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Nomenclature
A,y = Townsend’s structural parameter,
Vuv? +vw?

U+ V2i+ w2

D = diameter of circular cylinder
—yw/(@W/3y)
N = anisotropy constant, ——————
by v /(3U/dy)
ﬂef_ o = reference velocity
u2, v2, w2 = kinematic normal stresses

= kinematic shear stresses

= surface velocity of rotating cylinder

= flow angle with respect to xgg axis of

local freestream coordinates

o = mean velocity gradient vector angle
with respect to the xgg axis of the
local freestream coordinates

Oy = measured shear stress vector angle
with respect to the xgs axis of the
local freestream coordinates

v = kinematic viscosity

-uv, —uw, —vw

®3

1. Introduction

HE exact three-dimensional, unsteady Navier-Stokes

equations cannot be solved yet due mainly to the limited
capacity and speed of present computers, which are necessary
in taking into account the fine scales of the flows. Since the
Reynolds-averaged equations have more unknowns than the
number of equations, the approach to overcome the difficulty
has been to develop new equations for the unknowns in terms

of the other unknowns so that the problem can be mathemat-
ically closed. The currently used models for turbulence closure -
were reviewed by several authors.!®

The purpose of this work is to evaluate the relative perfor-
mance of some turbulence models directly from experimental
data rather than calculations. In this study selected models
that 'did not necessitate solving the momentum, continuity,
and turbulent transport equations were chosen so that the
necessary mean velocity and gradient terms, shear stress mag-
nitude at the wall, and maximum shear stress location and
magnitude in the profiles could be supplied directly from the
measured data. All the quantities leading to the calculation of
eddy viscosities and shear stresses with the models were calcu-
lated using only the data. This restricts the dlscussmn to
algebraic eddy-viscosity models.

The idea behind the algebraic eddy-viscosity models is that
the turbulent shear stresses could be related to the mean flow
quantities in a similar fashion as in laminar or molecular
stresses. Since the eddy viscosity is not a property of the fluid
but of the flow and also changes from point to point in the
flow, it was seen as not suitable for the closure of turbulence.®
However, most of the available computational schemes tend
to use this type of model® due to its programming simplicity
and speed, but the results are inadequate or are only in quali-
tative agreement with Reynolds shear stress data.’®-% The
eddy viscosity was further developed by several researchers to
take into account the differences between the measured and
predicted shear stresses. The anisotropic eddy viscosity of
Rotta,?! Rhyming and Fannelop,”? and Humphreys®® were
seen to calculate some flows rather well and some rather
poorly.23-%

Dr. M. S. Ol¢cmen received a B.S. degree in Aeronautical Engineering from Istanbul Technical University in
1982, and a post-graduate degree from the Von Kdrmn Institute in Belgium in 1983. He received an M.S. degree
in Aeronautical Engineering in 1985 from Istanbul Technical University partly under a Turkish Scientific and
Technical Research Association award. After being granted a scholarship by the Ministry of National Educa-
tion, Youth and Sports of Turkey, he received a Ph.D. degree from the Aerospace and Ocean Engineéring
Department at Virginia Polytechnic Institute and State University in 1990. He has worked as a researcher on
three-dimensional turbulent flows sponsored by the Advanced Research Project Agency and the Office of Naval
Research. At present he is a Research Associate at the Aerospace and Ocean Engineering Department at Virginia
Polytechnic Institute and State University and is a member of AIAA.

Dr. Roger L. Simpson received his B.S. in Mechanical Engineering from the University of Virginia and M.S. and
Ph.D. degrees in Mechanical Engineering from Stanford University. Since 1965 he has been involved with
experimental research on the structure and control of the Department of Defense and NASA. He has developed
special two-phase flow and unsteady flow wind tunnel facilities and equipment, frequency-domain laser-Doppler
anemometer signal processing for early 1970s separated flow research, advanced LDA and surface-pressure
fluctuation signal processing techniques, and other state-of-the-art instrumentation. From 1969 to 1983 he was
Professor at Cowling Professorship in the Department of Aerospace and Ocean Engineering at Virginia Tech
and is now the Director of the Stability Wind Tunnel. Dr. Simpson is a Fellow of the AIAA, the ASME, and
the Institute of Diagnostic Engineers (U.K.). He is a former associate editor of the AI4A4 Journal, a former
member of the ATAA Fluid Dynamics Technical Committee, and has organized several AIAA meetings.

