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Absiract

Early correlations of wall static pressure distribution along pipes, through which
a Newtonian fluid flows with-unguided vane generated-swirl component, have
been generalized. Generalization includes another - tangential tap generated -
swirl type in addition to fluids other than Newtonian. These correlations are of
great benefit for many applications provided knowledge of the fluid rheological
properties as well as the conventional friction factor correlations. An expression
for swirl number evaluation has been introduced in order to make use of the
available correlations. Application on non-Newtomian power law fluids has been
carried out and the correlation represented well the available experimental data
for both laminar and turbulent flow conditions. Application on drag reduction
flow, under conditions of maximum drag reduction, has shown that the
percentage drag reduction increases as the pipe length increases, i.e., as the swirl
intensity decreases.
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1. INTRODUCTION

Problems related to swirl flow systems have been found in several applications.
Among these applications, there are heat transfer enhancement in heat
exchangers, fuel burners, raw material purification processes and many fluidic
devices. Swirl may be generated by many techniques such as rotating a section
of test pipe, twisted taps, coiled wires and eniry vanes. Swirl flow may be
guided, as in the case of coiled pipes, or unguided one. The later flow, though
more complicate to analyse, is widely met in practice. The present work deals
with probiems of unguided swirl flow of some practicaily important fluids such
as non-Newtonian power law fluids and drag reducing ones.

Review of previous work has shown that the Newtonian unguided swirl flow in
pipes has been studied by many authors {1-8]. These studies have shown that the
swirl decays exponentially and that each of the pressure distribution, velocity
profiels and turbulence characteristics are affected by swirl. Experimental
investigations of turbulent swirl flow through pipes are numerous {1-8]. These
investigations were mainly concerned with axial velocity profiles, tangential
velocity profiles, and decay of swirl. However, Hui Li et al [7] studied
experimentally swirl decay, the average dynamic, static and total pressure
distributions along a pipe. Flow Reynolds numbers were 60,00 and 125,000,
Based on their-and earlier-results, they established empirical correlations for the
above flow characteristics.

Although turbulent swirl flow through a pipe is a highly complex one, some
analytical and theoretical approaches have appeared. For example, Krieth et. al.
[1] simplified the governing equations using an order of magnitude analysis and
assumed a constant eddy viscosity. Swirl decay results agreed well with the
experimental ones. On the other hand, a quilititative agreement was obtained for
the velocity distributions. El Shorbagy {2] adapted a different integral technique
using suitable stmplifying assumptions. Friction factor distributions along a pipe
were predicted and confirmed by comparison with experimental results. Recently
, Parchen et al [9] gave numerical predictions which were based on a standard
k-e model and models based on an algebraic transport model for the turbulent
stresses. Predictions included velocity profiles and swirl decay while pressure
distributions were not given.

Some studies have concerned with the phenomenon of vortex break down [e.g
9], while others [e.g. 10] have concerned with turbulence characteristics for

turbulent swirl flows.

Studies on non-Newtonian power law fluid swirl flow in pipes seem to be little.
For example, Dostal et.al. {11] presented numerical solution for the helical flow
of a power law fluid between two cylinders with rotating the inner one. It is
noticed that this study was restricted on laminar flow and the resulis cann’t be
generalized to other unguided swirl flows.
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Salem [12] studied experimentally the laminar and turbulent non-Newtonian
tangential tap generated swirl flow in a pipe. Also, he extended an earlier
theoretical integral technique-adapted with Newtonian fluids [2] - to nop-
Newtonian power law fluids under turbulent swirl flow conditions. Comparison
between theory and experimental showed a qualitative agreement only.

The above review shows that there is a need for simple correlations, like those
recently available for Newtonian fluids {7] to be adapted with other fluids. This
has been the objective of the present work. Thus, similar correlations have been
derived and a discussion for applications on some known fluids such as power
law and drag reducing fluids has been presented.

