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Experiments on swirling turbulent flows. Part 1.
Similarity in swirling flows

By K. S. YAINIK anp [M.V.SUBBAIAH ]

Itiational Aeronautical Laboratory, Bangaloro, India

(Received 22 September 1972 and in revised form 17 May 1973)

The effects of swirl on internal turbulent flows are studied by conducting experi-
nment$on turbulent pipe flow with variable initial swirl. This first part of the study
is primarily concerned with similarity laws. The mean velocity profiles, both
away from and close to the wall, are found to adroit similarity representations
at sufficiently large Reynolds numbers, provided that flow reversal does not take
place near the entrance. While the wall law is not sensibly dependent on swirl,
the velocity defect law in its extended form is sensitive to swirl. Further, a
logarithmic skin-friction law is obtained in which only the additive coefficient
depends on swirl. This coefficient is found to vary linearly with the swirl angle in
the range of the present experiments.

- -

| 1. Introduction

| Several applications have intensified interest in swirl ing turbulent flows.

| The possibility of increasing the heat-transfer rate in a heat exchanger by intro-
ducing swirl without paying the penalty of excessive skin friction has motivated
several investigations (for example, Kreith & Margolis 1959; Smithberg & Landis

| 1964; Migay & Golubev 1970). Sensitivity of duct discharge to swirl has led to the
development of certain fluidic devices and to investigations of the thrust control
of rocket nozzles (Mager 1971). Recent interest in optimization of high speed
centrifuges has also triggered investigations (Krause & Hirschel 1970).

This paper dealswithswirling turbulent flow in a stationary pipe, which is one of
the simplest swirling turbulent flows and which can be controlled sufficiently
well for careful experiments. Further, it could give insight into the properties of
three-dimensional turbulent boundary layers.

Decay of angular momentum in a swirling pipe flow was the theme of some of
the early investigations. Talbot (1954) analysed the laminar case on the assump-
tion that the axial velocity profile was slightly distorted by swirl, and the pre-
dicted exponential decay was supported by experiments (see also Kiya, Fukusako
& Arie 1971). A similar analysis was carried out for turbulent flow by Kreith &
Sonju (1965), on the basis of an assumed axial mean velocity profile given by the
} power law with a small perturbation, and an assumed eddy viscosity for the
tangential direction. The decay of angular momentum measured by a vane rotor
dgreed well with the predictions (see also Wolf, Lavan & Fejer 1969).

Effects of swirl on skin friction and heat transfer have also been investigated.,
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Approximate
pipe
diameter Length/
Author(s) (mm) diameter
Talbot (1954) 3 45
Binnie (1957) 50 35
Koch (1858) 50 20
Kreith & Margolis 13 80
(1959)
Smithberg & Landis 35 30
(1964)
Kreith & Sonju 25 100
(1965)
Sachdeva (1968) 50 22

Approximate
_Pipe
diameter
Author(s) (mm)

Wolf et al. (1969) 75

Migay & Golubev 34
(1970)

Senoo & Negata 150
(1972)

Present 120-5

Length/

diameter
72

120

60

100

Re
170-2700

60-260

2 x 10°-5 % 10*

104-10*

0-6 x 10*-6 x 10¢

104108

104-10

Re
0-8 x 105-3-6 x 105

104-10%

1-85 % 108

04 x 10%-2:6 x 105

Fluid
Water

Water

Air

Air and
water

Air and

Water

Water

Fluid
Air
Air and

water

Air

Air

Swirl generation

Rotating a section
of test pipe

Rotating a section
of test pipe

Twisted tapes

Coiled wires and
twisted tapes

Twisted tapes

Twisted tapes

Tangential inlets

Swirl generation
Entry vanes

Entry vanes

Entry vanes

Entry vanes

Tasre 1. Summary of major swirl flow experiments

Comments

¥ by motion-picture studies,
stability of swirl
Flow visnalization by dye
injection
Friction factor by pressure-
drop measurements and heat-
transfer measurements.
H|D = 5-0-22-0
Friction factor by pressure-
drop measurements and
heat-transfer measurements.
H|D = 52-14'6
Friction factor by pressure-
drop measurements and heat-
transfer measurements.
H|D = 3-6-22:0
Average swirl using swirl
vane meter. H/D = 9,15
U, V, friction factor by pres-
sure-drop measurements.
Flow visualization

Comments

U, V and streamwise
turbulent intensity

Friction factor by pressure.
drop measurements and
heat-transfer
measurements

Direction and total pressure
of flow, skin friction by
pressure drop, effect of
roughness for swirl
numbers up to 0-8

