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A Theoretical Analysis of Laminar and Turbulent
Swirling Flows in Cylindrical Annuli

Atsumasa YAMAMOTO** and D.A.J. MILLAR***

ABSTRACT

An implicit numerical method and the results of laminar and trubulent swirling flows in
cylindrical annuli are presented. The study was motivated by the need to analize the decay of
a swirl component of velocity along an annular duct, one of the important features in turbo-
machinery, and one which could not be predicted by methods based on an inviscid flow assump-
tion. A set of parabolized Navier-Stokes equations is used for the basic equations governing the
flow. In the case of turbulent flow, they are solved in conjunction with two additional transport
equations which give the necessary turbulent eddy viscosity for use in the basic flow equations.
The numerical solutions are compared to some laminar solutions and to some turbulent experi-
mental data. On the basis of the calculated results, the present approach showed many possible
patterns and characteristics of the flow.
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P = static pressure
NOMENCLATURE _ .
r = radius
English Symbols Re = Reynolds number based on mean
a,b,cd = coefficients used in Eq. 4 axial velocity, molecular viscosity
(see Table 2) and Dy,
A,B,C, D, F = coefficients used Eqgs. 9-10, or con- Reépesn = Reynolds number based on mean
LS TV stants used in Eq. 6 axial velocity, effective viscosity
C;,C;,C, = empirical constants used in Eqs. 3 and mesh (Ar)?/Az
and in Table 2 Usy, Unae, U = average, maximum and local velo-
Dy = hydraulic diameter, Dy, = 2 (r, —1;) cities
E = constant used in Eq. 5 W = time averaged velocity
K = von Karman constant used in Eq. 5 y = distance normal to wall measured
from wall
z = axial distance measured from inlet
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** Aeroengine Division
*£* Carleton University, Mechanical & Aeronautical Ar, Az = small space in radial, and axial direc-
Engineering, Ottawa, Canada tions in Fig. 1

(or initial) station
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Greek Symbols
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€ rate of dissipation of turbulent kine-
tic energy

K turbulent kinetic energy

K, My molecular and turbulent viscosities

Hefr effective viscosity, depr=p+ u,
kinematic viscosity, v = ufp

o) fluid density

n non-dimensional distance used in
Eq. 6

' variable representing one of rWj,
wfr,¥,kand €

¢ swirl angle defined by tan™ (Wj/W,)

v stream function defined by Eq. 1

Oy, O¢ empirical constants in Table 2

E4B> ZABS coefficients used in Eq. 10

w vorticity defined by Eq. 2

Subscripts

B denotes value at a location B nor-
mal to wall (i.e., yg = 30v/W* or
y'=30)

eff effective

n, p st

N, P(=p), denote - locations shown in Fig. 2

S, NU, PU where values are evaluated

(=pu), SU

r radial

z axial

6 tangential

v denotes value corresponding to vari-
able Y

Superscripts

+ non-dimensional distance of y, y*
=W*yly

— mean

* friction velocity

INTRODUCTION

Swirling flow is an important and basic feature

of turbomachinery. For example, the flow at the
exit of an axial compressor blade row has a strong
swirl, or circumferential, component of velocity.
This swirl velocity will decay along the duct due
mainly to the viscous force between fluid and the

duct walls and between the fluid particles themselves.
Depending on the axial spacing between this rotor
and the subsequent stator, the change in flow angle
due to the decay of swirl velocity may cause the
incidence angle of the stator to be mismatched and
may drop the performance of this blade row, if
this decay is not considered in the design of the
stator blade row. This situation could be serious
in current turbomachinery designs; for example,
in the fan stage of a turbofan engine, a fairly large
axial space between rotor and stator is required to
reduce the fan noise generated by blade wake/
stator interaction. The same problem can arise in
an inter-turbine duct which has a large distance
between the high pressure and low pressure turbine
stages.

On the other hand, the most widely used and
comprehensive methods for predicting the internal
flow of turbomachinery are the streamline curvature
and matrix methods e.g., Davis et al. [1], and both
of these methods assume essentially inviscid flow
between blade rows. As tools for predicting the
performance of a machine and for the design, both
methods have worked adequately for conventional
machines, although the results depend strongly on
the empirical cascade performance data used with
the basic inviscid flow equations. Since the methods
are basically inviscid, annulus boundary layer is
usually calculated to get more realistic flow picture.
However, this modification does not affect the swirl
component significantly, since the main purpose
is a calculation of blockage of annular area. More-
over, in the calculation methods of skewed flows,
no satisfactory means for patching the inviscid
flow region to the viscous flow or boundary layer
region and for taking account of the interaction
effect of two different shear layers has been devel-
oped. The present study was initiated to overcome
the deficiency of the inviscid methods in calculating
a turbulent swirling flow field, because of the prac-
tical importance of the problem in turbomachinery
design and analysis.