Currently he is serving on the AIAA Board of Directors.

Received Aug. 15, 1992; revision received Feb. 3, 1993; accepted for publication Feb. 4, 1993. Copyright © 1993 by M. Semih Ol¢gmen and Roger
L. Simpson. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



1546

In the following sections, the experimental data and the
selected turbulence models will be summarized. The shear
stress direction and magnitude as calculated by the models will
be discussed. Conclusions about the relative performance of
these models will be made.

II. Experimental Data

The validity of the turbulence models for three-dimensional
turbulent boundary layers (TBLs) was tested within the limits
of the available data. As pointed out by Bradshaw, the study
of ‘the effect of the three dimensionality of the flow on the
turbulence structure still necessitates further reliable data sets
that include all terms of the Reynolds stress tensor. Previous
reviews of the available three-dimensional TBL data were
made by several authors, including Fernholz and Vagt,?” An-
derson and Eaton,”® and Van Den Berg.? In this study the
data sets that included all of the Reynolds stresses and wall
skin friction magnitude and direction were chosen.

The pressure-driven experimental data chosen were of An-
derson and Eaton,?®3° Dechow and Felsch,?! Dechow,32
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Miiller,33 Elsenaar and Boelsma,* and Ol¢men.3® The shear-
driven data were taken from Bissonnette and Mellor®® and
Lohmann.?” For the pressure-driven flows, the local free-
stream flow has the curvature of one sign, with exception of
the Olcmen flow. For the Olgmen flow, the last two stations
have a local freestream curvature of the opposite sign from the
upstream stations. A summary of the flow conditions, the
techniques used to measure the stress and mean velocity in the
flow and the skin friction at the wall, and some of the impor-
tant conclusions obtained from those studies may be found in
Table 1. All of the data sets used were first expressed in local
freestream coordinates (xps is parallel to the wall and in the
direction of the streamwise velocity vector at the boundary
layer edge; ygs is perpendicular to the wall; and zgg completes
a right-handed coordinate system) .

: III. Selected Algebraic Turbulence Models

The turbulence models selected were chosen from among
the models that did not necessitate solving the governing

Summary of experimental data sets

Ures/v of the flow
and station
numbers used

Some important conclusions
of the study

Table 1
Measurement method
for mean velocity and Method for
Reynolds shear stress skin-friction
Authors Flow studied tensor measurements
Anderson- Flow towards a X wire, 3,4 hole probe Surface fence
Eaton 90-deg wedge
Miller Three-dimen- - X wire Preston tubes
sional flow
created by trans-
verse and lateral
pressure gradi-
ents with use of
turning vanes on
a flat plate
Dechow- Three-dimen- Conrad tube, Preston tube
Felsch sional flow boundary-layer-type
induced bya '  single wire, X wire
cylinder standing
on a flat plate
Elsenaar- Incompressible X wire, slanted wire, Stanton type
Boelsma turbulent single straight wire, surface pressure
boundary layer cobra probe probes, Clauser
under infinite plots
swept conditions
in an adverse
pressure gradient
Olemen Three-dimen- Laser-Doppler- Skin-friction
sional flow velocimeter, single interferometer
induced by 3:2 hot wire
elliptical nosed
NACA 0020
tailed body
protruding from
a flat plate
Bissonnette- Three-dimen- Straight and Obtained by
Mellor sional turbulent slanted wires extrapolating the
boundary layer data to the wall
on an-axially
rotating cylinder
Lohmann  Three-dimen- Slanted wire, Obtained from

sional turbulent
boundary layer
formed on an
axially rotating
cylinder

single wire

Clauser plots

Uret/v = 1.023 X 105/m
S1, 82, 83, S4, S5

Uret/v = 1.95 X 108/m
Al, Bl, C2, D2, E3,
F5

Uret/v = 1.451 X 105/m
1,2,3,4,5,6,7

Ueet/v = 2.42 x 105/m
1,4,5,6,7,8,9,10

Uret/v = 1.726 X 105/m
0,1,2,3,4,5,6,7, 8

Ures*D/2r = 4.14 X 104
for low Re, Ures*D/2v
=7.95 x 10# for high
Re data; D =5 in.;

Wo kept constant; 5, 6,
7, 8 for both Re

Uret*D/v = 2.9x 105,
=10 in.; Wo/Uret
=1.65;2,4,9

N changes —'1.0 to 0.5; A4; is not
a constant, changes from = 0.14
to = 0.04 proceeding down-
stream; o, lags og