U, V, skin frietion,
streamwise turbulence
mtensity spectrum of
turbulence. Measurements
are reported for swirl
angles up to 13-5°
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5 ‘el lis (1959) and Smithberg & Landjg

e h (1958), Kreith & Margo : ; '
Bl?G;T:SSSFt;-Eziiuffricti)on data. Parameters governing their experiments gy
( mpared with those of the present experiments m_tuble 1, A
Ve f elocity measurements have been reported. In one se ; pe r:n%g

Vﬁl’.‘y B‘;n\;favsn 1969: Wolf e al. 1969), qualitative r?sult.s ob'ta.n_wd with static
(Roc.h ne lse probes wh'ich were aligned in the flow djrectlonlmdlcn.t-ed. b).) yaw
&Ddblmp;lhof;!;d a ﬂ]a,t, axial velocity profile and an almost linear variation of
probes, ; .

i i om the wall. . .
ml';i‘glfml;lﬂ:i{:;c;)tﬁ’e::;inon of flow reversal att-ractffd wnmdﬁm{i&:thﬁm}'
Foll :r!g early observations of Nuttal (1953), B1m1'1e & T;are {(‘ e(;,th innje

v ?I m%lGura&Ranz(lﬂM}made detailed obsewathnsan eo% irmed the tI‘:JS
(‘lgi?j )M:Jf a central cylindrical region of reversed axial 'flow. xpe;mmen‘ of
= hfly ra (1968) have shown that reversed flow can oceur in an a,nug ar l’f-'gl;m.‘
. e‘la the effect of swirl on axial flow can indeed b(? very large an A&n ana1 y:;s
b 0138‘;3 ;ma]l perturbations in axial velocity is raat.r:tc:;)d.xcq}:a 20:;(: [:e for

na i arity as iv-

i i basis suggested s y
and possibly more general '

&nlalmma;:; Whj{'io:()uld be exploited both for correl;atmg dafsa.tas zvetlll as fc!,
:lt: afrf:*l;{nj.ll)ﬂat’ion of analysis. Hence a major concern of this paper is to study simi-

Lid

ity i rimentally.} P
larity pﬁpz;.lﬁ;:;]:z approaches have heen attempted. Ifor 1113@110@, Lr:\:a..n

Smlﬂ:mco workers (Lavan, Nielsen & Fejer 1969) carried out.aln RTl.u _\I.ls(;:
o dns small perturbations of solid-body rot:ftlon for s.mall mjua }{ T;;m]}
i i to about 20. In another inveatigatmni Rochino & ‘m]va,‘rlt Som
111"11]3(‘1:; ]::)c flow using an empirical axial velocity profile which msl m;.I ;
&Eni)rse'm t}lu., streamwisne direction. Modified vorticity tga.]t;sport theu.r_z ;::; :\:3 ,]
ik : i i lgo employed. Diserepancie e

! imilarity hypothesis were also emp L AR ‘

Kﬁrmil:clg kl:?:: z;::g:: xyvagf?redominantly irrotational or 13 ;EII(:::U(}‘; ;r;t)a:]:):[;
Eootto.diff i for instance, Siddhartha :

inite-di mputational gchemes (for » B tha |
letf)‘dlﬂ'eur::;en?izll I;uita.ble closure hypotheses. But the rehal.n_htg oi.i?:;,?;
ves pueg::ions is seriously affected by the nature of closure hypothesis describing
com

-di ional flows. . o ik

thm}[i dﬂiﬂ‘:il:;) this study is to describe experiments on a;lmﬂanty ll:r;)j:; mﬂw

Tﬁ(;sg I].a.ru‘; and further experiments on the effect of swirl on tur ; acti.on "
filcl-?rnlopulx)ant and effects of flow reversal in the secor;ti:;ﬁ(il;e ';i 5 .s 1 S

, part i ipti he experimental . ghilil

i contains a description of t ' il | : R
:J};l']frarious gwirl parameters is discusaefl in 53.§ik ;@hﬁza:i :1;?:;::;0;:; £ Ty

. t in swirling flows is given in 34. Bin e

hen mm?m:&rpremrzl;{;lls a st,u.gt-e which the flow attains asymptot.ucaﬂ_s {?tin'ﬂ;% :

fl&nta[: l:lf'rcml the entrance, vavious alternative modes are discusse §
istance ) :

The results are finally given in the last section.

