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Nomenclature

c = resultant mean velocity

ct = nondimensional resultant velocity,
=c/u,

F = law of the wall function, Eq. (6),
=F(y ")

Rey = Reynolds number based on boundary-
layer thickness, = U,6/v

u = main-flow component of mean velocity
in x direction

U, = friction velocity, =+r1,/p

U, = freestream velocity at the edge of the

boundary layer
= scaling velocities of the wake function,
Eqgs. (7) and (12)
= differences of the scaling velocities of the
wake function, Eqs. (7) and (12)
ut = nondimensional velocity component in x
direction, = u/u,,
w = crossflow component of mean velocity in
z direction
wT = nondimensional velocity component in z
direction, = w/u,,
X = nondimensional, characteristic quantity,
= Reswk =y Ykl
X = local coordinate aligned with the free
streamline
y = local coordinate normal to the wall
y* = nondimensional wall distance, = yu,/»
z = local coordinate normal to the free
streamline
o = angle of the free streamline
B8 = cross flow angle
By = angle of the wall shear stress
8
n
K
14

Uims Wm

Aulm, AWm

= boundary-layer thickness

= nondimensional wall distance, = y/é
von Karman constant, = 0.41
kinematic viscosity

p = fluid density

Tw = wall shear stress

P, = wake function, Eq. (9)

o, = model function, Eq. (10)

) = nondimensional friction velocity, = u,/
Us

Subscripts

C = velocity component without the auxiliary
distribution

i = inner region, law of the wall

X,z = in the respective coordinate direction

) = at the edge of the boundary layer
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I. Introduction

XPERIMENTAL investigations of three-dimensional tur-

bulent boundary-layer velocity profiles on infinite swept
wings have shown that there is a good agreement of the
main-flow component with the Coles model.? The streamlines
are congruent alorig the infinite swept wing. If a suitable
coordinate system is chosen, there exists a coordinate direction
where the flowfield does not change, and the boundary-layer
equations can be considerably simplified. The measurements
of van den Berg and Elsenaar! are typical for this. In other
cases the velocity profiles show deviations from Coles’ profile
model. Such experiments are, for instance, those of Dechow?
and Miiller.® In those cases the streamlines cannot be brought
to coincidence by shifting them. The development along adja-
cent streamlines is different.

In order to make the different development of the velocity
profiles clear, the mentioned measurements are evaluated by
means of a velocity profile model. The evaluation indicates
that the deviations of the main-flow component are definitely
correlated with the deviations of the crossflow component
from a basic distribution. All three data sets have in common
that the three-dimensional boundary layer develops from a
two-dimensional entrance flow and that the outer streamlines
have no turning point. So called crossover profiles are not
included. Only profiles upstream of separation are investi-
gated.

II. Law of the Wall
Due to the small extent of the laminar sublayer, the cross-

flow angle 8 = w/u differs only slightly from 8,,. Therefore,
to start with, it is allowed to assume that for this region

u; = ¢; cosP,,, w; = ¢; sinfd, )
and furthermore

Uy = U, NCOSBy,, Uy = U, VsiNg,, )

In a similar way, « = 0.41 can be split up into two compo-
nents:

T \/c:sﬁw’ == x/sil;ﬂw ®)
It follows that
Yru=y Tk =yt =nX (42)
X = Reswk (4b)
CGro=u;" K, =w i &)
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Fig. 1 Representation of the main-flow and crossflow components
according to Eqgs. (13) and (14) in comparison with measurements of
Dechow? profile 7.
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In order to describe the velocity distribution both in the
viscous sublayer and in the region of transition toward the
logarithmic law, a modified form of the law of the wall
function of Pfeil and Sticksel® [also Pfeil and Miiller” (see Fig.
1)] is assumed for the velocities ¢; ¥, u; +, and w; *:

CGre=u k=Wt =FQ@ ) =FuX,n)=F
=In(1 + 0.5816y * «)
+3.4836
[1— e~ 0454 " x(1 4 0.3339y * x)] — Voy? ©)

The corrective term Y29? in Eq. (6) causes the derivative of the
law of the wall function at the edge of the boundary layer to
become zero.

1. Complete Velocity Profile Model

An evaluation of the measurements of van den Berg and
Elsenaar! has shown that the main-flow component can be
described by the Coles profile model,? whereas an auxiliary
term is needed to describe the measurements of Dechow? and
Miiller.’ The measurements of van den Berg and Elsenaar lead
to a basic distribution of the crossflow component, but for the
measurements of Dechow and Miiller an auxiliary distribution
is also required. The auxiliary distributions of the main-flow
and cross-flow components are closely correlated. Both terms
without the respective auxiliary distribution are labeled with
the subscript C.