2. ANALYSIES

Hui Li etal [7] had correlated the pregsure distribution data for a guide vane
generated unguided swirl turbulent flow of a Newtonian fluid through a pipe.
The wall static pressure distribution correlation was given as :

AP, = AP, + AP, | (1
AP, =A(L - %) (2
AP, = 0.7458+4.16 §* 3)

where AP, is the dimensionless wall static pressure drop , AP, is the
dimensionless pressure drop due to swirl, AP, is the dimensionless pressure drop
due to axial flow ; A is the conventional axial flow friction coeflicient defined as:

A =81, /pun’ #®
and 8 is a swirl number defined as :
1
fuw r’dr
§ == 1 (5)
f *rdr

which is a measure of swirl infensity at a section of distance x from pipe inlet . L
is the dimensionless pipe length.

The parameter S above, was determined by measuring both the axial velocity
component “u” and the tangential one “w” at different pipe sections. The results
were correlated and the swirl decay was given in [7] by :

log (7S, } = - 0.01605 x** (6)
where S, is the swirl parameter at inlet x =0

Inspection of Eqs. (1-3) shows that AP, depends on the conventional friction
factor correlations of the fully developed flow. On the other hand; the
contribution due to swirl flow, namely AP, depends on the swirl intensity S in
addition to other parameters of the fluid - pipe system. The following section has



two objectxves The first is to obtain an expression for the swirl intensity S for
the present tap injection swirl generated system. The second is to generalize the
correlations  (3) and (6) by application on both non-Newtonian power law ﬂu1ds
and drag reducing ones.

2.1 Evaluation of the swirl intensity(S)

Equation (5), shows that determination of the parameter S requires evaluation of
both axial and tangential velocity profiles.

2.1.1 Axial Velocity Profiies

It is assumed that the jet attaches to the pipe wall at a neglegible distance
downstream of the inlet section {131 In addition, earlier studies [1,3,4] had
shown that the wall law was obeyed except at relatively high swirl intensities (S
> 1.0). This means that the assumption of wall law profile for the axial
component of the flow velocity should be anomalous near pipe inlet. On the
other hand, the deviation between the assumed and real profiles decreases in the
downstream direction where swirl intensity continuously decreases. Thus, the
following profiles for the axial component are adapted.

{A) - Non-Newronian Power Law Fluids:

For a power law fluid flow through pipes the axial velocity profiles are given by
{14]:

laminar flow u = al -’ (7)
3n +1 n+1
where o = : = (8
n+1 P n @)
turbulent flow : ut o= ()" ; y' < 5° (9
u' = Alny' + B; y' o> 5" (10)

where :u" =u'/u | y =py"u' %, ,

A = 246 / n®”
B =3.75(1.96+0.81n-0.7In(3+1/n)/n"" - 0.566/n"* (12)



B- Drag Reduction Flow:

Drag reduction may be caused due to polymer additives, soap solutions, fiber
suspension etc. [15] under turbulent flow conditions. It had been indicated that
these flows had a maximum drag reduction (mdr) asymptote. This asymptotic
condition will be considered for aim of comparison with the Newtonian flow
case. Therefore, under {mdr) conditions the velocity profile is given by [15]:

u'=y' ; y' < 117 (13)
uw=117ny -17 ; y > 11.7 (14)
2.1.2 Tangential Velocity Profiles

Earlier studies on unguided swirl flow {1,5] have shown that the tangential
velocity profiles are characterised by three zones. These are (i) a wall layer with
a steep gradient, (1) an annular free vortex type zone and (jii) a forced vortex
core. The size of each zone depends on the swirl intensity with the maximum
value being continuously decaying in the down stream direction. The later siudy
[5] showed that there had been some deviations between the prementioned
profiles and the measured ones, especially in the core zone. In this zone, a flat
portion around the pipe center line prevails to a certain extent. However, to
facilitate analysis, the following assumptions [12] are adapted. Figure (1) shows
a sketch for the swirl generating system considered. A jet of cross section “a; “
flows into the enirance of the main pipe, of cross section area “a”, with an
inclination “0” to the axial direction. The mean ejection velocity is V'; while the
axial mean velocity in the pipe is u. . By continuity, thus:
ad