frmilar is i to eatablish
1 Kinnoy (1967) oxtended von Kdrméan's similarity P{p?tl:ogﬁlﬁ :-)::S:t;ng e
? iv ity similarity oxists : s
iti hich universal velocity similarity B o d
;‘rndl;"?lﬁﬂsil::i(li::ig laws which are investigated in this paper are distine
[OW. :
hypothesis considered by Kinney.
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Figure 1. Experimental set-up. 1, turning mechanism;

4, perspex duct; 5, flexible connexion; 6, blower;
orifice meter; 11, adjustable end resistance,

2, swirl vanes; 3, entry section;
7, motor; 8, cone; 9, test stations; 10,

2. Apparatus and experimental procedure

2.1. General
The apparatus consisted essentially
100 diameters connected to an entry
fugal blower and an orifice meter on
swirl was controlled by adjustable

of a pipe with a length of approximately
section on the upstream side and a eentri-
the downstream side (figure 1). The initial
guide vanes in the entry section, and the flow
rate was controlled by an adjustable end resistance at the outlet of the orifice
meter. A maximum Reynolds number Re (based on the pipe diameter and aver-
age velocity) of 2:6 x 105 could be obtained. Also, a maximum angle between
the local mean velocity at the central station and the pipe axis of 15° was obtain-
able.

Mean velocity profile measurements were carried o
it three stations I, IT and IIT at 25
Several methods of measurir
tiveness is discussed in §4,

ut using standard probes
» 50 and 75 diameters from the entry section,
1g the local axial skin friction were tried. Their effec.

2.2. Details of the apparatus
Two transparent pers

pex pipes of length 6m, internal diameter 120-5 mm, and

vall thickness 3mm were used in the apparatus. Variations in pipe diameter

¥ere within about one per cent. The two pipes were carefully connected and
beld on a rigid frame,

¢ wooden contraction cone of the entry section (figure 2, plate 1) had a surface

" revolution generated by a cubic curve, Two disks of diameter 86 em spaced

Bem aparg guided the incoming air, giving a contraction ratio of 30, There were

guide vanes of chord 18cm at a circumferential pitch of 3-6 cm which could

turned equally by a specially designed mechanism. Guide vanes have several
Vantages over other types of swirl generators. Unlike twisted tape or coiled
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wire, they do not ereate secondary flows. Departures from rotational Symmetyy
can be reduced by increasing the number of vanes. Continuous control of ¢,
initial swirl provided by the vanes may be useful in some experiments,

A eentrifugal blower was connected at the downstream ond through a flexible
connexion. After extensive checks and modifications, a steady drift and vihy,.
tion-free operation could be obtained over several hours.

Earlier studies (Nigam 1970; Yajnik & Subbaiah 1971) were carried out iy
the same apparatus, but with another entry section and a slightly different g
gection, Some representative data from these studies, shown by flagged symbols,
are included here, mainly to show that the observations are not sensitive g,

details of initial conditions.

2.3, Unsteadiness in presence of swirl

In the early stages, unsteadiness was observed in the central region of the pipe,
particularly near the entry section, probably owing to unsteady separation on the
end disk of the entry section. A cone with a cubie profile was designed to stabilize
the flow and to provide a gradual reduction in cross-sectional area (figure 2),
Unsteadiness was markedly diminished after the installation of the cone,

2.4. Probes and their calibration

A five-holed conical-head probe of diameter 6 mm was first made for the three-
dimensional flow measurements, particularly near the entry section. Velocity
profile measurements at station I indicated that the maximum radial velocity
was less than about 19, of the axial velocity for swirl angles up to 15° Since
most of the measurements were carried out in this range of swirl angle, a simpler
two-dimensional probe was used in further measurements. The three-tube probe
was carefully made from stainless-steel tubes of 0-45mm inner and 0-82mm
outer diameter, the chamfer angle being 45°. A null type of calibration (Bryer,
Walshe & Garner 1958) obtained in a 90 x 60cm tunnel yielded a calibration
curve which was well approximated by a linear relation g = K(po—p,), p, and
P, being central and side tube pressures. K was found by a least-squares fit.
Velocity profiles were measured with cobra and pitot probes in pipe flow with-
out swirl at several Reynolds numbers. A typical comparison given in figure 3
shows that the errors due to using uniform-flow calibration are acceptably small.