These considerations are laid down in the following formu-
las for the components of the complete velocity profile model:

Main-flow component:

Uo_Orp tim gy Bmg (4) | A
U KXF+ U (1—-®)+ U. P, = <Um>C+ U d,
M
with
D cosBWB
Ky K
Crossflow component:
w w, w W
T ()~ (fFa—f,—>(1 — & + &)
oo Z ) Z o,
Aw, w Aw
T 4’2=<U—>C‘TJ‘"“"2 ®
with
@z _ sing,~
Ky K
® = cosz<§n> &)
& =d, —e~ 100" (10)
(—”;’ﬁ =24 sina? an
Aw,, . A
Ui = 2.4 sina g‘m (12)

When Eq. (7) is muitiplied by «,/w, and Eq. (8) by x,/w,, both
components can be presented with a common law of the wall.
That leads to the following relations:

Main-flow component :

Ky Up K Aum
u+KX=F+:x'Uf(1—‘I>1)+i U; ®,=(u*x)c
Ky AUy,
+.£_1_q>2 (13)

@y Usx
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Fig.2 Model functions $; and $; in comparison with experimental
results,

Cross-flow component:

w
W =F =L 28 (1 - @) - <F5—§1”Uﬁ>(1 — & + &)
'z oo 'z o,
K AWy, Kk Awy .
o, U @, =(W*tK)ce o, U ®, (14)

Both components of the profile model are shown together in
Fig. 1 using this formulation.

IV. Comparison with Experimental Results

It is advantageous to evaluate each velocity profile of the
measurement series investigated by means of the profile model
according to Eqs. (13) and (14), because in a common repre-
sentation such as in Fig. 1 both components have the same law
of the wall. The resulting boundary-layer parameters 6, w, 3,,
«, and U, are in a few cases slightly different from the data
given by the authors. The parameter Au,,,/ U, and, therefore,
according to Eq. (12), also Aw,, /U, is determined to obtain
good agreement with the measured velocity profiles.

For further verification of the proposed model, Eqs. (7) and
(8) are solved with respect to &, using the measured distribu-
tions of the main-flow and crossflow components and &,
according to Eq. (9). Likewise, one can solve the same equa-
tions with respect to ®, using ®,, according to Eq. (10). The
results are shown in Fig. 2.

In Figs. 3 and 4, the measured distributions of the main-
flow and crossflow components are shown in comparison with
the model. Also shown are the distributions which result if one
attempts to describe the main-flow component by the Coles
profile model. This demonstrates that the crossflow compo-
nent and its deviations are uniquely correlated with the main-
flow component and its deviations by Eqs. (7), (8), (11), and
(12). Independently of whether or not a Au,,,/ U, occurs, Egs.
(11) and (12) confirm the observation reported by Johnston*
that in the outer region of the boundary layer there is

wo u
T sina <1 - —(Z> (15)

This can easily be confirmed by comparing Eqs. (7) and (8).
The velocity profiles measured by van den Berg and Elsenaar!
on an infinite swept-wing model show no deviations from the
Coles profile model, Au,,,/U, = 0, whereas the measurements
of Dechow?® and Miiller® show deviations of the main-flow
component that increase when 8,, increases.

Many ways have been tried to find a dependence of Au;,,/
U, on other boundary-layer parameters. It appears that there
exist some useful correlations between the measurements of
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Fig. 3 Model for the main-flow component in comparison with ex-
perimental results.
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Fig. 4 Model for the crossflow component in comparison with ex-
perimental results.
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Fig. 5 Correlation between 8, o, uim/Us and Auym/Us for the
measurement series of van den Berg and Elsenaar! and Dechow.>

Refs. 1 and 3. For example, the following empirical correla-
tion can be determined from both experiments (Fig. 5):

% sing,, — A;;’" (1—2.4sina)=2.4 sinaf’U’f (16)
where Au,,/Us, = 0 is valid for the measurements of van den
Berg and Elsenaar, as shown in Figs. 3 and 4.

Concerning the determination of Auw,,/U,, the measure-
ments of Miiller’ do not fit into any of these correlations.
Evaluation of other is measurements needed to show if it is
possible to correlate Au,,,/U,, with boundary-layer parame-
ters like Eq. (16). It may be necessary to include the gradients
of these parameters or knowledge of the outer flowfield. It
needs to be mentioned that there was a S-mm trip wire at the
beginning of Miiller’s® flow and that the measurements were
taken at random points in a flowfield, in contrast to the other
two sets of measurements which were taken along streamlines.