N above y+ = 100 scattered
around = 1.5; A is scattered
around = 0.14; o leads oy at
some stations, velocity skewed
down to the wall

Flow is anisotropic, N changes
from = —2to =0.5; A; is not a
constant, changes from = 0.14 to
= 0.06 proceeding downstream;
ap lags og

N changes from = — 0.5 t0 0.75;
A\ is not a constant, changes
from =0.15to = 0.08 proceed-
ing downstream, below

y* = 1000; flow is aniso-

tropic; am lags gg.

N changes from = — 0.5 to
= 1.0; flow is not isotropic;
am lags ag; A1 is not a constant,
changes from = 0.03 to 0.22

N changes from = 0.5 to 1.4 for
low Re and from = 0.4 to 1.2 for
high Re; flow is collateral near
the wall in a rotating frame of
reference; A4; is not a constant,
varies from = 0.12 to 0.2;

am lags ag

N varies from =0.5to = 1.7
below y+ <600; A; is not a
constant, varies from = 0.12
to = 0.21; near-wall flow was
collateral; o, leads oy
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continuity, momentum, and turbulent transport equations.
This choice restricts the discussion to algebraic eddy viscosity
models.

The comparison of the computed and experimental data
was performed using two parameters, a magnitude ratio and
an angle difference, which are described later. The shear stress
vector in the plane parallel to the floor with components of
— Vwgs and — uvgg can be expressed using complex numbers
in the form |rle’, where |7! = [ — uvi + (— VWi)]” and «
is the shear stress angle with respect to the x axis of the local
freestream coordinates. The ratio of the measured and com-
puted shear stresses presented in the complex form give two
parameters:

l7 |

= magnitude ratio
l7.1

an,— o, = angle difference

where m denotes the measured quantities and c stands for the
computed values. If a model were able to calculate the magni-
tude and the direction of the measured shear stress vector data
perfectly, the ratio of magnitudes would be 1, and the differ-
ence between the shear stress directions would be 0. In the
present paper, for each data set and model, an average of the
magnitude ratio (7,,/7.) and an average of the angle differ-
ence (o,,— a.) and the standard deviation of these quantities
from the mean were calculated for a given y * (=yu,/»;
u, =<r,/p; p = density; 7, = skin-friction magnitude at the
wall) using

lﬁ
2
6, = {(S N zgl [(7m/7e)i— (Tm/Tc )| }

17
f— - 2
8y = {(S N 12:1 [(am— ac)i— (am— ac)l ‘E

and are presented in Figs. 1-8. S denotes the total number of
samples used in averaging. The averaging was carried out at 25
different y * points, which were equally spaced in the logarith-
mic scale between y * = 10 and y * = 5000 among the profiles
of a particular data set at these y * locations. At the y +
locations where the magnitude ratio and the angle difference
were not available, the quantities were found with a linear
interpolation between the quantities at one upper and at one
lower y * location.

All of the computations were carrled out using the data in
local freestream coordinates, and U and W denote the mean
velocity components in the xzg and zxg directions, respectively.
The necessary mean flow gradients to calculate computed
shear stresses for each flow were found by fitting a parabola to
five consecutive points of the mean velocity profiles and com-
puting the gradients at the third, or middle, point. For
Olcmen’s data set the shear stresses at the wall were taken
from Ailinger3® except at the zeroth and first stations. That
study was done under the same flow conditions to obtain the
wall skin friction magnitude and direction with an oil-flow
skin-friction interferometer technique. At station 0, the wall
stress was found using the two-dimensional law of the wall
Clauser plot. At station 1, Johnston’s three-dimensional law
of the wall was used.3s

For all of the other data sets, measured wall stresses were
used. For all of the data sets the required mean flow quantities
were also taken from the data, as if the solutions of the
governing equations were the same as the data. The necessary
maximum shear stress magnitudes in the layers for the John-
son-King model for each data set at each station were taken as
the measured maximum shear stress magnitudes that satisfied
the realizability conditions.? These conditions are

determinant (R;;) = 0

R2 <R;R;; for i #j
R,‘j =0 for i =j

in which the summation convention is not used (R; =
Reynolds stress tensor). Also in the calculation of the magni-
tude ratio for all of the data sets the measured stresses that
fully satisfied these conditions were used.