3. Swirl parameter

Early studies described swirl in terms of the geometrical parameters of the
swirl generating device like the pitch-to-diameter ratio H/D of a twisted tape or
the inlet guide vane angle. An interesting example of this type of parameter isa
Dean number based on twisted-tape geometry (Shehukin 1967). Such parameters
however do not facilitate the comparison of data obtained with different types
of generators. Further, they often describe the initial swirl rather than swirl at 8

downstream section,
The angular velocity of a freely turning vane located at a given section de-
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scribes the swirl at the section in so
v . me average sense. This
::ecgissf?liy ll.:led in sf;udje.s on swirl decay (Kreith & Sonju 111‘:]'—:}&;}“?;}::}&; be'en
calibration and possibly interference studies. Also, the use ot: a vanee:.:.ce
» a

section is mot convenient if velogit
same section. ity profile measurements are desirod at the

deéﬂnﬁc:i;l;?:e measure of swirl, whif:h will be called the swirl number can b
rms of angular and axial momentum fluxes associated with ti:e meafx

flow as
& R
s :f UVr'dr/Rf Utrdr
] 0 i (1)

lere 17 and ¥ i i
i " are the axial and tangential tomponents of the mean velocity

physical meaning,
A somewhat similar quantity S’ has also been used:

s f " :
= I}'
, Ovear [ o, (2)
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Freore 4. Variation of awirl angle with swirl number,
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However, the integral in the numerator, which is termed the ‘ tangential momen-

tum flux ', makes the quantity difficult to interpret.t
If we define an axial velocity scale U, and an angular velocity scale £ by

E
apUa R = 2ﬂ.’.u pUrdr,
3)

R
apl, QR = 21IL pUVrtdr

the swirl number is seen to be QR/U,, or the inverse of the well-known Rossby
namber. If other scales are used in defining the Rossby number, its relationship
with the swirl number may not remain so direct and may also involve the Rey-
noldsnumber.

Tt was realized during the course of the experiments that a parameter which

does not involve integrals would offer considerable operational advantages. The
flow angle ¢ is the angle between the pipe axis and the mean flow direction.
¢ unit mass in the axial direction for all
direction which
co to a1

# Vris the component of angular momentum pe
ints in a section, but ¥ is a component of momentum por unit mass in &

po
os from point to point at a section. Hence it is difficult to attach any significan

vari
integrallike -
I U Vrdr.
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Symbao
yr; 1 gi, Re Station

& Ea 14 x 105 I
5 JD 1:42 x 105 II
2 b i 1:36 % 108 III
X 8 On 2:35 x 10% II
% 'i'-9D 2:37 % 105 nr
4 9-2D 0-67 x 108 11
: 9-2° 2:48 x 10° IT
¢ 1‘.‘3-5u 2:36 x 105 I

13-5 0-67 % 10% II

A ; "
mﬁg;?;ﬁ;?;::; s;-:le.cbesl Iaz D}'}l-{, of the pipe radius from the wallt and the
: gle is called the swirl angle ¢, in subseque i
0% nt sect
mﬁ;izzeI 4I;hows the variation of the swirl num;:ez' with %ha swait.ari :;?Sl.e fi
i o g; _ag(‘iﬁlulia,nd f{lI: selwlrera,l Reynolds numbers. Since all points Exce;i
; - » lie practically on a straight line,  js ; ok
Siym%a:?; glrl? pxj‘esent. experiments. The exceptional pogélgleﬁli:ﬁsﬁ?;xd
: 18 also completely determined t imati :
- : 0 a first approximation b
lngllf::ij ihsh;vﬁs flow-angle ¢ profiles for several flow rates. ‘.’?’he)r;%;e v
& flow rate were changed without changing Py, ¢ profiles away frt?r?

f!lt' this lo qﬁ 0 COU 8 usad as a
! catwn, ¢ was close to it i FIGH alst 1ld b fil
:! 8 maximum value i whi h al
uiInﬂEnBLll‘U. ]I!‘..’l\&-’ﬁ\?&lﬁ'r for oo metrical reasons Lh(:! measurement of flow an very e
b . o1 flow & g]es ory clos
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the wall and the swirl number did not chfmgc. except in ou:z_ vf.sra.,l “hlm &, was
13-5°. Unusual variations were also aha.wr\'ud in the tangentia \( :au] y .]]rﬁﬁitl_g
for the exceptional case (figure 13), whtch‘ was found .t,o be asstfua.ml with gy
reversal near the entry section. The similarity studies “é:.m (.m‘ru{ac;t ?.ml-fm a
range of initial conditions which exa.ludud flow reversal. }Ll mcetgb,.f © .{,1rr1f11tes 8
under the experimental conditions, it may be used to characterize swirl af
amttllm:l.of the swirl angle resulted in considerable experimental facility, Jg,
inst;zce. changes in the Reynolds number keeping & f:on?tar(llii wig‘-c brought
about by keeping the three-tube pm_be at Y[R = 0-05. mht-:;: -u";-:c, mtn é, ﬂfld
by changing the flow rate and the initial vane angle m:.ml tl e ?“m u-e{_g ,OE in-
cided with the probe direction. Since the swirl mlmb_er invo a;es 1{111 g.m 8, ¢ agge&‘
in the Reynolds number keeping S fixed would require a trial-and-error procedure
involving several profile measurements.

