; = £ ( ) (2 .1.101
0 X0 d jt«

Ac. ord ing to Boii sinesq s original idca £ wa a sial.n

quantity but subsequently there has been considerable

discu - ion about the mathtmativ il natui  JjI eddy visci

ity (eg, Roberts (22) and Rochino and ZLavan (231). Hinze



even goes as far as to suggest the introduction of "the
eddy diffusion coefficient as a fourth-order tensor",
although lie goes on to say that "this would complicate
the whole matter exceedingly". Since eddy viscosity is
anyway only a formal concept introduced to simplify the
analy is of turbulent flows and does not represent any
true physical propeity of the fluid, it would appear
self-defeating to allow discussion of its mathematical
nature to introduce further complications of this sort.

In this study it is proposed to adopt a vector scheme
for the eddy viscosity on the grounds that it can acc-
ount for different values in different directions with-
out involving unnecessary complications. This scheme,
however, precludes the use of a relationship such as
(2.1.10) for the product of a first order tensor (vector),
Et and a second order tensor ( ) is a first
order tensoi which clearly cannot be equated with the

second order tensor -vl

A formulation for a vector eddy viscosity can however
be developed using phenomenological models which arc
discussed in the next two sections.

2.2 MIXING 1KNGTH IHI dll1IS

The phenomenological theories which will be used in this
work -ire the ¢ of Prandtl, Taylor and von Kdrmiln, all of
which are based on the concept of a "mixing length".

All these theories assume that in turbulent flow lumps

of fluid transfer certain of their transferable propert-
ies from one layer to another just as molecular agitation
transfers properties like heat and momentum in a non-
turbulent fluid. The lumps conserve these transferable
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properties as they traverse a length, 1, characteristic
of the flow and known as the mixing length. Having gone
this distance the lumps then merge with their new surr-

oundings and assume the average properties of the fluid
in that region.

In certain respects mixing length theories show an anal-
og' with the kinetic theory of gases, the mixing length
playing thi part of the mean free path. The analogy
breaks down because of the difference of scale between
molecules , which are discrete elements moving in vacuo,
and the fluid lumps, which even if assumed to be dis-
crete elements for the purposes of the theory, are in
reality part of a continuum which is continuously exert-
ing forces on the lumps. Part of the failure of mixing
length theories to account for all the phenomena of tur-
iulcnce must be due to their non-recognition of this
fact.

The Bl description of mixing length theories given

above omits detail of

(a) th property which 1is considered to be conserved
in the fluid lumps, or

(b) any hypothe: is for determining the siz mix-

ing length.

Prandtl assumed that momentum would be preserved wh »
-laylor proposed a vorticity transport theory. Coldste.
(o) says that though "there is nothing to choose between
the two theories for flow between parallel planes

the vorticity transfer theory gives results in better
agr'emcnt with obcrvation than docs the momentum trans-
for theory for pipe How". Taylor's theory has therefore

been adopted.
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Neither Prandt 1 or Taylor discusses in detail the mechan-
ism according to which the lumps of fluid adapt their
transferable property to their new surroundings. von
Kdrman's similarity theory £fills this gap and provides

the hypothesis required for determining the mixing length.
This theory 1is discussed in the next section.

In order to use the vorticity transport theory we must
first express the equation of motion (2.1.9) in a form
which gives us access to the turbulent vorticity compon-
ent thus :

~VQ +w Vii xJ2' (2.2.1)
e

where Q - (A ¢ ~)
e %

If we consider figure 3 which shows the spacial relation-
ships between a point A (a, h, c¢,) where the vorticity

at time is TZ. and a point X to which the fluid lump
moves before mixing with the new environment, the vector
AX or is the mixing length. Let the vorticity at X
have mean value J! and turbulent component J'. By the vor-
ticity transport theory

J? R e L (2.2.2)
However, if we assume that the mixing length is small
then a Iiylor expansion around A for the mean vorticity
(which at A 1is of course A*) yields
jlt = 7 - (E{l v)-* . to first order .. (2.2.3)

Thus to first order * = 7 A o~ o~ o e 0 (2,2.4)

so that the equation of motion becomes
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Figure 3: MIXING LH.MCTH VIG .OR

.(2.2.5)

In the discussion of pipe flows it will be convenient to

express equation (2.2.5) in cylindrical co-ordinates as
follows, with the bars on mean flow velocities and vis-

cosity dropped for convenience

Radial Component

¥ jvr + w W - *6 —
) Y r «e \ ©
CWRAFIEI\UELL [ % iy T.J)
L dy r 2zd Sv r o0 cl ~
(2.2.6a)
Tangential Component
w > v, > tma 4 - \Q + VE*
oy be ?

(2.2.6b)
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Axial Component

7. 3VE + YB “Vvt > vt = - 30. + ~ V2t
dr' v <0 <)z ?
dL'% 4" %fr ¥ ATEED

In he -w1t11ng plpv (low undot cons1deration we shall
assume axisymmetry. Ihis implies that there are no body
forces (which we have already ignored) and that there
will be no cavitating core which may take up a helical
shape. Although these two conditions will be good app-
roximations this will still not assure axisymmctrical
flow. The above equations are sufficiently intractable,
however, that for further development of the theory, axi-
symmetry must be assumed. This assumption leads to the

following simplification

Radial Component >

"R 4% "g - & *_£+/\[72+7%

- vJfLrd 1 + irjfLy £2. f L* il I"1ifX J

L dr da L xx Y

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

Tangential Component »

Ur £y* > ve I ~ + — ]
fiy i1 r f L r V*

A [Lr *{+ L, X -Lfjl-r <[t» t1 7
( * 17 o~ 1 1 A Jt



Axial Component
K + 2A av, - _ aa + IFf bxxt * I + vt 1
3v 1)Y <L Zy* * Jy b'txJg

L& & WS L& R Y
(2.2.7¢)

In rue: to simplify the i1quation luithe: laylor assumed
that the anisotropy of the turbulence was sui tieient ly

small that the turbulence transport coefficients Zy

could be considered nearly iscntropic , ic, 1% Zy A if
3 and Vt Lj , £Uy if <=4

where < and ;j take on the values * ,& ,i . If we now

write the vorticity components in terms of the mean flow
velocities remembering that the flow is axisymmet rical

we have
€Z- dug » I— J8 VI8
dr * r .o (2.2.8)
Equations (2.2.7) now become
Radial Component
VK AT, f £y£- * "H"+114r1
4~ ( an r Jr J*!

K@@ H1 H & f ce'

(fl) <0

(2.7.9%a)
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Inngential Component

Ve d > tIx ALt vt/ - W- I £ Fr) b\yg- Vi 1
i)y r > L dyl' K dy rL ~fzl

1 at
© & 90 G ) () ;

6) T1i 5> %2 v. z
Dal- y Jv v*- av
£ r/) (/;
/ (2.2.9b)
\xial Component
Vy + vi 9vg - - J Q ¥ / £3
I* 61 52 e Dri y dr atl
61 (1) @ <ol </) () f/) <e)
- f£in> r d2~ - u, Z dUr - / J Vv
d‘vA2 dr1 v J2 H
re) (/> (-6) c,)
(2.2.