A. Cebeci-Smith Model

The Cebeci-Smith (C-S) model used in this study*® uses two
different eddy-viscosity definitions, one described for the in-
ner region and one for the outer region. In the inner region,
the eddy-viscosity is defined as

au AW\2 %
F212 + | —
&)+ 3]
l=x«xy, F=1—-exp(—y*/A™)

=26 k=04

where / is the mixing length, F is the Van Driest damping
function, and « is the von Karman constant.
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Fig. 1 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these guantities around the mean
calculated with several models for Olgmen flow. Right-hand-side ordi-
nate and smaller symbols are used for the standard deviations.
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Fig. 2 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these guantities around the mean
calculated with several models for Elsenaar-Boelsma flow. Right-
hand-side ordinate and smaller symbols are used for the standard
deviations.

The outer region eddy-viscosity is given by

= 0.0168 63, U,

(. U+ W2)‘/’>
1_—
jo < Ue dy

in which 87 is the displacement thickness, v, is Klebanoff’s
intermittency correction, and U, is the local freestream veloc-
ity outside of the boundary layer at that streamwise location.
The boundary-layer thickness § is defined?® as the point in the
layer where (U? + W?)/U? is 0.99.

By using a smoothing function, the eddy-viscosity distribu-
tion in the layer can be defined as

8% =

v = vl — exp( — v,/ vy)]

and the shear stresses are found by using

aUu — oW
— VWgs =V ———

— UVpg =
FS = V¢ By ay

B. Rotta Model

This anisotropic eddy-viscosity model is based on work by
Rotta.*! An analysis of the pressure strain terms in the govern-
ing equations for the stresses led Rotta to an anisotropic
eddy-viscosity model.?! The model uses an anisotropy con-
stant T

. (VT)transverse

(¥ 7)streamwise

defined as the ratio of the transverse eddy viscosity to the
streamwise eddy viscosity in local streamwise coordinates.

By assuming T constant in the layer, »7 in the local
freestream coordinates can be computed as

U\ [aw\?
2l (2Y o
=4 [(6y> * (ay)

(T DIW@U/dy) — U(&W/&y)]z] “
U+ w2
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Fig. 3 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
caleulated with several models for Miiller flow. Right-hand-side ordi-
nate and smaller symbols are used for the standard deviations.
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and the stresses are related to the mean flow gradients with

vr = [l — exp( — v7/v3)]

_ oUu oW
— UVEg = ¥ axx-a— + Qg —7—
Y

oy

— aU ow

— VWgps = 1, axz—a;+au—a-y—

where
o U+ TW? _ WA+ TU?
== iiwr =TTy we
uw

axz=(1—T)W I=xy

In this study, following Abid,*” v as defined by Rotta was
used as the inner layer eddy viscosity, and the outer layer eddy
viscosity #,, was kept the same as the Cebeci-Smith model. The
anisotropy constant 7 = 1 corresponds to isotropic turbulence
and T # 1 to anisotropic turbulence. For the present data, five

ROTTA T=O.7L\ ‘
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Fig. 4 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
calculated with several models for Dechow-Felsch flow. Right-hand-
side ordinate and smaller symbols are used for the standard devia-
tions.
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Fig. 5 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
calculated with several models for Anderson flow. Right-hand-side
ordinate and smaller symbols are used for the standard deviations.

data, five different anisotropy constants, 7 = 0.3, 0.5, 0.7,
1.2, and 1.5 were tested. Cases with 7>1 imply that the
effective spanwise eddy viscosity is larger than the streamwise
eddy viscosity. In other terms 7T can be expressed as

_ tan(oy, — o)
- tan(o, — o)

If Tis larger than 1, it can be seen that la,, — ol is larger than

la, — al, which are the cases for Lohmann and Miiller flows.
Calculations with T>1 are presented for the shear-driven
flows since the agreement with the measurements is better than
the calculations made with T'< 1.

C. Patel’s Model

The third model selected is the one eguation (k) near-wall
model of Wolfshtein?? as used by Chen and Patel® in the k-¢
turbulence model with the fully elliptic Reynolds-averaged
Navier-Stokes equations to compute the flow characteristics in
the boundary layer or wake of axisymmetric bodies. The
isotropic eddy viscosity in this model is defined as

Ve = é‘,‘\/];lﬂ
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Fig. 6 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
caiculated with several models for Bissonnette-Mellor low Re flow.
Right-hand-side ordinate and smaller symbols are used for the stan-
dard deviations.

