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Abstract

Additional equations were found based on experi-
ments for an algebraic turbulence model to improve the
prediction of the behavior of three dimensional turbu-
lent boundary layers by taking account of the effects of
pressure gradient and the historical variation of eddy
viscosity, therefore the model is with memory. Numeri-
cal calculation by solving boundary layer equations was
carried out for five pressure driven three dimensional
turbulent boundary layers developed on flat plates.
swept—wing and prolate spheroid in symmetrical plane,
Comparing the computational results with the experi-
mental data, it is obvious that the predition will be more
accurate, if the proposed closure equations are used, es-
pecially for the turbulent shear stresses.

Nomenclature
XY, 2 Cartesian coordinate fixed on the flat plate
S, y,n local streamwise coordinate, with the
s~axis in sense of velocity outside the
boundary layer
wv,w mean velocity components along the x, y, z
v axis
Ug, Vy, Wy mean velocity components along the s, y, n
axis
2 2.1/2
U, =(u, +w,)
q =3 puf , dynamic pressure
W, fluctuation of velocity u,
T local shear stress
Ty wall friction
v, =(z, / p)'"?, frictional velocity
u, u /u
+ r T
¥y =yu,/y
vx
" n=y/dd= e
5,6%,0 thickness, ~displacement thickness and

momentum thickness of the boundary lay-
er respectively
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H =6~ /6, boundary layer shape factor
k

= (u’ v rw 2)/ 2 turbulent kinetic
energy per unit mass

£ rate of dissipation of turbulent kinetic en-
ergy

P static pressure

1 .

G =(p—p,)/ 53" pui), static  pressure
coefficient

C; =t / (% . pui), skin friction coefficient

p air density

! mixing length of turbulence

o angle of wedge deflection, or wing angle of
attack

B =tan _l(wn /u)), angle between local

and external streamline direction meas-
ured parallel to the surface

or =(dp/ dx)(o : /1), pressure gra-
dient parameter

TRR dynamic, kinematic and eddy viscosity
respectively

Subscripts

e outer edge of the boundary

W wall

oo free—stream

eq in equilibrium state

t turbulent

1. Introduction

In recent years, the prediction of the viscous flow
developed over three dimensional bodies, such as wings
and fuselages, becomes important in the field of
aerodynamics. The  continuing advances in
computational method and the rapid increase of com-
puting power are enabling the rescarch to proceed in
solving the full Navier—Stokes equations. However, it
seems that in the near future, there will still be a great
need to meet the increasing demand in the aeronautical
industry by using schemes which couple an inviscid flow
solver to a boundary layer calculation method for eval-
uating the aerodynamic characteristics of airplane com-
ponents. The aerodynamic researches in the field of
three dimensional boundary layer are generally concen-
trated on the turbulent flow because of the high




Reynolds number met in the aeronautical problems.
Basically there are two approaches to turbulence model-
ling the Reynolds—averaged equations. They are
algebraic and differential models according to whether
the closure equations are of algebraic or differential
form. Generally the algbraic turbulence models are
more commonly used within the design environment
because of their simplicity and versatility without the
excessive requirements of computer memory and CPU
time to aggravate the difficulties encountered in com-
plex computation in aerodymic design. The other rea-
son may be having less experience in setting boundary
conditions for using differential turbulence models, such
as the k—¢ two equation model in treating the wall law
or the added terms on account of the low Reynolds
number effects in the case of flow with strong pressure
gradient or on approaching the separation point which
is not known in advance.

Nevertheless there are inherent demerits of the
algebraic turbulence models, such as they are appropri-
ate only for dealing with the equilibrium boundary lay-
ers and havn’t taken the historical influence of the mo-
mentumn transfer effects into account. Some of these
demerits have been compensated in the revised two
dimensional turbulence modelling to give good results .
However, as to the three dimensional turbulent bounda-
ry layers, the computational results are less satisfiable
especially for the shear stresses, because physically there
exist the velocity skewness and the anisotropic distribu-
tion of the eddy viscosity within the boundary layer,
which haven’t been reckoned in the three dimensional
modelling as it was generally deduced from the two
dimensional models. It is believed that some of the three
dimensional features can be taken into account, if the
distribution of mixing length 1 or eddy viscosity v, is to
be modified within the frame of altering the gradient

al . . . .
K =Q—y— in the inner layer and the maximum ratio of

mixing length C = (é) in the outer layer, because K

max

and C are quantitative parameters able to reflect the va-
riation of the turbulence structure which can be affected
by extra rates of strain under the action of pressure gra-
dient. Actually our former experiments!” did demon-
strate that the streamwise and transverse pressure gra-
dients would clearly influence the parameters K and C.
The computational work!@also reveals that by using the
conventional models!® without considering the influ-
ence of pressure gradient, e.g. Michel's model, the
computational turbulent stresses would deviate appar-
ently from the experimental results, although the bulk

magnitude, e.g. mean velocity or boundary layer thick-
ness, would agree better to the experiment. Therefore, it
seems possible that the predictional accuracy could be
improved, if the effects of the streamwise and transverse
pressure gradients as well as the historical variation of
the eddy viscosity or mixing length were taken into ac-
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count by introducing additional closure equations. The
investigation described below will bring on promisingly
the intended outcome.