4. Measurement of skin friction .
Measurement of skin friction in three-dimensional ﬂ?w is “’B"-kl:l(}\\'n to have
attendant difficulties (e.g. Brown & Joubert 1969). St.nce a cert:mn .r’n:u]ilmt.‘of
uncertainty was unavoidable, two methods were used with ex?em;u.:c L 1ecks ‘\:ﬂ.h
and without swirl. These checks, sorr;.f. oi; .“l'ht ll(‘-ll aralr?;ort.ed in the next section,
i i o in t A in-friction values.
gwehus 0022‘1;::\‘:’ tiﬁiiﬁomne:;:;ﬂ?ostlm wall was inclined at an angle le:‘ss than
abfu: ln;fto the pipe axis at the stations in the range of the prlesent T;:}m:;;mma.l
Hence, the tangential skin friction was expected to be mu]ci sm‘a ::en:a::t o
aﬁal component, Attention was therefore focused on the meas e

tter. ) . o ,
tht:il:cnm:non method of measurement relates the axial skin friction to the pres

sure drop by the relation
Oy = 1,[4pU% = Ap/(2pUL, L|D) = }A. (4)

i -geoti srace of the axial mean velocity, 7,, is the wall faheur
E:l.?e:; tEei: :,(;f: gi?;]({)it:lsi;? z\g;s the axial skin—frictio? coeﬂ:iciont. and 11){18 tl;;
inner ::lia,mater of the pipe. The static pressure drop Apis overa hor:mntuafre (:;%he
L. If there is a radial pressure ﬁradiant.,tip hasttol ]:.ens;n;;;:[v:::fii :;ea,:{ '

i in static pressure between the mitia : : -
?rlizgj: c(:n.tu; raporteI:i in the literature on swirling pipe flow usu: t;?;a} az(::;: t::ll;
tion. The static pressure is usually measured by wall taps separated by

g inmeters. _
Ofﬁi?ﬁ;ﬁlﬁ:ﬁi is exact if the axial momentum fluxes at t!:m t\;ms:egif;i
are equal and the skin friction is uniform over th.e length L.F‘\T!nl:: J{ ;Ecglsat]uee
tions are satisfied in fully developed zero-swirl pipe ﬁox‘v, s;m 1:; 1:0 j o

ffocts which give rise to errors. First, the dcf:ay of sw:fl eads R
ckin friction and hence the average skin-friction meﬂic;enff given by lmi(l\rm'
:elation, in general, differs from the local skin-frict.im:{ coefficient a.l- ;?Z o :m;i
section. Second, the axial velocity profile changes with the decay
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Feure 6. Comparison of friction velocities obtained by three methods. No swirl, station T1:
o, from Ap measured using wall taps; @, from Ap measured using static heat probes;
——, by Bradshaw’s method; — ~ |, estimate from Ludwig Tillmann formula. ¢, = 9-2°,
station IT: O, from Ap measured using static head probes; —.—, by Bradshaw's method.

the momentum fluxes at the initial and final sections are generally different,
although the difference is expected to be small. Third, the presence of the radial
pressure gradient which accompanies swirl may make the average pressure drop
dightly different from the drop measured at the wall or at a chosen radius. In
addition, there is the usnal entry-length effect.

Figure 6 shows skin-friction values obtained from the wall taps for three values
of L/D. The taps were located symmetrically about station 11. A slight drop in
the measured skin friction with increasing L[D was a typical feature found
itall Reynolds numbers and swirl conditions. Since the taps were in a 6 m long
pipe, the geometry was difficult to control, which might have led to errors in the
measurement of the static pressure drop (Rayle 1949). Hence, static pressure
probes were used at the initial and final sections at a distance of half the pipe
tdivs from the axis. When swirl was present, they were aligned in the flow
direction found by the three-tube probe. Skin-friction values obtained by this
method were lower than the earlier set and the trend for a slight decrease with
mereases in L/D was also present. These values are regarded as more accurate
than the wall tap readings.