%

I, =c;y[1 —exp(—~ R,/A)] ¢ = ke,
R, = vk (y/») = turbulent Reynolds number
A,=170

¢, =0.09 k= 0.418

u?+v2+ w?

k =TKE = 2

(k = TKE = turbulent kinetic energy) and the stresses in
Cartesian coordinates could be computed using*

;= — 28y + 2k6i;-/ 3
Sy = 1'/2((211;,' + U
é§=1 if i=j
=0 if i#j
(u;; is the Reynolds-averaged kinematic stress tensor, U is

the partial derivative of U; with respect to j, and i =1,2,3;
Jj=12,3).

After neglecting the derivatives other than those with re-
spect to y, the stresses in this study are computed using

— U —_— ow
— UVEs =V — VWgs =V
ay ay

The validity of the equations for the turbulence model as
given was defined to be restricted to the viscous sublayer,
buffer layer, and a part of the fully turbulent layer. Therefore,
the comparison with the data is only meaningful below y + =
150 (Ref. 45).

D. Johnson-King Model

The eddy viscosity model introduced by Johnson and King#
(J-K) for two-dimensional flows subject to strong pressure
gradients and separation was extended to three-dimensional
flows by Abid.*” Instead of using the wall skin friction as the
Cebeci-Smith model does, the model utilizes the maximum
shear stress in the layer (r)s) to define the eddy viscosities and
the Van Driest damping function, which is effective near the
wall. The inner layer eddy viscosity, which has the same form
as the Cebeci-Smith model, differs due to the use of the
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Fig. 7 a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
calculated with several models for Bissonnette-Mellor high Re flow.
Right-hand-side ordinate and smaller symbols are used for the stan-
dard deviations.
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maximum shear stress in the layer. The model is defined as
follows:
™ %
Vi = F?] <_>
P

(ru/p)”
F=1—exp<—yVA—Jr l =«ky

T, — —
Mo v+ W At =15
p max

The outer eddy viscosity was also modified to take into
account the effect of the maximum shear stress in the outer
layer. The outer layer eddy viscosity is defined as

Vio = 0(0.0168)7,(5 (U.—NU?+ W2) dy
0

where ¢ parameter is found when the relation
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Fig. 8 .a) Average magnitude ratio and b) average angle difference
and the standard deviations on these quantities around the mean
calculated with several models for Lohmann flow. Right-hand-side
ordinate and smaller symbols are used for the standard deviations.
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Fig. 9 Root mean square magnitude ratio calculated around 1.0 for
pressure-driven flow data in the 30 <y + <500 range: 1= J-K, 2=C-S,
3=Rotta T=0.3, 4=Rotta 7 =0.5, 5=Rotta »T =0.7 models.

is satisfied at the location in the layer where the shear stress is
maximum. Once ¢ is found, the shear stresses are found using

u Wy yw, 9
— UVrg = v, — — = p, —
FS t ay FS t ay

where

v = violl — exp( — v/ 1)}

The maximum shear stress magnitude is found by Johnson-
King and Abid using an ordinary differential equation derived
from the TKE equation, which is valid along a path where the
shear stress is maximum. We do not evaluate the validity of
this ordinary differential equation. Here, the experimental
magnitude and y location of the maximum shear stress were
used in evaluating other aspects of this model. The constant
multiplier ¢ in the »,, equation was found by Newton iteration
and by using the experimental 7,, and mean flow gradients.

IV. Results and Discussion

For all of the data sets the 7,, /7, and standard deviation of
this quantity about the average and the average angle differ-
ence and the standard deviation of this quantity are plotted.

For the models that use a single eddy viscosity for both
components of calculated shear stress (J-K, C-S, and Patel
models), the angle difference can be derived to be

arctan( — W) arctan (a w/ 6y>
Ay — =, — —
m G — ) m 3U/3y) m

In this equation the right-hand side consists of only the
derived quantities from the measured data, which shows that
unless an anisotropic eddy viscosity is used in the formulation
of the calculation of the shear stresses, no effect of the model
exists on the angle difference. Therefore, only Rotta’s model
could affect or capture the angle difference. In Figs. 1-8, the
plots of this quantity for the C-S, J-K, and Patel models are .
denoted with the same symbols. For the J-K, C-S, and Patel
models the average angle difference shows the mean of the
difference of measured shear stress vector direction and the
mean velocity gradient vector directions.