Wi have now made what simplifications 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

£ magnitude analysis to determine what further simpli-
fication can be made.

In the wirling flow under consideration axial and fm-
gential velocities are large compared with radial v le
citie so that if we regard small quant itie ii of ( rder



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

Furthermore, changes in the axial velocity over axial
distances are small compared with changes in the radial
direction so that

= # C'> and - (2.2.11)

By omitting terms of first or higher order in c we can
simplify the equations to the following

Radial Component

Tangential Component

17, £v> a /" ][ A2 A J
dl L f drl >

Axial Component

It is interesting to note that to the order of accuracy
of these equations eddy viscosity and molecular viscos-
ity arc purely additive in their effect on the mean 1ilow.

By differentiating equations (2.2.12a) and (2.2.12c)
with respect to z and r~ respectively we can eliminate 3

from this system as follows
X.
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We now have, in equations (2.2.12b) and (2.2.13), two

simultaneous partial differential equations for v0 and
Viand provided satisfactory models can be provided for
6 (1) and ¢ (#) , a numerical solution should be obtainable.

However, before performing any numerical work it ic de-
sirable to non-dimensionaiise the equations using the
following reference scales:

Maximum axial velocity of the non swirling flow

profile
Vu = Pipe radius
V = Kinematic molecular viscosity

If we denote dimensionlcss values by asterisks

f£(e> - u

* *

Vt = Vzo Uz' 6()= U &(¥)

so that the equations become

rsdv' V1 dz"

(2.2.14a)

and

(2.2.14Db)

As a convention we will now drop the asterisks sin<.i
from this point on all equations will be dimensionless.
The above equation therefore becomes



2 (2r»l)= I hntl12 .( + 1 = <) 1 . (2.2 .15Db)
Vv dv- L /?, 1dvi r dr

2.3 TUH EDDY ViSCOSITY MODEL AND VON RAHMAN'S SIMILARITY
HYPOTHESIS

In the search for a satisfactory model for eddy viscosity
various approaches have been tried. In Prandtlls momen-
tum transfer theory the eddy viscosity is a scalar which
may be written as the product of the square of the mix-
ing length and the lateral derivative of the mean veloc-
ity. For free turbulence the mixing length was assumed
proportional to the width of the mixing zone and in wall
turbulence to the distance from the wall.

Von Kdrmdn proposed that the mixing length vas determined
by the local flow conditions and that the flow pattern
would show geometrical similarity throughout the flow
field. Rochino and Lavan (23) followed this approach
using a vector formulation with the components in the
radial and tangential shear planes being equal. Roberts
(22) went one stage further suggesting different values
for the two components. For the transport of angular
momentum hr has adopted the same method as Rochino and
Lavan and for axial transport phenomena he has assumed

the formulation

where C%is the constant in the * " turbulence model, *
is the turbulence kinetic energy and w is the square of

vorticity fluctuations.



In this work we will use the method of Rochino and Lavan.

Before discussing the detail of von Knrmdn's theory it
is desirable to express the equation of motion in terms
of vorticity as follows.

Most theories require the eddy viscosity to be large
compared with the molecular viscosity so by neglecting
the latter wc cm write the equation of motion as

H + T A G | (2.3.1)

at f

or * 212 -3 *£=- 4+ V £ % ... .. (2.3.2)
it 1 ?

By taking the curlof bothsides and remembering that
VX (V )so

—VX (S XE£) O e (2.3.3)
3¢

or
at

Since V

o\o

= 0 (continuity equation) and

V £ =V.(Vx ):)- O

In turbulent swirling flow the mean velocities arc

u, « w,, (r,a) ; =v, (r,z2) ; v, =0

to first approximation. Furthermore, we assume that
1 sufficiently small that we can neglect it (see

2.2.11)) .

The mean vorticity is therefore



(C®JI)= (-1 inmrv0) 90, £ jL(rir,)) . . (2.3.5)

r r

since the flow is axisymmetric.

11 ~,% ,% are the fluctuating vorticity components we
can then express the instantaneous vorticity as the sum
0! mean and fluctuating values thus

(s, , Yy, J'+lgfru,)) . . . (2.3.6)
dz r 3K

/he instantaneous velocities are

(VY>zr# , tr,) - (V/, V>y irj , trgy v>) . (2.3.7)

Substituting (2.3.6) and (2.3.7) into equation (2.3.4)
we find the following, assuming axisymmetry.

Radial Component _
££' @ V-; &£ (r- Vigr)., » (t-£>) - (y; *U0,; 2
36 a% 3a da r

(rv)). if/ y VvV ( y ) = 0
K 3r r

« + & (2.3.S8a)

yE (~k )
r 3a

Tangential Component
3jlzy Uy
56 3K 3t

(§-c2y > A (V, [E£>)-(37 1 A fre)). 5 (x*Vv,)- 0
3a r 5k 3Z

r

........... (2.3.8b)



24

Axial Component

£grvoA + (vidtVe) d (?+ J i (r u™)
dk ~2

K

-ff - jdvfr) £ (iB' £ 9°) -

(3rvr a fr i) »
~2 dr

I{ we further assume
to be negligible,
following:

the axial and radial change in

then the equations simplify wuo the

Radial Component
dC tv; *£/> vJ K'-ri Jf- 1'9* * dv, *u-; _ J'0ir/
ST 7. si rt/l 57 57

- () <My - Q

v C)2
........... (2.3.9a)
Tangent ias Component _ _
il' - tviz' v t/fj i* 15 £2 '- ¥*, 1% + ysJl
dt dr ax* dl )% r Jt r*
— If, ¥t* - f ~ 1 dlfr v AX> W v )V Aus
v o J* JK J< jv  JK j2 dr

-ITi.(xv) y? —-121%*0
5V ) f Jv <X r

........... (2.3.9Db)
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Axial Component

il + V* il' +Vr+ (++ (riry)) -TVt +vt' <Jz a(r?))
dt dr iv K dv «)e I o

+ir, ji’,v, £(_/ £(rvy,)) - f Ay, + £i &1
di 2 oy ay az dv

- J J £ fr vy). ~ = 0

........... (2.3.9¢)

Von Karmenls similarity hypothesis postulates that the
turbulent fluctuations are similar at all points of the
field of flow and that they differ only by time and
length scale factors. 1In more concrete terms, if we
take the flow pattern of the turbulent eddies at any
arbitrary point P¥ in the flow field, we only have to
stretch (or shorten) the length and time scales in this
pattern by suitable factors to be able to obtain the
pattern at any other desired point in the f£field.

While this assumption would appear to have little theor-
etical batis, if the application of the theory is res-
tricted to a small region near R , the results obtained
by Rochino and Lavan wonlI indicate that within limita-
tions it can provide a useful tool tor analysing turbu-

lent flows.

Since we arc considering only the immediate neighbour-
hood of P (see fig 4) it will be convenient to take for
our length scale f, the mixing length at PO and for our
time scale, //v, where is the friction velocity given

by

trr e (I I)A = (IMt</I) .o (2.3.101
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(see Reference 26, page 485).