Vv, = — 15
= (15)
The tangential velocity component “W,” is then given by :
a
W, = V,sin 8 = —sin@ ; 0 < 90° (16)

aJ

It is worthy to note that (i) this expression for W, satisfies the continuity

requirements and {it) it is still valid for all values of 0. These conditions; (i) and

(ii), were not satisfied when the assumption that W, = V; tan © was adapted in

earlier studies [12]. It is then assumed that when the jet attaches to the pipe wall,

the tangential velocity profile consists of a negligible wall layer, a free vortex and

a forced vortex zones {see Fig. (1)]. In addition, it is assumed that these zones

have the following characteristics:

(i) the free vortex profile extends from the pipe wall to the center line of the
gjector 1.e to a distance &'; from pipe wall where the velocity is a maximum
“W

(ii) the core, forced vortex zone, extends from the gjector center line to the pipe
center line.



Accordingly, the tangential velocity profile is assumed to be given by:
forced vortex core  :w=Wr : 0<r<1-§ (17)

Lon . 1.5, <r<1 (I8)
5,

The above profile is assumed for both power law and drag reducing fluids.

free voriex zone W= W

%.1.3 Axial Flow Friction Factor

For power law fluids, the friciion factor “f” - f =A/4 - is correlated using a
generalized Reynolds number given by {141

pDnumz—n
Re = P (19)
For laminar flow, the friction factor “f” is given by :
f=16/Re (20)

For turbulent flows, the f-Re relations are obtained by integrating the velocity
profiles, Egs. {9,10) for power law fluids and Eq. (14) for (mdr) , across the pipe
cross section. This results in equations in the form :

1/ f = A, InR5E%) + B, (21)

The parameters A,, B, G and G; are given by
(i) power law fluids:

A, =nA /2
-2
B, = |- DAInd + Aln2 - 219A + B|/ 42
GlL=1/n H G, = 2-n/2n (22)
(it) maximum drag reduction (mdr):
A,=827:B,=-33 ; Gi=1; G, =05 (23)

2.1.4 Evaluation of Inlet Swirl Intensity “S,”

As the axial and tangential velocity profiles have been obtained, Eq. (5} can be
used for obtaining the swirl intensity at inlet S, as follows.

(i) Laminar power law fluid flow:

Substituting from Egs. (7) - for the axial component and Egs. (17-18) for the
tangential one into eq. (5) gives :

Se=W, A; /B, (24)
A:ﬂ)i__(pﬁM:1"([33__(1—([34)_(1—(9[”3)4‘(1-‘({)[“4)_1_
' 4 B +4 3 4 B+ 3 B+4 18,



- of05 ~ —2 1 o
By = O g T 2 25)

where @=1 - §; while o, and P are given in Eq. (8) .

(i) Turbulent power law - or drag reducing fluid flow .

Eqs. (10) and (14) can be written in the form :

u=27 lny+Z; (26)
where y=y' /R
for power law fluids : 2, = nAyJE / 2

f‘ -3
Z, = A Eln 2" Re {

for (mdr) flow : z, = 1LIyE / 2

£
zZ, = 11L7JE / 2 :m{% Re ‘/%} - 170 (28)

substituting from (26) and (17-18) into (5) gives :
S, =W, Ay /By (29}

py | h

J%ﬁ} + B 27

where
Az =1y 8;(-0.5+0.83 8, - 0.75 8% +0.25 &%) +

71 85 (0.75 - 0.5288; + 0.1668% - 0.1665"; )

05212, +0257, (30
By=175Z-15Z,2,+05Z (31)
w=2Ziln o1+ 22 (32)

2.1.5 Generalized Correlations

Earlier studies [12] showed that the pressure drop due to swirl APB_:; Eq. (3),is
mainly attributed to tangential flow. This is given by :

Ap, = %g-f'ctww‘wdAw (33)

g

where G is the fluid weight flow rate (G=pg nR” un), W', tangential velocity at
pipe wall, T, tangential component of shear stress at the wall and dA _is the
incremental wall area (dA,, = D dx').