Methods based on wall similarity form another important class. Ifit is assumed
that the axial veloeity in the wall co-ordinates follows a logarithmie law in the
orerlap region with friction velocity defined in terms of the axial skin friction
adif the coefficients of the law are known a priori, the method of Clauser (1954)
Bradshaw (1959) can be used. Bradshaw’s method was adopted for its known
fuplicity,

Figure 6 compares the values obtained by this method with those from the
Uher two methods. The values obtained from static pressure probes agreed with

%¢ obtained by Bradshaw’s method to a greater extent than the values from

43-2
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wall tap moasurements. Also, comparisons for the swirl case showed a similg,
trend. (A typical estimate based on the Ludwig Tillman formula is also given j,
figure 6 for the zero-swirl case.)

While other methods based on wall similarity could be used, they were noy,
seriously tried. Some of them seemed to have disadvantages for the present pro},.
lem. For instance, the Preston tube has to be aligned along the pipe axis and the
tangential velocity would lead to certain additional averaging errors.

Tt has also to be pointed out that the general form for wall similarity for three.
dimensional flows has not been definitely established. But since the flow direction
close to the wall differs from the axial direction by less than 15°, errors of this
type are not likely to exceed 5 %.

Values based on Bradshaw’s method were used for the scaling of the wall and
defect laws considered in §6. They were found to give internally consistent re.

sults.

5, Flow away from entry
Several options are available for describing the flow away from the entry
section when flow reversal is absent and it is advantageous to discuss them before
discussing the results of the experiments. Our interest is in the region away from
the entry section, where the geometrical and dynamie details of the entry con-
ditions do not have significant consequences. At the same time, if the mode of
deseription forlarge distances is such that common pipe lengths used inthe labora-
tory or applications are not sufficient, then such a mode is of little interest.
The simplest mode of description is a fully developed flow, which may be
defined as a state in which the axial and tangential velocity profiles, Reynolds
stress profiles and mean pressure gradient do not change with the axial distance.
The invariance of the tangential velocity implies an invariant angular momentum
flux. Since the tangential component of pipe gkin friction goes on decreasing the
angular momentum flux, such a state is asymptotically attained after the swirl
has decayed to insignificant levels. This flow is identical with the well-known
gero-swirl flow. Also, the experiments clearly show that swirl persists over lengths
of the order of 100 diameters, which would normally be used in the laboratory or
applications. Hence such a notion of fully developed flow is not useful for the
present problem.
Another mode would be local similarity, according to which the mean flow
profiles at a section are completely determined in terms of certain properties of
the flow at the section. These properties can be used as local parameters to de-
seribe the flow and no additional information about initial conditions is required.
This mode of description has been successfully used in other turbulent shear
flows (e.g. Townsend 1956, p. 89) and is adopted here.}
Still another mode would be a state in which the initial conditions influence
the flow through certain gross parameters, but the details of the initial conditions

rofiles may 8ls0

ors may change with axial distance, the velocity p o that the

1 As the local paramet; 8
change their shape and need not be geomotrically similar. Another point to noto 1
changes in the local paramoters with axial distance may depend on initial condition:
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Run number s
; ; E oy Re x 10~ Station
. o 5 1-5 IT
3 8 4 2-57 1
¥ G 5 2:59 11
5 0-038 2 3 o
b 14
(i 0:04 5° i
7 0:039 5° s <
4 e - 1-36 11T
9 0-055 6-8° f; I
10 0-056 1° ot
11 0-063 7-9° o5 o
12 0-064 8° o l'ﬂ
13 0-063 8" -4 :
14 0:071 i e I
9-2 0-42
15 0-0715 9-2° -
0-67
16 0-073 2 -
9-2 2-48
17 0177 13-0° 4
4 2:4 I
18 0-105 13-5°
5 0-67
19 0:155 13-5° x
1 4 5 2-36 II
— 24 I

ms:m'mmTum . Sm ‘\)srg::am madem for tost runs. Streamwise turbulent intensity and spectrum
st oo 7 e i ct;or runs ?. I6and 19. Runs 19 and 20 are for the same initial
secount of flow reversal Rl:;s 1 lB ;’gﬁﬂ‘?{?pmﬁla data of the latter being incomplete on
spproximately the same Reynol d; sl correspond to the same initial vane setting and

;.re ;f ;1:"; :fzimiequenoe. Forinstance, a swirling flow insuch astate may begoverned
Y:-lomy I;r ;ﬁ]:n%;l'h:; mon;:ontum but not by the shape of the initial tangential
e. Distance from a virtual origin is a i
pa;?meter which is used in some shear flows. ; R S Mot
b :11{:139 tx:gdea c‘or::ssp.and to leading terms of asymptotic expansions for large
e istance. Similarity representations discussed in the next section Il:lg
Thng terms of one type of expansion. Sk
- (:1 small perturbation approach of Talbot deals with a perturbation of th,
“wjr .e.veloped st.at-e.!. It calls for an expansion in a small parameter governi .
e lm;gl perturbation. If we consider a two-term co-ordinate expaﬁsion ol:g
ponding to the first mode, we get similar equations, but they describe the ﬁn;i