'hen for any point P (r, 0 ,z )in the neighbourhoodof

£, @0 ,e» ,z0)
rmr+t d« * A ~ K+ X
where the asterisked variables are oforder unity in the

newly scaled field. Furthermore we can state that the
turbulence velocity and vorticity components are

1y K* ; va' * uy v/ .odrt' = %y i
. r%
Yl ; A 9" ; T - K S
l t C
*
£f* » B HEEE B H
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To first order of accuracy we shall also assume that the
value of at the point P near P0is the sameas
it is at Pp .

#
For the term ~ we shall take the first term in the Taylor
expansion about P0 . ie, at P

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

If we substitute all the above relationships into (2.3.9)

we find

Radial Component

iv#) Yf ££% - ' J * £ — (L LY . - 0
\bt >0 1 1* bz+ y dv /o £  a*x

L e e e e e . (z#3*1

Iingential Component

i~ (y iff)
vV bv bi Jo

(2.3.12b)
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Axial Component
v * xI'*

f I f r S mvrt § fy» i = f W

vy Mgt o |-y

N

- AfEN L i -

Yy oY /O A O "JaA"
(2.3.12c)
ixmrranging this equation in terms of and 6 for the
sake of convenience
Radial Component
VELIT » p;*¥ E£»" - n" 11" - 2"#<e
r ' o-it! ir' jC, J
+5 /£? %) iy / + YiU »(rv,)7 av/- = o
t [dz dy* e L * Zr Jo
............ (2.3.13a)
Tangential Component
J&l [ is" r SY*h'* + Ui*2zz* - jv & 4
1 32" Jv* Jt' J /I Jg*
+ x \ + ( v r r - r
/ 16 0 Ja « / 'r 0 /o 3V oo

e e Toie Wi AN A
“%(252) [1 Joj /Y/J s> (/)oya* VA 1 Vi§. ii®)

/o IJy> \¥r Jy Iv 5*A dv /X,

ZJ Jut ) = o

! d2 /<9
t / (2.3.13h)



Axial Component
'l 3vi* 7

Av,"»3" o twigt £
77- IT- V

x 1
71*

£8 1 av

- g (3 + Ira0) O Y7241, 1 i fi'®) = 0
di v ov /u

* A
/ ~2'0 Q»' / lr v 0 %rL,*

(2.3.13¢c)

it the turbulent flow properties are similar then the
above equations must be independent of y® since it was

chosen arbitrarily. Without loss of generality we can
equations by iyl/y*and deduce the following

divide the
relationships.

£+ -vu ~ K. r (V, .dv, J)o , 8

Y Z1

L .(iys)e - KX H (e .iif®) - K,

A ai v

/ fi 1 *r - KJ € fj..+(rvg). 1 «*,.

jual Y br zyl K o 0

A z 2. I .Z2dJ Z1TVrn) I ~

r. | U

v k4 -7V k'S

k7
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Many of these constants are not independent, eg,

K,J- X, xk Ko * gi1*x Ksg
KJ * ek r K* K
K, r X k7 K3 " *6
And if we neglect K@l ex?* *
<4 dv

After a small amount of further rearrangement these rel-
ationships result in the following similarity conditions

I -G » e o oo (2.3.144)
V- Cx €& e (2.3.14b)
et
W. * O Cpo*x (£2F» A e (2.3.14¢c)
zV 0%
TF o <h ] (e (2.3.14d)
Oy r
Vi - Cs e (2.3.14e)
Vi *C Il t ) (2.3.141)
A dr r '

There ,.as been cons -oral Lc discussion on the significance
of these similarity conditions and good accounts are given
by Kinney £13) and Rochino and Lavan (23). The latter

derive seven coalitions but two of these are not indepen-

dent. The additional one given here 1is (2.3.1l4e).

Now from a dimensional argument by Goldstein (9) we can
see that fr t* I IVeI where * is a constant and the t
sign ensures that € is positive. But from page 1l we
know that the turbulence stress tensor 7% =-2?



or in terms of the similarity variables = -f vy uf u/
which confirms the correctness of choosing uy as our vel-
ocity scale to make vf and '"erfof order unity.

We can therefore write the eddy viscosity in terms of
mixing length and friction velocity

£+ > o< vy J (2.3.15)

But if the similarity hypothesis s correct then all the
conditions of (2.3.14 a-f) must hold and we can use them
to determine the eddy viscosity with the help o* equation
(2.3.15).

By rcfei 1icc to figure 5 it can be seen that

£(§) = + < ,ITIf T~ i

and in order to express this in terms of the shear vel-
ocity we first observe that rrf ~ - £ since VY*and v/

arc of order unity

ie. rr, -¢ -e t'( - vyl

and ((,)'= " "?) (2.3.161
Thus rK, « constant * £ ~ !

Similarly *(») * % 1 A

and » constant * f *(«) ( - *e)

If we now use similarity condition (2.3.14a) wo can see

that
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i(fe> - - r¢ (i.u. - )« constant . (2.3.17a)
)r )%

dv- v constant . (2.3.17Db)
Now these expressions for eddy viscosity only hold in
the !'iee stream where the similarity theory represents a

lose approximation to the situation, ('lose to the wall

randtl's hypothesis that the mixing length is proport-
ional to the distance from the wall has been shown to be
accurate and the above expressions need to be modified.
We should now use the expression

/| oc (/-71) (2.3.18)

with (2.3.1b) to obtain the modified expressions

£,,« t constant, JI£35, , _y) _ . (2.3.19a)
)V Y
and = t constant « (i-y)x(<y» — }7%) . (2.3.19Db)
dr r

Ihese 1itter expressions bill be used for 0.9< v S Ip
or the outer 10% of the radial distance.

Thus we have finally the following eddy viscosity expre-

ssion

(2.3.20)

where

-md where X is a constant for the type of flow which has
to be determined experimentally. Rechino and Lavan found
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its value to be 0,0333. The Reynolds number is based on
the pipe radius and the maximum mean flow velocity.

* stress on face perp n icular to i in direction of y.

Figure 5: STRESS



2.4 THE SWIRL EQUATIONS

The governing equations for swirling flow (2.2.15a and D)
ire ;s follows

v, 8= 1y t2idB-vr>
t Ac. 'srl r ‘v rL d ' . (2.4.1a)

and * /3f/)- £ r<*<MLL'>f - ¥* - i ~~* . (2.4.1b)
de *r / «> /7t I i r dv rl

From (2.3.20) we have

ffe) = - A WAL - E) (2.4.2)
\'
where A=r y* oo ;A» I-y 0.9 < * 1.0

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

The form of the equations suggests that the solution

will best be obtained bysolving (2.4.1a) for v, on the
assumption that Vt is independent of*. Usingthis solu-
tion for i/ff wt tm now obtain a better approximation for
vt from (2.4.1b). Provided there arc no problems over

c onigence, further iteration between these two equat-
ions should provide an accurate solution. Bearing this
in mind as our ultimate numerical system, the two equa-
tions (2.4.1a) and (2.4.Ih) can be simplified as follows.