In cylindrical coordinates (x,r',0), tw -Ter Which is given, in terms of the
deformation tensor component A, , as [15]:

Tor =M} Bor (34)
n is the equivalent viscosity which reduces to the Newtonian viscosity i for a

Newtonian fluid. For a power law fluid, it is given by :
n-i

ArA Lz
M= ﬂ[‘“’*’?_—“‘] (35)
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O (AA
A 13 the deformaiion tensor, and the function (T) , [16], can be evaluated at

o 3}
the wall using the boundary conditions : u = v = P 0. Thus:
A: A w T
_— == 36
and
ow
Ay l, = — 37
Or Iw ar ]w ( )
According to the assumed tangential velocity profile shown in Fig. (1), thus,
ow W
.= T 38
ar lw - 6J ( )

substituting from Eqgs. (35) through (38) into (34) and then (33) , assuming w,,
~W [12], rearranging gives
26—211 % .

n+ 39
o i w'ax (39)
Assuming that the tangential component decay function is similar to that given
by Hui Liet al [7], Eq. (6), thus :

AP, =

Log (W/W,) = - 0.01605x™® (40)
substituting for w, from Eq. {(18), into Eq. (39) gives :
26w2nw n+l
AP, = —*—1 41
? Re d o %) “1
Iln, ) = }‘ {eo,oannn)xo.a }dx (42)

The effect of the non-Netonian behavior on the swirl pressure drop can be
deduced from Eq. (41). Thus substituting n=1 into Eq. (42) gives AP}y and the
non Newtonian-to-Newtonian swirl pressure drop ratio RP is given by :

RP = AP}, /AR, = 2°7"W "8, " dMm, x) (43)
where

Xn,x) =1 (n,x)/I(1,x) (44-a)
The integral in Eq. (42) has been evaluated numerically for different indices (n)
and distances (x). The corresponding ratio parameter J(n,x)} fitied the following
relations within a maximum deviation of + 5% .
For pscudo plastic fluids (n < 1) :

Jn,x)=1+(1-n)0,011x-3.91* 107 x?); 0<n<l (44-b)
and for dilatent fluids (n>1):
Jnx)=1+(1-1n)(0.008x-4.76* 107 x*); 1<n<2 (44-c)

It is noticed that RP = 1 for n = 1 ( i.e. Newtonian or mdr flow).

With APJy being given by Eq (3), it is now possible to generalize this

correlation using Eq. (43). Thus, the procedure of determining the wall static

pressure at a section of “x” distance from pipe inlet is as follows:

(i) The coefficient A is determined (using either emprical correlations, or
experimental data) and hence the term AP, in Eq. (2) can be obtained



(ii) The swirl intensity S, is determined using either of Eqs. (24) or (29).

(i) For a section at a distance x', the corresponding intensity “S” is determined
from Eq. (6).

(i ) The corresponding APy is obtained from Eq. (2). Then Eqs. (43) through
(44-c) are used for determining the ratio RP and hence the term AP .
Thus the static wall pressure drop at that section is given by:

AP = A(L-x)+H0.7455+4.165%)*RP (45)

3. PISCUSSION

The validity of the above procedure is tested using a wide range of experimental
data for both laminar and turbulent swirl flow of power law fluids [12].
Representative comparative confirmations are shown in Figs. (2) through (11).