In the present paper, a numerical calculation
method for both laminar and turbulent swirling
flows in stationary annuli without patching the flows
is briefly described and the performance by the
method is presented. The method employs the
so-called “‘parabolized” Navier-Stokes equations to
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Table 1 Some Calculation Methods for Swirling Flows in Pipes and Annular Ducts
Authors, Year Tgl;:)e w(:f S’l; )1/5 fic?rfs Tgﬁz t(:f Viic;):;ity Other Features
Gollatz et. al., 1954 Laminar Analytical | Pipe Constant Eigen Value Problem
Talbot, 1954 Laminar Analytical | Pipe Constant Stabilizing Effects
Dissler et. al., 1960 Turbulent | Analytical | Pipe Constant
Kreith et. al., 1965 Turbulent | Analytical | Pipe ﬁ:lsgtt;bbr{alltzzﬂy Decay of Tape induced Swirl
Rochino et. al., 1968 | Turbulent | Analytical | Pipe
Scott, 1972 Turbulent | Analytical | Annulus | Constant Series solution
Scott et. al., 1976 Turbulent | Analytical | Annulus gg?;:ltzzny
Boemer, 1970 Turbulent | Numerical | Annulus g&?ﬁﬁi‘;ﬂy Elliptic Form of N. S. Eg’s.
Sharma et. al., 1976 Turbulent | Numerical | Annulus g;ﬁiizggm Parabolic Form of N. S. Eg’s.
describe the basic flow and another two transport v oV
equations to describe turbulence phenomena statis- ar prW., 2z F W (1)
tically; a differential type of turbulence model W W
using the turbulent kinetic energy and the dissipa- w = 6zr ar’ )

tion (so-called k- model) by Launder and Spalding
has been chosen, which has been used in several
examples [2, 3] for non-swirling flows. For the swirl-
ing flow problem in stationary annuli, however,
experience with this model appears to be scarce.
In the present study, the equilibrium or universal
law of the wall is applied in order to describe the
axial and tangential velocities near both of the
inner and outer walls. Table 1 shows the summary
of review on the calculation methods of swirling
flow in pipes and annuli.

MATHEMATICAL FORMULATION

The Basic Governing Equations and The Turbu-
lence Model. The next three major assumptions are
made on the equations of motion and continuity:
(1) The flow is assumed to be incompressible, axi-
symmetrical and steady, without body forces. (2)
The axial viscous diffusion terms, i.e., the second
order derivatives in the axial direction in the viscous
terms are omitted from all momentum equations.
(3) In turbulent flow case, the “eddy viscosity con-
cept” is introduced. The definitions of stream func-
tion ¥ and vorticity w used in the present study are

These two functions ¥ and w are introduced into
the basic governing equations to eliminate the equa-
tion of continuity and the two pressure terms from
the governing equations.

In the case of turbulent flows, a two-equation
(k-€) model of turbulence is employed, which pro-
vides the turbulent eddy viscosity as follows [3]:

3

To calculate yy from turbulent kinetic energy k and

pe = Gupk’le

the dissipation rate €, two transport equations for
k and € have to be solved.

The final forms of the basic governing equations
and the transport equations can be expressed in the
following compact form where a notation of y is
used as a general term representing one of the five
variables: angular momentum rWp, vorticity func-
tion w/r, the stream function ¥, x and e:

a b
a¢$(rpwz-w) = ‘%5;(’79 W, - ¢) +

dcy- \b)}_ rdy

3
ar {b"r ar ) (4)
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where ay,, by, ¢y, and dy are coefficients of the Table 2 Coefficients in Equation (4)
above partial differential equations, corresponding
- - Volay By ey dy
to each variable ¢ and are tabulated in Table 2,
where a,, 0., C, and C, are empirical constants, ™y | 1 "off,arz 1772 | o
the recommended values of which are C, =0.09, )