In order to simplify (2.1.la) we will introduce a new
variable /3 fr,f) 3 v

Th ffcrecntial: of y9 a’

af = T ar, ;o tz? Ty o+
dt dr
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so dwp c * ~ &)
dv Y oY r

and d°Ue - / _id/9 - i bft 4. 2 .@
TT1 y 37: v " vyl 5: T i 7

so inserting (2.4.2") and the above into (2.4.la) we have

i£ ( —nll ftS -ze)) (*?- -1¥Y) 1 (2.4.3)
da V°177° r /J( b** r Tv J

Expansion of (2.4.1b) gives

2 Ve - (ftio*JJg ( *3 +1 * Yo )
y de A dv* r dv*- r* dv

But for o 22 * °%9 A=y

/ daf®P)R v2 ¢ -1 tz*r m*') + 2v(dr- B»)
fia." by dvt y c>y ~ dr Y
= v* > . r |[£. -5 (2.4.5)
dv * AV

When 0.9< r 1.0 A=1I-v

/ "£f5)) = (1-'-)\¥- ‘i~ 1
e (0D = (1-"-N7¢" " § Tv Myr dv A
r d2v, fl-y)l+* vy (1 - o)
TTi dv r y .. . (-.4.0)

So for both value- of X we have
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4 ~ £ (V* } 7 . 1iJfd ,r ) or / (v z)
dv Qv Dw

We can therefore write (2.4.4) as

O -'M.5 ~-Qty») " - ffrz),o0 (2.4.7)

win re for 0 * v * 0o 9
F(y *):=/ yadjf, £ rii -y,) 2f J.> /VAi> Ve
drl dr / Lfit Y "V J
A e (2.4.8a)
0 fr,z)=J - KI(V -v>)/f " wx 'y V -UNI
y* dYk v v r'
(2.4.8Db)
F(y,2- 2 ijo /r = t Kri(hy*r Ye) 1
.3 s dt /L Ft VY
........... (2.4.8¢c)
For 0 9<v < 10
Hi(dW (i-yi1y £15, /-3 ) y (3 - /M
Avi dy r r* )
o +  + KX(I-Y? ( - V)
fit oy y !
........... (2.4.9a)
k1/ dl4# (i-y)1+ dV9 (r-JL) + Vb (Jd - /)\
1 \ A g
CLfvz) & 2. + v 2>v dK r J
nl Gvx( —Y?
Ft by vy
........... (2.4.9b)

ftvi)= 2v, Or / L 2Kl ('-rf122< - n>)
\%

it / Hil
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It can now he seen that given the value of and hence
"I'om (2.4.3), the solution of (2.4.7) 1is nearly that
01 a linear third order differential equation.

Alt hough (2.4.3) cannot he linearised, it has been sim-
plified to a form where it can he solved numerically.

2.S ROUNM) \RY CONOITIONS

The letermination of boundary conditions for the swirl
equations, while simple in principle, presents a number
cf difficulties.

If one assumes that the fluid stream enters a helically
welded pipe from a straight length of seamless or long-
itudinally welded pipe then the initial flow profile
would be that due to normal turbulent pipe flow.

iv, for Z*o ve (vo)» » (0,0) I~ )il . . (2.5.1a)
Y

v, (r,o0)for all ¢

5.1a) 1is an empirical equation given by Schlichting
>6).

.v .t the pipe wall will be zero but the algebraic
representation o i the shape of the wall is so complicated
that this boundary condition can only be determined by
physical measurement of the flow a small distance from

the pipe wall.

Since we have already made the assumption that the flow
is aaisymmetrical then the tangential veloiity component

will be zero on the pipc centre line. Ihe axial velocity

.1b)
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component will vary from its initial value at z* o , but
thi* variation can only he determined as we solve the
equation along the pipe. The procedure for overcoming

this difficulty is described in Section 3 2 and Appendix
B.
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CHAPTER 3

SOLUTION OF THE SWIRL EQUATIONS

3. BOLNTIONOl' THE TANGENTIAL FLOW EQUATION

The tangential flow equation is

vy *J. [+ + «IlAX - 2ft )1f dA T
«2 \r1 v <r r /J JYk r dr “*

# # * o« # (3.1.1)

where A4 -1% for os r 409 A= [/-v for<.9< v+ 1.0

To solve this equation it will be converted into a diff-
erence equation which is capable of being solved numeri-
cally using a digital electronic computer. Using the
grid me-h shown in figure h,/3 and its derivatives are
replaced by the finite difference approximations:

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

d3 - a"- a" eal?=a: -A- = a" - ;/% *na.,
31 X ' Jy ' J dr'

Substituting into (3.1.1) we have

/I3T- A" - /f - , KA/ a:-A" - IA")I[K-W +fi§ -
- A vV oJi V)

(3.1.3)



equation (3.1.3) can be rearranged as an explicit equa-

tion for thus :

A,vm = i - D) *ﬂj”.t/>
V*' * I y*' 1 1t|
(3.1.5)

for computation we use the following form of the equation

Pj~R ([fiy (! -*-£)+W fijd, (>-£ ) + /*;;:] + (3.1.6a)
where foi 04 v 4 09
m=_<_ fJ. f ifr/A "' - /S"~('rl1*))1 B (3.1.6b)

A v,m U 4 * ( j" ! - vy

and for 0 9 <v i 1.0

* W ily/c-a"<.
(3.1.6¢)
/ nt/
- y-/
Ag =X

Figure 6: GRID MliSH FOR COMPUTER PROGRAMME

rp"

nS
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The boundary conditions are /3 (r,0) -0 ] /) f0,2)=0 ;
/3 (015ti) * ~ (i) which transforms to

for all valuesof 3 (3 .1.7a)
for 211 values of =, (3.1 .7Db)
Potis * f(*-) (3.1.7¢c)

F (*) will hedetermined from the results measured under

experimental conditions.

The numerical technique for the solution of equations
(3.1.6) together with boundary conditions (3.1.7) will
he to evaluate each/3* by starting at/3/ tOft/ and re-
peat this procedure for each value of yv.

A brief investigation into the stability of this equa-

tion is given in Appendix A.

3.2 NUMFRICAL SOLUTION FOR TUT AXIAL SWIRL EQUATION
The axial swirl equation is given by

- 73 (V,a). - Q (v,1). 3 - F(rz)r O
dr: dvv dv

(3.2.11

where P(rtz) Qfr,z) and F(r,z) are given by equat-
ions (2.4.8) and (2.4.9).

PfQO and F are only implicity dependent on H and their
explicit dependency is in terms of r , 77, and .
Given the (temporary) solution of the tangential swirl
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equation for wg by the means of Section 3.1 and provided
the same grid notation is used for this section, there
should be no problem about calculating these functions
at each node point of the grid. The problem would appear
then to be to find a method of numerical solution for a
third order differential equation. This can be done by
a predictor - corrector method such as 1is outlined in
McCracken and Dorn (17). We have a problem with the
boundary 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
solution of the tangential equation, the assumption that
Vv, (0) was constant may be sufficient. For the axial
equation this is, however, not good enough for the var-
iation in v2 may lead to a violation of the continuity
equation.

It is proposed, therefore, after each pass in the radial
direction to check for the continuity and if necessary
to adjust the value of v:2 fo) to preserve it.

Further details on the technique of solution are given
in Appendix B.

3.3 A COMPUTER PROGRAMME FOR Till: SWIRL EQUATIONS

Sections 3.1 and 3.2 illustrate the basic numerical tech-
niques for solving each of the two swirl equations inde-
pendently. The purpose of this section is to illustrate
the method of translating these techniques into an inte-
grated computer programme for solving the simultaneous
partial differential equations.