V. Conclusions

Analysis of three-dimensional turbulent boundary-layer
data shows that even for small crossflow, i.e., for small angles
Bw, the velocity profiles of the main-flow and crossflow com-
ponents deviate distinctly from simple descriptive profile mod-
els when the streamlines are not congruent. These deviations
can be well described by additional correlated distributions.
Regarding the measurements of van den Berg and Elsenaar!
and Dechow,’ the coefficient Au,,,/U,,, which appears in the
additional distributions, is determined, for example, by Eq.
(16) (see Fig. 5). The measurements of Miiller® do not fit into
this. Only evaluation of other measurements can show if the
relation in Fig. 5 is universal.
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Comparison of Iterative and
Direct Solution Methods for
Viscous Flow Problems

C. P. van Dam,* and M. Hafezt
University of California, Davis, Davis, California

Introduction

HE purpose of this study is to compare quantitatively

several numerical solution techniques for solving two-
dimensional viscous flow problems, including separated flows,
at moderate to high Reynolds numbers. These solution tech-
niques have various degrees of implicitness, and they are com-
pared on the basis of convergence, CPU time, storage require-
ments, and solution accuracy. The stream-function () vorticity
(w) approach is used to formulate the partially parabolized
Navier-Stokes (PPNS) equations that describe the two-dimen-
sional incompressible flow. The PPNS equations are quite
similar to the Navier-Stokes (NS) equations; streamwise diffu-
sion is the only physical process neglected, and terms repre-
senting this diffusion are dropped from the NS equations. The
governing equations are

aw; + (Uw), + (Vw), = (1/R)w,, )
—w= "/’xx + ‘pyy 2)

where the term «aw, represents an artificial time-dependent
term, and the velocity u = ¢, and v = —,. At the solid wall,
the no-slip boundary condition requires # = 0 and v = 0. For
external flows w = 0 and ¥ = U(x) at the upper boundary. For
internal flows the boundary conditions at the centerline of,
e.g., a channel, are =0 and ¥ = ¥(x,y.). At the inflow
boundary ¢ and w are prescribed, whereas at the outflow
boundary the PPNS equations are reduced to the boundary-
layer equations by neglecting the y,, term.
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Solution Techniques
Method I

The first solution technique employs a simple space march-
ing procedure for the coupled stream-function and vorticity
equations. Several authors have developed similar iterative
methods to solve the NS equations or reduced equations.'~
The vorticity equation is linearized by lagging its coefficients.
The resulting equation plus the stream-function equation are
solved simultaneously for w and ¢ by using a line-relaxation
procedure. Multiple global sweeps are required to obtain con-
vergence. Centered differencing is applied for all terms except
for the convective term (¥ w),. The problem of loss of diagonal
dominance forces the use of an upwind differencing scheme
for this term. Previously, the authors used a conservative
first-order upwing differencing scheme for the convective term
in the streamwise direction.® However, this scheme required
excessively fine meshes to obtain grid-independent solutions.
In this study the following second-order upwind differencing
scheme is applied:

Bugjoi; — AU jwio1y Ui Wiy
2Ax

(Hw)y =

if Uir v j =0 and Uiy j =0 (33)

_ 3wy AU, j0i 1y — U2, j@i—a,
(e = 2Ax

if “,’+1/2J<0 and ui_%J<0 (3b)

Ui 1,j@iv1,j — Uie1,jWi—1,j
2Ax

(Uw)y, =

if u;+sz20 and ui_yzj<0 (3¢0)

— Uit jWis 2, Ui 1y @iv 1y —3Ui—1,j0io1,; + U2, jWio2,;
2Ax

(Uw) =

if Ui+ 1/2‘1'<0 and Uiy = 0 (3d)

It can be shown that this scheme is conservative and that it is

no more dissipative than a central differencing scheme. The
resulting algebraic expressions have the following form:

aWij1+ @y + @+ a0 =as 4
bywyj_ 1+ bywij + byw;ji = by 3)
At each x location (i = const), the coefficients form a five-

diagonal matrix. The solid wall and far-field boundary con-
ditions are implemented as follows:

Yia=0 ©
o =0 ®)

T [(A;)z ¥ (A;)Z] He
- - T ©

where M and N represent the number of grid points in the
streamwise and normal direction, respectively. The system of
equations is solved with a scalar pentadiagonal matrix solver.
The convergence of this solution technique can be accelerated
by the introduction of a relaxation parameter 3 for the stream-
function equation.*