Figures (2} through (7) show that the turbulent flow results are well correlated
using the suggested procedure. Figures (8) and (9) are for laminar flow, at
relatively high

Reynolds numbers, and with friction coefficients determined from Eq. (20). On
the other hand, Figs. (10) and (11) are for laminar flow at relatively low
Reynolds numbers. The solid lines, show the correlation - Eq. (45) predictions
using Eq. (20) for obtaining friction coefficients while the dotied lines show
predictions using the linear-downstream-part of the experimental pressure
gradient for determining A. It is seen that the suggested procedure represents
well the pressure distributions within an acceptable accuracy. Deviations
between correlation predictions and experimental results may also be attributed
to the stated assumptions in addition to the experimental errors.

Predictions of {mdr) conditions are shown in Figs. (12) and (13) both with the
Newtonian flow case. Figure (12) shows that drag reduction exists in both swirl
and pure axial flow. Another plot is shown in Figure (13). The percentage drag
reduction for a pipe length x is calculated from.

sor = 2B T AP 0, 46)
= T %
AP, (

It is seen that the % DR for swirl flow is always lower than that for pure axial
one. In addition, it is seen that as pipe length x increases, the % DR increases
and approaches its value for pure axial flow. This means that in swirl flows,
under drag reductin conditions, the gain in energy saving increases as pipe length
increases.

4. CONCLUSION

Correlations of wall static pressure distribution for tangential tap generated swirl
flow through pipes are given. The correlations require knowledge of the fluid
rheological properties as well as the conventional-axial flow-friction factor
relations. Expressions for swirl intensity evaluation are given in terms of the
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prevailing geometrical, rheological and flow parameters. These correlations:
represented reasonably the experimental data for a power law fluid flow in the
following ranges Flow behaviorrindex0.62 < n < 1.0 ; flow Reynolds number 200
< Re < 21000; tap to pipe diameter ratio Dy /D = 0.339 and tap distance from

wall 6//R = 0.339 and 0.5.

Application on drag reducing fluid flow under conditions of maximum drag
reduction (mdr) shows that, the reduced pressure drop observed for pure axial
flow is also observed under swirl flow. Also, the percentage drag reduction
increases, as the pipe-length increases, up to its value for pure axial flow where
the swirl sensibly decays.

REFERENCES

1. Frank Kreith and Sonju, OK., “The decay ofturbulent swirl in a pipe”; J.
Fluid Mech., vol 22, pt. 2., pp 257-271, 1965. '

2. El-Shorbagy, K.A., “Analysis of unguided swirl flowthrough circular pipes”,
MSc. Thesis, Faculty of Engg., Alexandria Univ., 1969.

3 Yanjik K.S., and Subbaiah, M.V., “Experiments on swirling turbulent flows”;
J. Fluid Mech., voi 60, pt 4, pp 665-687, 1973.

4. Mitsukivo Murakami, Osami Kito, Yutaka Katayama and Yoshihiko lida, “An
experimental study of swirling flow in pipes”, Bull. JSME, V. 19, No 128, pp.
118-126, Feb. 1976.

5. Salem, E.A. El Shorbagy, K. A., “An investigation into the characteristics and
decay of swirl flow in pipes”; The Bulletin of the Faculty of Engg., Alex.
Univ., Vol. XIX, No, 1, pp 205-224, 1980.

6. Osami Kitoh, “Experimental study of turbulent swirling flow in a straight
pipe”, J. Fluid Mech., V. 225, pp 445-479, 1991.

7. Hui Li and Yuji Tomita, “Characteristics of swirling flow in a circular pipe”,
Trans. ASME, J. Fluids Engg., V. 116,pp. 370-373, 1994.

8. Parchen, R.R. and Steenbergen W., “An experimental and numerical study of
turbulent swirling pipe flows”; Trans. ASME, J. Fluids Eng., V. 120, pp. 54-
61, March, 1998,

9. Philip Beran, S., and Fred Culick, E.C., “The role of non-uniqueness in the
development of vortex break down in tubes”, J. Fluid Mech., V. 242, pp.
491-527, 1992,

10. Wang, S., and Rusak, Z., “The dynamics of a swirling flow in a pipe and
transition to axisymmetric vortex break down”, J. Fluid Mech., V. 340, pp.
177-223, 1997.