@ o1y T 2 ——(pW}?)
C,=144,C, =192,0, = 1.0 and 0, = 1.3. It may r offsiz| 3y ]

be doubtful whether these empirical constants would v 0 |1/0r2 1 — s

work well in problems such as the present study, for

which experimental data is scarce and was not used X 1 _“_t+u 1 o€ — {u (aWz )2
to define the constants. In the absence of more % b Or
reliable values based on relevant experimental infor- % 7,

8 2
+u -
mation, however, this study will employ the above 1,6(6r 4 ) }

suggested values for the constants. K, ¢ ow,,
The Boundary Conditions. Fig. 1 shows sche- € L ?;+” 1 Y{Cwe_cl{-“z,z(a,r)
matically the boundary conditions used. To calculate 5
) . Py W .2
turbulent flows economically, the equilibrium law +ﬂ‘:”(6—r_r_ }:l

of the wall is adopted:

w 18 .1 oy
THy =0 T —7—51:( )

or o7 =7

////[///////}///////ﬂ// /147774474

w—"] Outer Wall
~+—— [nlet Station

@ 1 a}Vz/r‘
r + Or Flow

-
_ /
W—f TOW, dr Inner Wall

3
<
N

///7//////////////(///77////////////////7]] {
W, =0 o__19 (_l_ or
or 9r

(a) B.C.for 7H#,,® /r and ¥ (See N.B.)

3

T r Or

), ¥=0 ‘

L €,

1///////////////</\////A///////Av/’/////zz/

QOuter Wall

oY ——f

Correlation

fork, Eq. 6,
and Assumption |+ Inlet Station Flow
of 'ueff \

Inner Wall

Fa,i €5, Z

(b} B.C. fork and €

Fig. 1 Schematic Drawing of Boundary Conditions

N. B./ In turbulent flow case, the modification by the law
of the wall, Eq. 5, is used.
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Fig. 2  Finite Difference Scheme for Cylindrical Coordinates
e EW respectively. Although Bobkov’s correlation was
W = N 2n i 5) found from flows without swirl in various types of

where W* is the friction velocity \/7,,/p, K and £
are constant (K=0.42 and £=9). This distribution
is assumed for both axial and tangential velocities
(ie., W=W, or Wy) near the walls up to the distance
of y* =30 (=v y/W*) from the wall. For «, an experi-
mental correlation between k and velocity field pro-
posed by Bobkov et al. [4] is used to determine the
inlet k from the inlet velocities which are usually
known. The formula used here is

= AeBTY(1 - pry ©)

max
where A and B are constant (4 =0.7225 and B=2.54
are used here), n is non-dimensional and is the dis-
tance normal to the wall divided by the distance from
the wall to the point of maximum velocity. U, U,,
and U,,qy are local, average and maximum velocity

duct geometries including annuli, it is assumed in
the present calculation that the total velocity (W,? +
W, + Ws?)” is used instead of U. Effective viscoisty
is sometimes known experimentally and the initial
viscoisty is, therefore, often given to start the calcula-
tion instead of the inlet € value. The wall boundary
conditions for x and e are determined by:

]

W oW,
arz)2 +ut,0 (_—ﬁ -

or

s ( Hoye = pe  (7)

which was reduced from k equation, assuming that
convection and diffusion of « are negligible near the
walls. Also assuming that u, ,= “,zpuy’fl and y,; ¢ =
C“'GPK%Q by analogy to Eq. 3 and £ is proportional
to the distance y, near the wall, one may express the
values of kg and eg near the walls (at y =y g). These
values, kg and eg, were used as the values on the wall
since this could improve the convergence of solution
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6 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-640T

without serious computatjonal error rather than ap-
plying the kg and eg exactly at the point y=yg.
Further details may be found in Ref. [5]

Numerical Scheme and The Stability Condition.
The Crank-Nicolson implicit scheme can avoid the
serious divergence problem coming from the numeri-
cal scheme and does not increase the error on passing
from one station to the next. In fact, the present
method was not suffered from a serious limitation
for axial step size such as Patanker and Spalding’s
method has in nonswirling flow {6] and also did not
have such difficulties of obtaining stable numerical
solutions for the present case of internal swirling flow
as Sharma et al. [7] describe.