In the near-wall range where Patel’s model is valid, the
Elsenaar-Boelsma and Lohmann flows had only four and
three points, respectively. These points are not presented in
the figures. For Dechow-Felsch, Anderson-Eaton, Qlgmen,
and Miiller flows, Patel’s model calculates shear stress magni-
tudes more than the other models at most of the y * locations,
which results in mean magnitude ratios within the range of
0.5.~ 1.2. For the Bissonnette-Mellor data, Patel’s model also
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Fig. 10 Root mean square magnitude ratio calculated around 1.0 for
shear-driven flow data in the 30<y* <500 range: 1=J-K, 2=C-S,
3=Rotta T=0.3, 4=Rotta 7T=0.5, 5=Rotta T=0.7, 6=Rotta
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Fig. 11 Root mean square magnitude ratio calculated around 1.0 for
pressure-driven flow data in the 30 <y *+ <150 range: 1 =J-K, 2 = C-
S,3=Patel, 4 =Rotta T =0.3,5=Rotta 7 =0.5,6 = Rotta T = 0.7
models.

underestimates the shear stress magnitude just as the other
models do, resulting in mean magnitude ratios larger than 1.

The C-S model for all of the data sets calculates the mean
magnitude ratio to be larger than 1 for y * of the order of 100.
Beginning at different y * locations, the calculated mean mag-
nitude ratios for the pressure driven data are smaller than 1,
For the Olgmen flow the magnitude ratio is higher than 1
below y * = 20, decreases below 1 and is again higher than 1
with increasing y * . For the shear-driven data the magnitude
ratios are always large in the layers.

Like the C-S model, Rotta’s model, even with varying val-
ues of the anisotropy constant, overcalculates the magnitude
ratios near the wall for all data sets except for the Olgmen
flow. For this flow between y * = 20-60 the magnitude ratio is
low. The proximity of the mean magnitude ratio to unity not
only differs with the anisotropy constant but also with the
data sets and with different regions in the profiles. Among the
anisotropy constants tested for the Ol¢men and Elsenaar-
Boelsma flows, T =0.7 works best; for the Miiller flow a
value of T = 0.3 is needed. For Dechow-Felsch and Anderson
flows T = 0.7 works best until y * =200 and y * = 150, re-
spectively; above these locations T = 0.5 gives better agree-
ment for both flows. For the shear-driven flows, T =1.5
works best.

Except for the Bissonnette-Mellor data sets (7,,7/7.) values
calculated using the J-K model mostly lie in the range of
0.5-1.4. For the Bissonnette-Mellor data sets, the average
magnitude ratios are closer to 1 than any other model in the
near-wall region below y * = 60. Like the other models, the
magnitude ratios calculated with this model in the other re-
gions are well above the value of 1. For Lohmann’s data, the
calculated shear stress magnitudes with the J-K model are in
good agreement with the measured shear stresses. For the
pressure-driven data, the J-K model estimates higher (7,,/77.)
values than Patel’s model and the values are closer to 1.

For different data sets and at different y * locations of the
profiles, Rotta’s model with different 7" anisotropy constants
calculates average angle differences closer to zero. Whereas
for the Elsenaar-Boelsma flow 7 = 0.7 is the best observed,
Miiller’s flow needs values of the anisotropy constant greater
than 1. For the Dechow-Felsch and Anderson data sets,
T = 0.3 works best. However, for the Bissonnette-Mellor low
Re data very near the wall, 7" = 1.5 works well, whereas above
»* =100, T = 0.7 predicts angle differences closer to zero.
For the high Re data of Bissonnette-Mellor, 7 = 0.7 is seen to
work well. For the Lohmann flow 7 = 1.2 and T = 1.5 work
well at different y * locations. Thus the T constant, which
results in closer values to 1 for (7,,/7.), does not necessarily
work well in estimating the average angle difference.