#tages of decay of i initi
o iy y of angular momentum, unlike the initial-value problem considered

6. Results and discussion
6.1, Wall region

R : < o
b‘fdr:r’:ta'hozts axm.l velocity profiles in wall co-ordinates.} The origins are shifted
Y. Zero-swirl measurements are seen to be in good agreement with the

t Table 2 gives j
gives important parameters of the test 3
o e o roseray 10 test runs. Figures show only representative

Mensurements wore largely restrictod to Y17 goome
: - . v i
+ 8 axial friction velocity and » is the kinematic \:‘;c:nfyﬂ z;fw B
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[=- I
27} 30 + 33+ 36

0 10 107 10* L
YU, v
Fiours 7. Axial velocity profiles in wall co-ordinates (station T O P a‘;lrk e
s | = §.9° =007 % 105 @, ¢, =02° Re=2 iz :_.':_ |
i "213?;?63' - {o:;iitIMO law U[U, = k-3 In (YU, /v)+ A, with k=041 and
8= 2 3 »
A =52

| ithmie law in the overlap region. When swirl is present, the proﬁl(]ra. |; t:z
ol ion continue to obey the logarithmic law. The range over whic i
DVBTIELP_ mlglon ithmic depends on the Reynolds number and swu'l. He.nca he
B le Ohgm:'all jon may depend on the swirl, but within this rcgu}m. the
extent o ; tt'[a. ove::agp region does not show any detectable effect of swir : e
Wﬂél_ lg];:&d:huw'a method, which assumed wall similarity, was uae;i fo:' r::ﬂ uTl:
the ];-;iotion velocity Uy, the reasoning may appear clrculm-: ]?aaultl‘.1 :slz f]t}m o
drop methods which do not assume wall s.1m|]antjc also %t‘wrt; lv ! since S e
friclt)ion close to the values used here, as (hsct’lssod in §.4. ur u;l ; st

irecti kes an angle of less than 15° with thta pipe axis, the T
| ml: compatible with slightly different similarity rapres?entu: i
}"Oti:czlafmecobtail:md by using the velocity component in the direction 0
::gn [ricf’;icun rather than the axial component).
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Fieune 8, Axial velocity profiles (station T1 ). O, no swirl, Re = 2-59 x 10%;
@, =92° Re = 248 x 105 @, ¢, = 13-5°, Re = 236 x 105,

6.2. Core region
The typical axial velocity profiles with swirl given in figure 8 show that the
maximum velocity need not occur at the pipe axis. As the swirl increases, the
maximum velocity location shifts from the axis, giving rise to a valley in the
velocity profile, Clearly, with a further increase in swirl, negative axial velocities
would appear near the axis.

If the normalized axial velocity (U/U,,) profile depends only on ¢, and Re,
profiles obtained for two initial swirls at two different stations would collapse on-
Weach other, provided ¢, and Re had the same values at the two stations, Figure 9
thows that this condition is satisfied.

A similarity represention of the velocity defect allows the Reynolds number
ovary. Normally, the velocity defect is defined as Us— U, where U, is the velo-
ity at the pipe axis. It is however convenient for our purpose to use U—1],
4 measure of the velocity defect, since Uiy is measured more accurately than
v Also, the translation effect on the velocity defect profile produced by the sensi-
ity of Uy makes it difficult to isolate other effects.

Uyy was found by numerical integration of the measured axial velocity profile.

! was checked by comparing the average value with that of the orifice meter.
ment was typically within 3 9.
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Freune 9. Axial velocity profile. . ¢, = 5:0°, Re = 1-42x 10°, station 1T; A
Re — 1-36 % 105, station ITI; A, ¢,=8:0° Re= 2835 x 105, station II; A, ¢, =179
Re = 2-37 x 105, station I1L

The velocity defect profiles shown in figure 10 indicate the nature of the gimi-
larity in the core region. When the initial swirl was altered and the Reynolds
number was also altered to keep the swirl angle at a given station constant, the
velocity defect profile did not change significantly. Further, when velocity
defect profiles measured at two stations, IT and I1I, were compared for two
different runs whose initial swirl and Reynolds numbers were adjusted to produce
the same swirl angle, no significant change was observed in the core reg?'on.