The Crank-Nicolson scheme for Eq. 4, in cylin-
drical coordinates may be expressed by:

W,- u - W,- -
@)y (rp w)zz (roW. ¥)p _

- @y (oW )+ (byr LD

- (rdy)p 8
where subscripts pu, p and p’ denote evaluating the
variables and the coefficients at the upstream, down-
stream and mid station between pu and p, respec-
tively (Fig. 2). Corresponding finite difference equa-
tions are

Vp=Cn Yy + Cs ¥s + D ®)
where

Cv = (Anv+Bycy n)/*AB

CS = (AS +BS Cy, S)‘/EAB

D =(S+Sy, uy)*4B
Ay = =% ay , Bz (roW,), |l
As =% ay p B2 (oW |
(b\,b')ﬂ: A_z
= 1
Bn & Ar,
=y (e Az
By =% Org

Tap = Fy+Any+ Astcy, p (By tBg)
(10)

v, p’

Sy, u= {Fu-Ay-As-cy pu(BnvutBsu)} Vpu

+ Cyu¥nu t Csu¥su

Fy =ay, , (roW;) py Or

Byy = By Ar:: , Bsy = Bs Ab;:z

Cnu = An*tey NuBnu,Csu = Astey, suBsu
Voo =n,. - Dbz - Ar

NL) = %(IL] + L).

Rose [8] expresses the stability condition for the
Crank-Nicolson scheme with uniform mesh by:

Remesh Z 1 (ll)

where Repegn = W, (Ar)[Az-vp; and W, is the
mean axial velocity. In the present calculations includ-
ing non-uniform mesh, to determine the mesh sizes in
the radial and axial directions, Re,,eg, 2 2 ~ 3 was
safely used but, for about the first ten axial steps,
about one-tenth of the axial interval Az obtained
from this criterion was used for safety.

RESULTS AND DISCUSSION

All calculations presented here have been done
by assuming equal axial and tangential effective vis-
cosities.

Laminar Flow Without Swirl

Fig. 3 shows a comparison of the results by the
present method and analytical solutions [9] for fully
developed laminar flows in annuli of two different
inner Jouter radius ratios (r;/r, = 0.5 and 0.1). Differ-
ent locations of maximum velocity may be found
in the two cases. Excellent agreement of the two
methods is shown. The present numerical results used
21 radial grids and about 30 axial steps up to the
fully developed laminar stage, while Liu et al. (6]
used a number of axial steps (>1000) to get fully
developed flows by the method of Ref. [10]

Laminar Flow With Swirl

Fig. 4 shows decay of the swirl velocity down-
stream from an upstream solid body rotation and
compares the presently calculated result with that by
the Navier-Stokes equations of elliptic form [I1], in
which the axial viscous diffusion terms are retained.
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Fig. 3  Fully Developed Laminar Flow without Swirl
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Fig. 4 Laminar Swirling Flow, Comparison of Solutions by Two Methods
(---~ Scott et. al. (Elliptic N. S. Eg’s.) [11], 15 radial x 20 axial
grid pts., —— Present (Palabolic N. S. Eq’s.), 21 radial grid pts.)

Small difference might have come from the different
forms of Navier-Stokes equations employed as well
as from numerical errors inherent in both methods;
the latter will be examined by refining the mesh.
The comparison shows that the present method could
be applied to fairly large swirling flows. Fig. 3 shows
also the distribution and the rapid decay of raidal
velocity component calculated by the present method.

On the other hand, the axial velocity profiles and the

development were almost same for flows both with
and without swirl, which suggests that the equation
governing the axial velocity could be handled sepa-
rately from the equation for the tangential velocity
and vice versa; this may justify the separate use of the
tangential momentum equation from other momen-
tum equations, to analyze swirling flow problems, as
were done by many workers. Since the decay of swirl
depends largely on the value of (effective) viscosity,
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8 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-640T

the decay of turbulent swirling flows would be much
greater and pronounced than the laminar flows be-
cause of the larger apparent viscosity and of its com-
plex distribution.

Turbulent Flow Without Swirl

Among the annular ducts with 7;/r, = 0.0625 —
0.562 dealt with by Brighton et al. [12] experimen-
tally, the duct with the smallest ratio of 0.0625 has
the most asymmetrical (axial fully developed) veloci-
ty profile and is chosen here for the present calcula-
tion. Due to the lack of experimental inlet boundary
conditions, the calculation has been done by starting
from the fully developed laminar flow stage. It would
be reasonable to assume ‘“‘constant” effective vis-
cosity, because of the parabolic velocity profile, to
calculate the inlet k and e. For the initial fully de-
veloped laminar flow, the effective viscosity would be
equal to the molecular viscosity in principle but it
could not be so in order to initiate the turbulent flow
calculation.