In an attempt to find the best model in calculating the
magnitude ratio and angle difference, the root mean square
(rms) of the magnitude ratios around 1 and the rms of the
angle differences around 0.0 were calculated using the follow-
ing equations:

%,,, 1 X Tm 2) %

<;:>rms - {]T] i§1|:<70>i B 1] }
1 X [ K

o= |3 £

The calculations were carried out twice for the (7,,/7)ims: ONE
between 30 <yt <500 and one between 30<y* <150 loca-
tions in each profile of the data sets for each different model
tested. Chosen y* locations correspond to the logarithmic
region of the profiles of the data sets and to the near-wall
region where Patel’s model is valid. Therefore, only two val-
ues for the magnitude ratio and one value for the angle differ-
ence tesults for each model for each data set-(Figs. 9-13).
Since Patel’s model does not have any effect on the rms angle
difference, averaging was done only in the logarithmic region
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Fig. 12 Root mean square magnitude ratio calculated around 1.0 for
shear-driven flow data in the 30 <y *+ <150 range: 1=J-K, 2=C-S,
3=Patel, 4=Rotta T=0.3, 5=Rotta T=0.5, 6=Rotta T=0.7,
7=Rotta 7'=1.2, 8 =Rotta 7T =1.5 models.
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to test Rotta’s model. However Patel’s model results are aver-
-aged only up to y * = 150.

Among the pressure-driven data sets, the J-K model is seen
to work best in predicting the magnitude ratios for all of the
flows for both regions. However, the location and magnitude
of the maximum shear stress in the profiles in the original J-K
model are found by solving the governing equations, whereas
in the present study they are taken from the data.

Among the shear-driven data sets, Patel’s model works best
for the Bissonnette-Mellor data sets between 30<y* <150;
however, in the 30<y* <500 region data are best described
with Rotta’s model with 7 = 1.5. For the Lohmann’s flow,
the J-K model performs best for both regions. The same
conclusions were also observed from [(7,; — 7.)/7as) rms (fms of
the magnitude differences between measured and calculated
shear stresses nondimensionalized with maximum shear stress
at each station for each data set around zero) calculations,
which are not presented here.

Both for pressure- and shear-driven data sets, different T
constants in Rotta’s model result in the least rms magnitide
ratio. However, knowing a. priori the one T constant that
would work either for pressure-driven or shear-driven data
sets proves to be difficult.

V. Conclusions

An evaluation of algebraic eddy viscosity models using eight
different data sets and four different models was made. The
average magnitude ratios calculated at different y * locations
show that at different y * locations and for different data sets,
different models perform better than the others. However,
from the (7,,,/7:)mms calculated for each of the pressure-driven
data sets for different models, the J-K model is seen to predict
the magnitude ratio closer to unity than any other model for
all of the flows, even for the region where Patel’s model is
valid. Among the shear-driven data sets, the Bissonnette-Mel-
lor data is described best by Rotta’s model with 7T = 1.5
whereas Lohmann’s flow is best described by the J-K model.
However, in the region up to y* =150, both data sets of
Bissonnette-Mellor are best described with Patel’s model.

It was shown that models using an isotropic eddy viscosity
term for the calculation of both components of shear stress
(J-K, C-S, and Patel models) cannot affect the angle differ-
ence. It was also not possible to find one anisotropy constant
for Rotta’s model that could work for all of the data sets in the
calculation of the angle differences. Also, an anisotropy con-
stant that resulted in angle differences close to zero did not
necessarily result in magnitude ratios closer to unity. For
calculation of the angle differences, Rotta’s model needed
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Fig. 13 Root mean square angle difference calculated around 0.0 for
pressure- and shear-driven flow data: 1=J-K, 2=C-§, 3=Patel,
4=Rotta T=0.3, 5=Rotta 7=0.5, 6=Rotta T=0.7, 7=Rotta
T=1.2, 8=Rotta T =1.5 models. Note results for Patel model only
for 30 <y + <150.

higher anisotropy constants for the Olgmen and Miiller flows.
For the Elsenaar-Boelsma and Bissonnette-Mellor high Re
data T = 0.7 is seen to perform best. However, for the Bisson-
nette-Mellor low Re data a value between 0.5 and 0.7 is best,
and for the Lohmann flow a value between 1 2 and 1.5 is
needed.

As one conclusion, the J-K model is recommended for the
calculation of the shear stress magnitudes for the pressure-
driven flows, provided that the magnitude and y location of
the maximum shear stress are properly calculated by the ordi-
nary differential equation in that model. With that restriction,
that model calculates the magnitude ratios close to unity for
all of the data sets. For the shear-driven data sets Patel’s
model or Rotta’s model with anisotropy constants larger than
.1 appear best of the examined models. :
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