Velocity defect profiles are shown on a logarithmic scale in figure 11 without an
origin shift, and they indicate another effect of swirl. The profile remains log-
arithmic in the overlap region and there is no significant variation of the s]ope_ of
the semi-log plot. But the curve is steadily dislpaced upwards with increasing
swirl. The additive coefficient B of the defect logarithmic law is thus del‘)mdent
on the swirl angle ¢,. Figure 16 shows that the coefficient B varies approximately
linearly with ¢,. . "

The velocity defect profiles (figure 11) fall below the logarithmic law as s
pipe axis is approached. This behaviour is in contrast to zero-swirl behavio

o H of

01

02

03
04 \

05

i

YR

06 .

i
" Bl

10

oo

Flaure oIt?‘. Axial velocity de?fect profiles. O, no swirl, Re = 2:59 x 10%, station IT; A
%‘l: 'Liz,}?e];:‘ 2:36 % ID“,Iatatlon IIL; A, ¢, = 8:0° Re = 2.85 x 108, station 1; g B, = 6‘2°‘

= 042 105, station II; @, ¢, = 0-2°, Re = 248 % 10 i P @, b= 1850
Re = 2-36 x 108, station I, ; Bt e

and it can also be seen from figure 8. Swirl may
‘negative wake component’,
Following the definition of Coles (1956),

U[Uy = f(YUyfy) + T (Y)8), (5)

where I1 is a profile parameter and W the wake function. W(¥ d j
normalizing conditions R i s

then be said to give rise to a

max |W(¥/3)| = W(1) = 2, (6)

i plotted in figure 12. The experimental points show fair agre i

_ . ement w.
universal wake function proposed by Coles. = e
Tangential velocity profiles are plotted in figure 13. They clear] v show that
_When .the, flow angle at a section is maintained constant and the initial swiri
i varied, tangential velocity profiles do not change. The profile for the swirl
tngle of 13-5° has flow reversal at station I and will be discussed in part 2, The

thape of the tangenti i is simi
e gential velocity profiles is similar to those given i i
vestigations. R
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Froure 15. Axial skin-friction law. O, no swirl; A, A, $, =5 A ¢, =8% @, ¢,=02%
@, ¢, = 13:5% x, Smithberg & Landis (1964), H/D = 10-3; (J, Koch (1958), H[D = 0.

To show how the variation of flow direction compares with three-dimensional
turbulent boundary layers, velocity vectors were plotted in a Johnson plot
(figure 14). Clearly, the general trend is similar, but with increasing swirl, the
slope becomes very steep near the axisand the peak becomes increasingly rounded.

6.3. Skin-friction law

Figure 15 shows a semi-logarithmic plot of 1/J/Avs. ReJA. A was measured by
Bradshaw’s method and, as mentioned earlier, is close to the value obtained from
pressure-drop measurements. The present results are compatible with the well-
established law in absence of swirl. If the swirl angle ¢, at a section is increased,
the eurve retains its linear character and is displaced downwards, indicating an
increase in the local skin friction.

The earlier data are not strictly comparable as they refer to average
the skin friction and the swirl is specified differently. But figure 15shows that the
same trend can be found in the data of Smithberg & Landis (1964) and Koch

(1958).

values of
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Fioure 16. Effect of swirl on the additive cosfficients in the logarithmic

and velocity defect law in overlap region. et Ly

If, at sufficiently large Reynolds i
ey ,-eg?ﬁ : ynolds numbers, the following representations

UlUy = k2In (YU, Jv)+ A,
(U~Up)[Us = k-4In (Y/R)+ B,
then 1VA = (1/48)In (ReyA) +C,
where C=[4-B-k'Ind/2)/2,/2. (7)

gizzithe (;o;flﬁtfmnts B and ¢ ms.;y d.epend on ¢,. Thus the observations of the

lddjtiv}; mﬂie in the overlap region Ilflp]}" a logarithmic skin-friction law whose
- cient depends on the swirl angle.

mnl%;r:l 16 'shot:'s ?.he variation of the coefficients B and € with the swirl angle

P er is o ta.med. fl‘DrFl t..ho logarithmic velocity defect law and the Iattm:

e logarithmic skin-friction plot. In both cases, least-square fits were used

ly, the coefficients vary linearly with the swirl angle in the ran;:e of Lhc;
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present experiments. Using a least-squares fit, we find that the following
correlations fit the present measurements to a good approximation:

B = 3:60+0:14¢, € =—077—005¢,.

The ratio of the slopes of the two curves for B and C vs. ¢, is found to be —2.g
The relation (7) implies a ratio of —2,/2. This close agreement supports the viey,
that similarity representations are good approximations under the conditipng
of the experiment. It also provides an indirect indication of the accuracy f
measurements.
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