Fig. 5 was obtained with the inlet effective vis-
cosity of 20 times the molecular viscosity. On the
basis of the calculated results, the turbulent eddy
(viscosity) would grow from the two near-wall regions
very rapidly and interact each other and decrease
gradually downstream toward an asymptotic dis-
tribution. In Figs. 5 and 6 of the velocity develop-

1.0¢

\

{
0 '\ 100 200 300 400
M
ﬂzZO(at Inlet)
§)
Effective Viscosity #, f/u

Fig. 5

ment toward the fully developed turbulent stage cal-
culated with various initial viscosities, one may find
an overshooting of the velocity before the fully devel-
oped turbulent flow stages (see Ref. 24 for experi-
ment). This final equilibrium velocity profile agrees
well with the experimental one except near the inner
wall; the equilibrium or universal law of the wall did
not give accurate prediction of the velocity profile
near the inner wall for small radius ratio such as
0.0625. This was observed also in Brighton’s experi-
mental data {12] that significant discrepancy from
the universal law of the wall occurs for the inner wall
as the radius ratio decreases (i.e., rifr, <0.375). To
obtain more accurate prediction, modification has to
be needed for the determination of the inner bound-
ary condition. See an example using a different con-
stant for the law of the inner wall {13]. Fig. 6 also
shows that very long distance is required to obtain
fully developed turbulent flows with any uniform
initial viscosities and that the duct length required
could not be shortened with an inlet screen with
“uniform” mesh in spite of the early rapid devel-
opment of velocity. Hart et. al. discussed in the
Brighton’s paper [12] on ineffectiveness of the inlet
wall roughness and screen on the entrance length.
The final velocity profile and viscosity values at the
fully developed stage are not affected by the initial
value. The assumption adopted in the present calcula-

1.0 0}
\ *

~ 6.61

-1 \ 20.6
>59.

T oT z _ / 597
] H D =0

h

max.Pt.
(Laminar )

I max. Pt.
(Turbulent )

Axial Velocity W /W,

z,maz

Turbulent Flow without Swirl, r;/r,= 0.0625, Re = 95800, all lines = calculation (15 radial

grid pts.), » shows experimental fully developed velocity [12] obtained at z/Dp= 40.5 with

roughness element and screen
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Fig. 6  Variation of Calculated Maxmimum Velocities of Laminar and Turbulent Flows without Swirl
Along Annular Duct (r;/r, = 0.0625)

A: From Uniform Entrance Flow To Fully Developed Laminar Flow (Re = 1358)
B: From Fully Developed Laminar Flow To Fully Developed Turbulent Flow (Re = 95783)
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Fig. 7  Variation of Calculated Effective Viscosity Along Annular Duct
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tion in order to start turbulent flows as discussed so
far, thus, do not have a very serious effect on the
large part of the calculation region except near the
starting location. Note, however, that an accurate
calculation of the initial region is also important in
the view of the scale of turbomachinery dimension.

The level of final value of roughly 120 times mole-
cular viscosity as is shown in Fig. 7 seems to be
reasonable, based on experimental values reported
[e.g. 16, 17], for fully developed turbulent flow in
an annulus with about the same Reynolds numbers.
Another discovery by Brighton et.al. that the location
of the maximum velocity point is nearer the inner
wall for turbulent flow than for laminar flow is also
well predicted by the present methods as shown in
Fig.5.

Turbulent Flow With Swirl

Recently experimental turbulent eddy viscosities
in swirling flow in a stationary annulus with r;/r, =
0.4 have been reported by Scott et.al. [18, 19], for
flow with initial swirl angle from 0 to 60 degrees.
They estimated the axial and tangential effective vis-
cosities from their measured values of velocities and
pressures with the aid of simplified momentum equa-
tions without shear stress measurement. Fig. 8 shows

a complex variation of tangential effective viscosity
for a flow with an initial swirl angle of 45 degrees.
The corresponding experimental tangential and axial
velocity distributions are shown in Fig. 9.