Fig 7 shows the logic network for the programme as a
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whole while fig,ires s and 9 show the detailed logic for
solving each of the equations separately. Following the
logic of figure 7, the first step is to define adequately
the boundary conditions. Although this can in part he
done theoretically, as outlined in Section 2.5 this work
uses values determined from the test rig. Step C deter-
mines the total flow in the pipe by numerical integrat-
ion of the initial flow profile. This serves as the
standard of comparison when checking the results of the
axial equation. In order to begin the main t .Iculation
portion of the programme it is necessary to assume that
the velocity profile is unchanged over the axial dis-
tance being considered. This is only true to first order
and is corrected later in the programme (at. Step L).
Steps D and E are also required to start the programme.
The two main calculation steps are G (the tangential
equation) and L (f axial equation). Closer solutions
are obtained by solving these equations alternately 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 out. Otherwise the iteration counter is in-
creased and another iteration cycle started at step G.
If more than five cycles are required the programme aut-
omatically aborts and prints out the most recent values

of uo and v# obtained.

Figure s shows the detailed logic sequence of solving

the tangential equation which is step G of the figure 7.
The explicit nature of equation (3.1.6a) means that no
iterative procedures are needed. Values of ft arc cal-
culated passing 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 . After the full
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/3-array is calculated, the -array is deduced from the
relation
/3 (x,*) » 1- (r,z) (3.3.11

The programme 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 velocities for n=1 are part of the boundary
conditions so that the calculation starts at n=2. At
step L/A an iteration counter ITNR is set to 1 before
calculating (%,%) by the modified Euler method des-
crib 1 in Appendix B. Since we now have th : value of

V, (/,:) and 2, (2,2) we can use the predictor-corrector
method for j=3. The predicted value is calculated in
step L/R. Instep F the iteration counter ITNC for tie
corrector loop was set to 1. The corrector loop is con-
tained in stage L/C. The mathematics of the predictor-
corrector method is detailed in Appendix R. Step L/D

is the error correction required after the final corr-
ector step. The DO loop 4302 repeats the predictor-
corrector stages for increased values of j fie, it com-
pletes the radial pass for n=2). In order to compensate
for any error due to the assumpt ion of a value for v, (*//)
the total flow at n=2 is calculated in step L/E and com-
pared with the initial total flow (calculated at step C
of figure 7) in step L/F. If the error is out ide acc-
eptable tolerances then the assumed value of v, f*, 2

is corrected and the process repeated from step L/A.

This iteration is controlled by ITNR. When flow contin-
uity is preserved, furtner radial passes arc made for
increased values of r until the complete v,-array is cal-
culated. The programme then proceeds to step M of fig-

ure 7.



Work on the solution of the swirl equation was still in
progress when the author was transferred to Germany. At
this point solutions to the tangential equations were
available (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 demonstration that the influence of the latter is only
slight has not yet been possible. As and when computer
facilities should become available, it is hoped that
this can be adequately confirmed.
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CHAPTER 4

EXPERIMENTAL INVESTIGATIONS

4.1 PRELIMINARY INVESTIGATION

Since there is a lack of published work i the genera-
tion of swirl in helically welded pipes, a small pilot
experiment was carried out to determine the likelihood
of sufficient swirl being generated to disturb the oper-
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 placed to simulate the disturbance of the weld seam
in a helically welded steel pipe. This method of simu-
lating the weld seam was necessary partly because heli-
cally welded pipe is not commercially available in sizes
below about 250 mm in diameter and partly because pers-
pex was required to permit the flow to he v i. The
pipe length as connected up to a length o. Oardcn hose
which had ¢ :ufficiently long straight length upstream
to settle out any flow disturbances.

Dye was injected into the pipe through a hypodermic syr-
inge and was observed to acquire a flow pattern showing
considerable swirl after a length of test pipe equiva-
lent to 70 diameters. The degree of swirl was such that,
based 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 dependent on the nature of the swirl which could

not be determined in this case because of the scale and

crudity of the apparatus.
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Despite the limitations of the apparatus for this pre-
liminary investigation, however, the results show that
swirl can certainly be generated in pipes with a pro-
truding helix of the order of magnitude of that of the
weld bead in a helically welded pipe and that this eff-
ect could be large enough to create serious errors in

rifice plate meters. Further and more detailed inves-
tigation of the phenomenon at a larger scale was there-
fore justified.

Sym /ey o4 0,15 WAL RIECT/0%V
Pa/ajr 2z? SP/RAL 1*jrif*r Poto/r B
ft ’
150 * ™
X)VE  t*jjtcTto*/ MIIPL
P o/A/r
o n
20'

Fjgure 10: APPARATUS FOR PRFI.IMINARY INVFSTIGAT ION

4.2 DESCRIPTION OF APPARATUS

Figure 11 illustrates the main portions of the apparatus
used in the subsequent experimental investigations.
Pumping limitations restricted the diameter of pipe used
to 100 mm. Commercial helically welded pipe was not
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used because of the same two primary considerations which
prevailed in the preliminary work, viz:

1. Commercial pipe is not made by the helical weld pro-
cess under about 250 mm, and

2. Transparent perspex windows were required to show up
the flow pattern.

Water was pumped into the test section through a flow
settling length of resistance welded longitudinally
seamed pipe. The test length was primarily seamless
steel pipe with a helical wire insert to simulate the
disturbance caused by the weld seam. Short lengths of
perspex tube were inserted in the *est length to provide
windows to observe the build-up of any swirl which might
occur. The test orifice installation immediately after
the test section complied fully with RS 1042 except for
the helical insert in the upstream pipe. The water was
finally discharged to a metering tank to provide a pos-
itive means of calibration for the orifice.

Instrumentation was kept as simple as possible by using
a yuw-mvtvr/pitot tube arrange: znt to provide data on
speed and direction of flow at cross sections corres-
ponding to each of the perspex windows on the test sec-
tion. Differential pressures for this and the orifice

were measured with mercury manometci

4.3 CONDUCT OF_] XPHRIMEFNTS

Two series of experiments were carried out, the first
to determine the growth of swirl in the pipe and the
second to examine the possible deviation of tin mvtci
reading from that in standard conditions.



in the first set of experiments the work consisted of
determining the flow profiles at the different windows
in the test length using the following procedure. First
the direction oi flow was found using the diametrical
probe as a yaw meter (ie, with the static tapping blan-
ked off). The probe was then rotated through 35° so as
t( piesent the hole corresponding to the common tapping
to the now established direction of flow. The other hoi
was blanked oil and the manometer leg formerly connected
to it was connected to the static pressure tapping - tin.-
converting the piobe into a pitot tube to measure the
flow velocity.

fhis procedure enabled the superior direction finding
characteristics of the yaw-me ter to be used to assist in
the determination of the resultant flow velocities.