11. Dostal , M., Zitny, R., and Sastak, J., “Helical flow of power law fluids”, -
AIChE 1. Vol 39, No. 1, pp. 189-192, Jan. 1993,

12 Salem Hamdy, “Analysis of non-Newtonian fluids under unguided swirl flow
conditions”, MSc Thesis, Faculty of Eng., Alexandria Univ., Egypt, 1975,

13. Embaby, M.H., “Detachment of a turbulent plane jet from an inclined plate”,
Alex. Eng. J., V 35, No. 5, pp. A247-A256, Sept. 1996,

14 Skelland, AH.P., “Non-Newtonian flow and heat transfer”, N.Y., John
Wiley, 1967.

10



15 Virk, P.S., “Drag reduction fundamentals”, AIChE, J., V. 21, pt. 4, pp. 625-

656, 1975.
16. Bird, R B., Stewart, W.E. and Lightfoot, E.N., “Transport Phenomena”;

John. Wiley & Sons, inc,, N.Y. 1960.

NOMENCLATURE

AA, coefficients in Eqgs. (10) and (21) ;

Al parameter, Eq. (24);

a, a5, Ay pipe cross sectional area, tap jet area and wall area (m’);

B, B, coefficients Eqgs. (10) and (21)

B, parameter, Eq. (24) ;

D, Dy pipe diameter (m} ; tap diameter (m},

f fanning friction factor (f=t, /(0.5pu%.));,

Gy, G2 parameters, BEq. (21);

G fluid weight flow rate (N/S);

H(n,x) dimensionless parameter, Eq. (44) ;

L,L pipe length, dimensionless pipe length (L'/D);

n flow behavior index for a power law fluid;

P, AP', AP static pressure (Pa); static pressure difference =P, - P';
dimensionless press difference = AP/(.5 pu’m) ;

AP, AP, dimensionless pressure drop due to axial, swirl flow respectively,

R radial coordinate (m), pipe radius (m), dimensionless r = r'/R,

Re, RP Reynolds number Eq (19), ratio of non-Newtonian to Newtonian
swirl pressure drop  (RP = AP /APu);

S, Se swirl intensity Eq. (5), its value at pipe inlet;

W, Um, U axial velocity component, mean velocity , wall shear velocity =

T, /P (m / 8);

TR dimensionless velocity component u'/uy, u'fu, characteristic
velocity [Eq. (32)];

w, W tangential velocity component, the maximum value of this
component at a certain section (nV/s),

w, W dimensionless velocity w=w'fu,, W=W /ug;

V', V) tap jet velocity at pipe inlet (m/s); dimensionless = V'; /uy

XX axial coordinate (m); dimensionless x = x” /D;

FANA distance from pipe wall (m), dimensionless distance y=y'/R,
dimensionless distance defined in Eq. (10);

Zy, 7 parameters in Eq. (26) .

Greek Letiers:

a parameter Eq (7);

B parameter Eq (7);

8’1, O tap jet center line distance from pipe wall (m) , dimensionless
§;=8"; /R',

Ao: deformation tensor component;

1, Tlo equivalent viscosity (P,.s), consistency index for a power law

11



0
A
it
p
Tw > Tor, Tw

¢

Subscripts
€
mdr.

N
NN
0
w
X

fluid (P,.s"); .

tap jet inclination angle {deg.);

friction coefficient (A = 4f);

Newtonian fluid viscosity (Pa.s)

fluid density (Kg /m*”

tangential component of wall shear stress, component of shear
stress tensor, wall shear stress (Pa); °

dimensionless jet centerline-pipe center line distance Eq. (25)

evaluated at pipe end (or exit )ie. x=L;

Evaluated for conditions of maximum drag reduction;
evaluated for Newtonian fluid;

evaluated for non-Newtonian fluid;

evaluated at pipe inletieat x=0;

evaluated at pipe wall;

evaluated at distance x from pipe inlet.
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