The experimental tangential viscosity at the
station 1 was used as the initial viscosity for the pre-
sent calculation. Fig.10 shows that the axial velocities
are excellently predicted but the calculated decay of
tangential velocities, however, is much greater than
the experimental one, due to the larger calculated
viscosities. Other calculations by using different inlet
viscosities showed that the initial viscosity had a
significant effect on the downstream values of it and
therefore on the decay of the swirl as well. Accurate
estimation of the viscosity is more important for
swirling flows than for non-swirling flows; since the
tangential velocity is more affected by the viscosity
while the axial velocity is governed strongly by the
continuity equation rather than by the value of the
viscosity.

In the present study, the equilibrium law of the
wall was assumed to govern the velocity near the
walls in the tangential as well as the axial direction.
The calculated almost symmetrical tangential velocity
profiles downstream would have come from the same
law of the wall applied to both walls which have dif-

s
g X o
A
. | 1
300 400 500

Dffective Viscosity ﬂeff/ﬂ

Fig. 8 Distribution of Experimental Tangential Effective Viscosity obtained
by Scott et. al. {18}, r;jr, = 0.4, ¢ = 45°, Re = 130000
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ferent curvatures in the circumferential direction and
two oppositely distributed radial pressure gradients
due to the centrifugal force. As seen in Fig. 10, a
much larger discrepancy from the experimental tan-
gential velocity profiles can be seen especially near
the outer wall as compared to those near the inner
wall. Following comments would be useful to under-
stand this situation and to improve the method:
Bradshaw [14] states that, for convex curvature, the

centrifugal force tends to stabilize the turbulence,
but, for a concave surface, tends to destabilize it. He
correlates the effect on the Prandtl’s mixing length
using Richardson number and Sharma et al. used the
above correlation for two types of swirling flows {7,
20] where Richardson number is always negative or
zero (turbulence promoted). McDonald [21] also
reports the similar effect in terms of streamwise pres-

sure gradient on the law of the wall although effect

This document is provided by JAXA.



12

of the pressure gradient normal to the wall has not
been clear. The “equilibrium” state might be basical-
ly impossible in swirling flows until the swirl decays
completely.

Similarly to what was seen before in nonswirling
flow, the viscosity increases first and then decreases
in the present case of swirling flow, too. No other
experiment nor calculations have been reported on
this kind of behaviour of effective viscosity at the
early state of flow (i.e., not fully developed stage),
so further discussion might be of little value. Fig. 11
shows the variation of velocities and effective vis-
cosity along the annular duct. Although the reliability
of the experimental effective viscosity of a swirling
flow referred here is in question because of indirect
measurement of shear stresses and turbulent intensity,
the values presently calculated are considered to be
within the range of physical possible values.

Presently calculated distributions of effective vis-
cosity had single central peak at fully developed stage
opposed to the experimental double peaks and then
study is now progressing on adjusting the empirical
constants used in the turbuience model with proper
modification of boundary conditions and an experi-
mental work of swirling flows is also being conducted
at NAL.
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FURTHER APPLICATIONS AND EXTENSIONS

The present ‘viscous’ code was applied to also
some rotating annular passages to see similar velocity
profiles of fluid as often seen at the exits of rotating
passages or rotors of turbomachinery. In this exam-
ple, the flow passes through a rotating passage first
where the inner and outer walls rotates with a same
angular velocity (as solid body) and then it enters
a stationary passage as shown in Fig. 12. The flow
which has initially a uniform axial velocity only will
have tangential velocity by the fluid viscous forces
acting between the fluid and the walls. This is shown
by some dash lines in the same figure. The velocity
profile of the flow would have finally that of solid
body rotation if the rotating duct is long enough.
When the flow enter the stationary duct at z*=0.048,
the fluid at the walls should have the corresponding
wall velocities. Calculation with this sudden disconti-
nuity condition was accomplished without any prob-
lems and shown by solid lines. From the calculated
results just after the exit of the rotating passage
(z*=0.00125) one may recognize a similar velocity
profile to experimental rotor exit velocity which
are often found in turbine and compressor tests but
have never been well predicted by any inviscid calcu-

7'{/7020‘4
=1
Present Cal. ( ‘ueff,ﬁ/'ueff, . 0) 6 = 45°
v X O & Experiment. Scottet.al.[18]
z,maz Re = 130000
t?z x/\x x
W 1.0 x \’X
8,max 7
= © Axial Velocity ————z"mz
7
z o 4
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Tangential Velocity —=
w
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Ferf,b 5F
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A 2 mazx
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A
0 ! 1 & | | 1 \ i j
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z
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Fie. 11 Variation of Calculated Maximum Velocities and Effective Viscosity
along an Annular Duct (Turbulent Swirling Flow)
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Fig. 12 Production of Swirl in Rotating Annulus and Decay of Swirl in Stationary
Annulus, 1;/1, = 0.4, Re = 1000, Laminar Flow

lation methods used for turbomachinery design and
performance prediction such as [1].