The second series of experiments consisted simply of a
calibration of the orifice installation at various flow
rates using the metering tanks.
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CHAPTER 5

DISCUSSION C  rcESULTS

5.1 SWIRl. GROWTH

The results of a series of test runs conducted to exam-
ine the growth of swirl in the flow at different Rey-
nolds Numbers is displayed in the accompanying four
graphs (figures 12 - 15). The growth of swirl in the
longitudinal and radial directions 1is shown in figures
12 and 13. Figure 14 h *s the radial swirl distribu-
tions for a variety ot Reynolds Numbers. Over the res-
tricted range investigated, swirl appears to be inde-
pendent 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

plotted to show this profile. The shew pattern exhibi-

ted was found to increase along the te<t length and, as

can be seen in the figure, was more pronounced at lower

Reynolds Number.

Figure 13 shows the radial distribution of swirl at var-
ious cross sections of the pipe. It exhibits a compara-
tively slow growth of swirl in the cent of the pipe
despite the rapid ris»' in the outer annulus. The actual
growth of swirl was considerably more than that predic-
ted by equation (2.4.1) wusing the results displayed for
r/R-0.US in figure 12 as a boundary condition. The equa-
tion was found to he very sensitive to changes in X and
the plot shown was based on the value of 0,0333 of Rochino
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Figure 14: RADIAL DISTRIBUTION OF SWIRL FOR VARYING
3

and Lavan (23). It would appear therefore that additional
work is required to confirm the accuracy of the value

for thio flow pattern.

The axial plot of swirl growth in figure 12 demonstrates
that the swirl builds up slowly over a considerable length
of pipe and the 00 pipe diameters available on the test
rig were insufficient to .ulow maximum swirl to develop.
Lxtrapol ition of the curves would imply that 100 or more
diameters arc required before the axial swirl gradient

vanislie-
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The apparent indepcndenco of swirl growth and Reynolds
Numher depicted in figure 14 confirms one aspect of equa-
tions (2.4.1) and (2.4.2). From (2.4.2) it can he seen
that £ 1is of the order of magnitude of Re so that at
high Reynolds Numbers omissioi >f the term * in I12.4.1)
would not materially affect its solution
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The skew velocity profile in figure 15 has no immediately
obvious explanation. The profile became more skew along
the test length and was also more pronounced at lower
Reynolds Number. -Unce the skewness was found in the
vertical plane it could be caused by some gravitational
el feet but further investigation is required to examine
tlvi * aspect. The skew velocity profile must , however,

be a secondary source of error in the orifice meter.

5.2 EFP1-CTS ON METER

After an initial calibration of the meter in its insta-
lled position using straight seamless pipe in the test
length, a comparison was made between the metered flow-
rate as measured at the orifice and the actual flourate
as determined by use of the metering tank. Table 1 pre-
sents this comparison for the range of flowratcs meas-
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 varia-
tion in velocity profile must he partly responsible for
the size of spread. Errors of similar magnitude were
reported by Lugt (15). 1lie examined orifices of varying
area ratios and found that the area ratio had considerable
influence on the error. The meter used for the experi-
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
consideration on orifice plates of other area ratios.

Of more importance, however, t- the need to determine a
suitable settling length for the induced swirl since it
introduces error, of unacceptable magnitude.



I- 4e 1: OKTFICE METERING HRROk i)u- TO PFi'.S1.NCK OF K ]RH

HHLIX
Actual =~ Linear Reynolds Met ered Meter
Flowratv Flowrate Number Flowrate Error
1/s m/s x105 1/s $
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

CONCLUSIONS

Although work has been conducted on the use of helical
swirl inducers (14) designed specifically to promote a
swirling flow, little work has been done to investigate
the effects of the small helical surface deformat ies

such as in a helically welded pipe. Ihe present work
investigates some aspects of this phenomenon. It dcr
enst rates that even on this scale a significant amount

(f swirl can be generated and that this can affect the
accurate performance 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
helically welded pipe in connection with metering instal-
lations he avoided.
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APPENDIX A

STABILITY ANALYSIS OF SWIRL EQUATION

For the purpose of this section we express the equation
as

.M A ' _J:Mf‘zm": .

. * 0 °« . (A]_)

where B » /mM2/ - /i. 'é. - 1ILM 7
i"L/Pa Yy 1 * * r 'g
let T» AXf 22.- 1 ) , y- SA fJ.- L) , = £5
Then =/S* T pR T VY, & 0 0 (A2)
R L) , _
Let fbj-'Lij/'e. be a Fourrier Series.
Then (A.2) reduces to
or
J
or p =/ -t rye +pe
I  + (ytf) ctsh + (y~*) siM .. v (a.3

Von Neumann’s necessary (but not sufficient) condition for
stability iSIpI < I - Taking the worst case of (A.3)
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- AN Caj Ar -/ J e fE= 0
£f - |- {Z +<p) =T1- IZ
SO I Iz \ 4 1

or o< 2IT < 1 ie. o ~ c |
Hence a necessary condition for stability is

04 8A () - L) * I

41 r4d

This expression is always the same sign as 6, the sign
of which is negative only in areas of flow reversals in

the mean flow.
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APPENDIX R

SOLUTION OF AXIAL SWIRL EQUATION

The axial s\irl equation is as follows

1 ; <9 1+, rzjre+Jd *y, - .£3)
r d2 fia L dv* Yy dr» aZ dr »
mi ££ tJ. £E£») . (R.la
ir 'dv»- T dr (R.1a)

where for o* T~ 09 A'r so that

. e yl. * + Y e (B. 1b)
.'éﬁh' ars dr

and for 0 9<v * 10 A - 1l-v so that

/ , a'u (v— ) t V*(+ -1) . . CB.lc)
/%l Av  drl 2/ r vL

. / Jc
Hence for both values of A we have expressions for *

which are functions of r and £ though the? -dependency is
only via Ugt*, *) -

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

dv,
The notation for the (i)th iterative value of ay at the
grid point n,j is * ° i} where additional primes de-
note further differentiation w.r.t.*".

As far as boundary conditions are concerned, we can assume
derivatives of V, w.r.t. Z are small, so for short inter-
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vals along the pipe axis and its derivatives w.r.t. r
will be constant. By making this assumption along the
centre line for one step, we can then make a pass in the
radial direction obtaining the full velocity profile
shape. An integration of the velocity profile will det-
ermine any violation of the continuity of the flow and

a readjustment to the value of i on the centre line

cm be made before a final radial pass.

We know the initial velocity profile; the flow at the
out;.ide of the pipe 1is determined from experiment; and
the velocity at the centre line is determined by the
above procedure. The situation for derivatives is the
same so we have adequate boundary conditions for the
equation.

From the tangential equation we have a complete array

for v0 so that values of all derivatives of and hence
of F(ri), p (r,i) and Q(r,t') are known. Rather than store
large arrays for these variables, they will be calculated

as and when required.
Equation (B.1) can be written as

ilr- - » e o . . (b2)

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

The method of solution follows that given by McCracken
and Dorn (17) (on page 390) since we can regard (B.2) as

an ordinary differential equation for vt w.r.t.r. Each
new step in the axial direction will be treated as a new
0.D.E. The major logic steps are shown in figure 9. The

basic logic 1is as follows:
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1. Ve array determined from Tangential Equation.

2. Vz(N,1) (ie, on * ) is boundary condition.

3. Vz (N,2) is calculated by Modified Euler Method from

Vz(N,1).

4. Vz (N,j) j*3 ... 21 is predicted using Vz (NJ-1)
Vz (N,j-2).

5. Vz(N,j) 1is corrected iteratively until there 1is

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

7. When the full velocity profile is determined thi
integrated and compared with the total flow.

8. If necessary Vz(N,1) is corrected and we return

step 2.

9. This procedure is then repeated for the next ste

the axial direction.

and

sat-

s is

to

p in

Steps 3, 4, 5 and 6 require to be examined in more detail

before actual programming.

MODIEItI' III IR METHOD

For a third order equation the modified Euler Method
provides the following equations

(R.3a)

(B.3b)
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+/ (Ar, 2R, RN) )]
................ (B.3c)
uhcre /I'r, W', "«") T PerV'it/7r,<<)

In the computer programme equation (R.3c) has been repre
sented as ? v/ * hv, /o AN LR and for ease of pro-

gramming we have

X* «l1(*3 =5») and Xfi*X+ Ky £** . . . . (B.4)
1 v/

avVv'~

which enables us to write

PRHDICTOR STAC.h

Once we have Vz(N,l) and Vz(N,2) wc can use the pred ct-

or-corrcctor method. The predictor stage provides tirst

co AV 10 TRTE N

approximations y Ug

For trie third order equation we have:

7 w- "xv, "*igy frv-"*J3j- 6T) e ¢ (R-Gai
~ = j.x *1 * *a¥* W (B-6bl

' “1 v, o A* Z, V'(B. 6c)
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Again for ease of programming we have introduced the
following notation

v 0 (O) \% -, .
J I = VI1]>2*p J-xvi - VvVztltfi
j—/'Gé/~WZﬁiﬁﬁ8 etc as well as intermediate variables

XP and XAP analogous to X and XA above.

CORRECTOR STAGE

The corrector stage can be repeated as often as neces:-
v

ary as an iterative process to improve the values j Vt

etc obtained from the predictor stage.

For the third order equation we have

W - //£)

)]

(B.7a)

(B.7b)

For programming purposes

VZDZRC and

ERROR CORRECTION

After convergence of ~ v /1"’ has heen obtained we can



then add the truncation error back onto it and its deri-
vatives by the following equations

n
-

v T )

and two similar equations for the two derivatives.



APPENDIX C

LIST AMD EXPLANATION OF VARIABLES USED IN THE COMPUTER

PROGRAMME

The variables are listed alphabetically within the maxn

sections of the programme for which they are used.

1.

Main Variables

DELAR = Radial Mesh width A v

DELZED = Axial Mesh width A 2

J B Radial Mesh co-ordinate
N = Axial Mesh co-ordinate

VEZED (501, 21)
VTHETA (SOI, 21)

vzniR

VZD2R

Z(S01)

TangentialEquation

ADASH * Intermediate variable
BETA (501,21) - ft

BOUND (501) = Value of /3 for r/R-0.95
T - Intermediate variable
p » Intermediate variable
0 « Intermediate variable
v » Intermediate variable
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Axial Equation - Modified Ruler Method Section

BIGG = Intermediate variable
LITG = Intermediate variable
VZD1RA

VZD1RB

VZD1RN dv

VZD2RA

VZD2RB £5-

VZD2RN vi

X = Intermediate variable
XA = Intermediate variable

Axial Equation - Predictor Seetion

VZD1RP 7 av*

VZD1RX i A

VZD2RP 1

VZD2RX ) ayY'

VZP ]

vZX SJ)

XAP S Intermediate variable

XP Intermediate variable

Axial 1lquation - Corrector Section

vzniRC Ave [ ody

VZD2RC 31i>* / dvl

ViC

XAG Intermediate variable

XC Intermediate variable
ion

FLOW n Pipe flow (actual)

FLOWN B Pipe flow (uncorrecte

FLOWR Flow in annular ring



7.

(fontrol Variahles

DIFBTA
bl’'SA
EPSB
EPSC
ITNA
ITNI3
ITNC
MAXIT

Sundry

KAPPA
PITCH
REYNO
SWIRL
WIRED

- 71 -

=Max changj in /3 between iterations
= A Convergence test

=£a Convergence test

=*¢ Convergence test

=Iteration counter

=Iteration counter

BIteration counter

=Maximum number of iterations

=K , Kinney's constant

- Helix pitch

=Re, Reynolds number

=Angular velocity as g o>
*Wire insert diameter
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COMPUTER PROGRAMME
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C A A HIGMAN

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

Synopsis
I hr pa/'ti cxtiniinvx the , </,-/l h, which Iwlimlly wecltlcd stcd nines
v" Id //"" «IN/ z/ll s /vlrz/ll IWI
tl'llvrenluil pressure .How ttu-nrittg orifitvx 4n investi

J1,,,v *' <k'<rihe,I 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 underuni ingeste! no die mole waann
le ie\ gcswente xtaalpvp vcn elme aan n pip sc ;loci sal verleen en die
toiwerk mg daanan. \»ral op die akkuraatheid <an differensiaaldrul, -
dud ifmeters Die ondersvek no hierdie uitwerking wordheskrvf Op die
xronddag urn die verkree retaliate word 'n aanhelding fredoen

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

Notation

J Pipe nternal diameter
1 Tangential component of eddy viscosity
1 Mixing length vectoi
/ Axial distance along pipe from start of
helical deformation
m Orifice area ratio
P Hydrostatic pressure
0 As defined I p, & 2
% Velocity vector
Pipe internal radius
Re Reynolds number
A Cylindrical polar co-ordinates
k Constant in Fquation Ib'
z As defined for Equation (6)
A Absolute viscosity
P Density
n Vorticity vector
Mean value of variable
Turbulence value of variable

Helically welded steel pipe

Although the tirst patents for the mnnufacture of heln
ally welded steel pipes date havk to carts in the present
century, the slow development of welding te* hniipies and
a number of problems associated with forming method
held back commercial exploitation of the process till the
mid 1950s (I) During the last I<scars or -0 how i

4 wg Mineralft nchnik (C nil. W (0 nv

THE SOUTH AFRICAN MECHANICAL fNOINEf ft VOI

this type of pipe has gained increasingly wide acceptance
because of 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

| urther economic advantages of 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 of line
joints In practice lengths of 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 sivinvs >m he effected from
the ditTerence in shipping costs of pipes compared with
steel in coils

| rom the strength aspect helically welded pipe has m
inherently greater |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.
Ihe weld m i longitudio dlv welded pips' is subjected to
the maximum stre-' | he weld eon in ahelicallv welded
pipe is generally at about to the axis of the pipe and
so the stresses in the seam arc reduced by '<) to 40 per
*i?nl Nddili'rial ii*1  al *dv mlw sof hels illv elded
pipe are in) it* ut i'ei reswtamv to tearine m h- event
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Cﬁ/l%"f]apﬁssle‘low metering devices.

Opsomming
In literdie 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
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'cticftcndc die noodsaaklikheid om die gehruik sun ltelies gesncis,
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stroomop sun di/fcrensiauldruksbeinteettoestelle te voorkom.