An extention of the present program was done
[28] by replacing the boundary condition (law of
the wall) used at the walls with that of so-called low oo Exp. [17]
Reynolds number turbulence model. This modifica- 120 — Cal. [28]
tion enabled no=lip condition to be used at the walls
much more easily but needed more computer time
and storage. A calculated result is shown in Fig. 13
which seems to show much more realistic behavior of
effective viscosity in comparison with experimental
data.

The program has been originally written in an
orthogonal coordinates as shown Fig. 14, [S]. Calcu-
lation of curved duct may be interesting. The pro-
gram can be extended to calculate cascade flows as
shown in Fig. 15 which meshes were generated by
applying the transformation program of Thompson 20
et.al. [25] to a NAL air-cooled turbine nozzle [26]

In this case, Navier-Stokes equations of elliptic type 0 L | | .
or time dependent parabolic type (elliptic in space) 0 02 04 e 06 08 10
should be more useful to analize the flow because the = :
important occurrence of flow separation from the . . . . )

blade surfaces and/or trailing edge could be handled Fig- 13 CRi];:cl:;Zd iifii;lt)l: V;?gjg;“;i’gg,
by these equations. This could be done practically Turbulent Flow without Swirl,

without any problem if the flow assumed to be 2 1;/1, = 0.178, Re = 519000

dimensional or laminar (e.g. see Fig. 16, [25]). The

types of computer code presently available could be

1401

2

]

Effective Viscosity ”eff/'“
[+]
-]
o

<

summarized as shown in Table 3.
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Fig. 14 Finite Difference scheme for orthgonal Coordinates
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Fig. 15 Mesh Generation for Computation, NAL Air-Cooled Turbine Nozzel {26],
Transformation Case 1
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Fig. 16 Viscous Flow Solution around Aerofoil
Re = 1000, t =3.02, [25]

Table 3 Rough Survey of Soluvable Navier-Stokes Equation Types**

TYPE
Steady Parabolic a 3
b.
c.
d.

Unsteady Parabolic*  a.

——= = O (streamwise =

2-D.
2
2 &
High Re
| min. (laminar), CDC6600
5 min. (2-Eq’s T. mode), XEROX §.-9

impossible

Thin-layer Approx.

3-D.
al

327 = 0

low, mid Re

3 min. (laminar), IBM7094

impossible

Thin-layer Approx.

b.  High Re High Re
c. 16 min, (laminar, 71 x 27), CDC7600 2-3 hrs. (laminar, 30 x 30), CDC7600
d. possible possible
a?
Elliptic ( B—Z_i * 0) a. Steady Unsteady
b.  High Re Low Re
c. 1.5 min. (laminar, 13 x 13) CDC6600 3-15 hrs. (laminar, 11 x 11 x 21),
UNIVAC1108
3 hrs. (laminar, 81 x 81), CDC6600
d. possible possible
a. b. c. d.
a?
Partially Parabolic (3-D) ? = 0, Low Re, 14 min. (70 x 18 x 17), CDC6600, ?
#* 0 forp
Notes: a. Assumptions
b. Re No. soluvable (eg. mid Re = 1000 - 2000)
c. CPU time (flow, mesh), Computer
d. Streamwise Separation
* Parabolic relative to time but elliptic relative to space
*%

Survey in Sept. 1978
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CONCLUSIONS

A systematic study of laminar and turbulent swirl-
ing flows in annuli analized in the present calculations
showed reasonable and possible patterns and shows
that the present approach is promissing for the pre-
diction. In the present calculation procedures, the
determination of the wall boundary conditions were
most important and the method by the equilibrium
or universal law of the wall was not so appropriate as
expected to predict the axial velocity near the inner
wall even for non-swirling flow in annuli with small
inner/outer radius ratio and to predict the tangential
velocity especially near the outer wall for swirling
flow. The problem of turbulent swirling flow in
stationary annuli is still difficult to analize because
of the lack of reliable experimental data on turbulent
momentum transport coefficients in this skewed
flow, and therefore it needs further experimental
study as well as theoretical approaches.
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