Notation
d Pipe internal diameter
‘ml Tangential component of eddy viscosity
1 Mixing length vector

/ Axial distance along pipe from start of
helical deformation

m Orifice area ratio

P Hydrostatic pres ure

0 As defined ( pp 1fJ2)
&, Velocity vector

R Pipe internal radius

Re Reynolds number

10 Cylindrical polar co-ordinates
k ( onstanl in 1quation (6)

). As defined for 1quation (6)
/ Absolute viscosity

P 1Tensity

n Vorticity vector

Mean value of variable
t urbulence value of variable

Helically welded steel pipe

Although the 1iN 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 taelhod
held hack commercial exploitation ol the process till the
mid 1050s (I) During the hist 15 year, or so, however.

‘lLiirei Mincraloltc link (imhll. West tictmany
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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.

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

ired, thus reducing substantially the number of lire

o In practice, lengths of up to 30m 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 msil}substantlal savings can he effected from
the difference in shipping costs of pipes compared with
steel in coils

from 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 Ihe weld seam ina 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
425
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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 inbending
(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 Ickardt
and Robson's statement therefore presumably refers to
cold field bending where offsets are general!) limited
to 7,5 . Another po: sihie 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 i is limited to
SABS 719 (2) to 5mm. 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 :n:s aspect despite the possible
detrimental effects which could arise. Iwo 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.

Swirling flow in orifice approach lengths

The British standard for flow measurement with
pressure differential devices (B S 1042:1%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 I 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 roundness and surface roughness. Iins 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 (/) 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

426 OCTOBER 1976

coefficient was dependent on the momentum flux in the
outer third of the pipe cross-sectional area

Iugt (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 7 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. Iugt concluded that there
was no point in attempting to incorporate correction
factors into the standard specifications

Theoretical considerations

The geometry of the interior surface of a helically
welded pipe i\ sufficiently complex that it effectively
precludes any purely mathematic iroach to the
problem. It is possible, howeve 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 Iaven (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:

(@

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

P T @

The 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 Iquation 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 Ihis 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 Iquation (2)
m the form

4 4 o K ",
P €]
where (J t/'/i

The turbulence component ol vorlicity. 12. can be
c pressed in letms of the mean vorliuty component by
use of I'raiulil's mixing length as described in the
appendix Ihis enables iquation (3) to be expressed a-

P
p I iV (4)
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Assuming that the flow iS axisymmetrical and that the
turbulence is isotropic | quation (4) can be further
simplified by neglecting terms of second order yielding
the following cylindrical polar equations.

Radial component:

hr <V 5
r (5a)
Tangential component:
<
r(r
Axial component:
cQ . ft _i-i. Iti, .
i1/ n, i (5¢)
rz ‘. p I r<r

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 1ust order An expression for the eddy viscosity
i/.. i, is provided by Rochino and lav an (R) using
von Karman's Similarity Hypothesis 1nis is:

<V

) ©)

where / Ifor O r 09
I Ifor09 < I 10

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

| rv,
2 (1)

r(r

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

Description of apparatus

big | describes the main portions of the apparatus
used in the experimental investigation Pumping limita-
tions restricted the si/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 flow pattern.

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

THE SOUTH AFRICAN MECHANICAL 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 of 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

| he purpose of the experiments was to examine the
build-up ol the swirl component of 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 of swirling flow outlined above,
particularly regarding the effect of swirl buildup on the
axial velocity profile.

| he procedure used to find the direction and velocity

ORIFICE

SEITLING length test length

METERING
TANK
_ £
SUMP
Fig | Diagrammatic layout of test rig
YAVMIRR
TRPING
P*OT*ACTOR\ RIINIER
COMPWESSON
| ITx
BT tupss SECTION s
£,1,RAM (. IREDOHINICEION

Fig 2 Drtail of typical tost lection with initrumontation
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of flow at each point was as follows | irsi the direction
of flow was as found using the vertical diametrical
prohe 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 of flow, fhe other
hole was blanked olf 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 of the yaw-meter to
he used to assist in determination of resultant flow
velocities.

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

Lm

23

I'd =62 3
/Id = 46 4
1/d = 14 4

EQUATION (7)
USING K; 0 033

w 15

01 02 03 04 05 06 07 08 09

RADIAL DISTANCE ( r/R)

Fig3 Radial distribution of swirl at various downstre
4

positions.

X R* =561 <105
0 Re: 347 <105
25 A Re = 258 * 10s
0 Re =174 xto5
20
15
A
02 03~ 04 83 fa 07
_ RADIAL DISTANCE (r/R)
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Fig b Velocity profiles for various Reynolds numbers. Id 62.3

The grid\sth of wsirl in the longitudina* and radial
direction is shown in Iics 3 and 4 1i; 5 sliows 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). IigA was plotted to show this 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 1 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 an average error of
12.3 per cent

Discussion

Hg 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 TIhe actual growth of
swirl was considerably more than that predicted hv
Equation (7) using the ivsiilts displayed for r K  0.93
in Tig 4 as a I.aindary condition Ihe equation was
found to he very sensitive to changes in and tie plot
shown was based on the value of (I.B33 1ol Rochino and
I.avan. It would appear, therefore, that additional work
isrequired to confirm the correctness of their value.

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

THE SOUTH AFRICAN MECHANICAL ENGINtER VOL 26

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

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

The skew welocity profile in Tig A has no immediately
obvious explanation. Ihe 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 Ihe skew wvelocity 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.

The error introduced into the meter is very clear from
Iable I. Ihe error is 12.3 per cent witha spread 1.8
percent 2.1percent Although the swml was independent
of Reynolds number the variation in welocity profile
must be partly responsible for the st/e of spread. Irrois
of similar magnitude were reported by Iugt (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 ratics. Of
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Proceedings of Annual General Meeting

I he 25th Annual General Meeting of the Institution was
held in the Main Hall. Kelvin House. Johannesburg on
Thursday the 10th June, 1976 at IKhtH).

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

| he minutes of the Annual General Meeting which was
held on 12th June, 1975. having been published in the
October, 1'>75 Journal were taken as read and continued.

Annual Report and Balance Sheet

Copies of 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 of the Annual Report and Ac-
counts and called on the Honorary freasurer. Mr X M
Kinghorn to second his proposal.

Revenue and Expenditure Account

In seconding the report. Mr Kinghorn drew attention to
the increase in administration, stationery and prinli. g
costs.

Further items of expenditure are the annual John Orr
Memorial | eeltire, branch grants, travelling expenses and
following the usual practice bursaries to the amount of
RI 800.00.

The situation which existed in previous vcars of
expenses being offset by revenue received from sub-
scriptions and investments no longer exists as the
income rate has dropped below the rate of 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 of income it will 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/lur Medal: N (I W Cook as co-author of the pancr
entitled: Il oik sa/nnini’ behaviour of brittle materials.

Cetrtificates: | I M Hojcm and C Heins as co-authors of
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 behaliour of brittle materials

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

HitovasPrice heard ) van der Walt and 1) G Kroger as
co-authors of the paper entitled: Hydrodynamics of
liquid film down vertical surface

| isitors heard J de Kock. for his paper entitled:
South [ftieun coal industr\.

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

Honorary Fellowship

Honorary f ellowship of the Institution was conferred
upon Professor C J Rallis. Mr (.1 Hopewell and Mr J (,
H loubscr. who expressed their appreciation and
gratitude of this honour.

Mr A R Adam, ,prakinKat the annual Grnrral
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