1. Experimental procedure and turbulence modelling

In order to investigate the main influence of the
pressure gradients on the distribution of mixing length
and to find out the closure equations for turbulence
modelling, experimental procedure was arranged.

Experimental study of the influence of streamwise pres-
sure gradient on mixing length distribution

For the purpose of finding the influence of

P

as

streamwise pressure gradient on mixing length

slope % and maximum mixing length ratio (31—)

max

flow along a flat plate with a wedge laid on it was stu-

aC
p

as
the wedge increases rapidly as the wedge is approached,
and can be changed by varying the wedge angle a. In

QCF

an

because of the two dimensionality, and the velocity be-
yond the boundary layer varies nearly as u=cx*, where
c and a are constants, near the wedge front, although
the flow may separate slightly as verified by experiment.
Taking the case «=29° for example, the velocity dis-
tribution calculated by this expression and by solving
the potential equation (panel method) are nearly the
same. The pressure coefficient C, corresponding to the
latter result is well agree to the experiment. (See Fig.2).
Therefore this boundary layer flow can be recognized as

died. (See Fig.1). The pressure gradient in front of

is zero

this case, the transverse pressure gradient

in a state of equilibrium!*®, and the experimental re-
sults so obtained will be suitable for modifying the
algebraic turbulence models which is appropriate only
for equilibrium boundary layer.

The experiment was carried out in BUAA in a low
speed wind tunnel having a test—section 0f 0.92 X 0.92m
in area and 1.52m long. The free stream velocity was
kept at 16 m /s with turbulence intensity below 0.5%
and Reynolds number 1x 10° 1/ m. By varying the
wedge angle o, the pressure gradient or parameter
B=(dp/ dx)(8" / 1) can be changed . The skin friction
was measured by using Preston tube and surface hot
film technique. By setting hot—wire and hot—film
anemometers horizontally or vertically, could the mean
velocity components u,v, u,, and the turbulence quanti-

ties u’? R : ,W be determined. The measuring stations

located in front of the wedge are as shown in Fig,1. It

was observed that for various plate deflections a, the ve-
U —u

e

locity profiles in form of the defect law (i.e.

VSs.

T
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0
measuring positions.(See Fig.3). This fact also confirms
the flow within the boundary layer can be treated as in

) can be recognized as nearly independent of the

equilibrium '¥, The experimental results including the
boundary thickness 8, 6, the distribution of —uu— vs. %

e
and the correlation w'v’'/ uz vs. y/ & were obtained.
From these data the mixing length distribution along
the normal direction y can be determined based on the

_ 1
definition: [=(—u'v)2/

) L.
%‘. Hence the derivative

K =9ol/9y and the maximum mixing length C=1_, /4
against y/ 6 at the measuring stations were obtained.

. ] . .
Since 6, t,, and 9—5 had been determined earlier, the

value of § was known. Finally the relations between K
and f as well as C and § were derived®. (See Fig.4).
These relations show that when f<1.2, K increases
with f like the result given in Ref.6, and K decreases
with f when f>1.2, while C decreases monotonically
from C=0.09 at §=0 with the increase of §. These rela-
tionships can be reduced into two additional empirical
formulas appropriate for computational application as
follows:

040+ 0.18[1 —exp(—0.328)], 0<B<12
K, = {0.374 +0.005(5.5— §)'*, 12<g<s (D
0.375 — 0.0037(8 — 5.0), B>5
_ {0.09 — 0.00538, B<4 ®
« "~ 10.069 — 0.0012(8 — 4.0) B>4

where the footnote eq denotes equilibrium.

In addition, from the power spectrum records (see
Fig.5), it was found that the maximum turbulent kinetic
energy appearing at lower frequency becomes greater as
moving towards the wedge corner. This phenomena
might be explained as there were large eddies existing in
the boundary layer and becoming stronger to bring
about the extra rates of strain affecting the turburence
structure and the change of K and C.

Experimental study of the influence of transverse pres-
sure gradient on mixing length distribution

It remains to study the effect of transverse pressure

P
on
boundary layer. For this purpose, we ought to establish

aC oC
£ 20 while —2Z

on as
this problem we have experienced from the former ex-
periments! "' that the three dimensional turbulent
boundary layer suitable for carrying out this research
should satisfy at least: (1) no apparent vortical
movement induced by the secondary flow under the ac-
tion of centrifugal force , (2) no severe shearing action
existing within the measuring area. The satisfied flow
found after all was the boundary layer developed on a

gradiant on the three dimensional turbulent

a flow field with

= 0. Concerning
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flat plate with a straight wing having laminar profile
NACA 66,018 erected on it. (See Fig.6). Related exper-
iments were carried out in a closed type low speed wind
tunnel with a test section of 0.8 % 0.6 m in area and
1.52m long. The testing Reynolds number was 1.2~ 1.3

x 10® per meter and the turbulence intensity below
0.5%. The flat plate having a length of 1 m with its lead-
ing edge elliptically modified to prevent flow sepration
was supported by the two side—walls of the test section.
The straight wing with a chord of 660 mm erected on
the flat plate was extended to the ceiling of the test sec-
tion. (See Fig.6). A metal tripping wire 2mm in diameter
was glued on the flat plate near the leading—edge for
promoting the transition and forcing the boundary lay-
er fully turbulent around the straight wing. The laminar
profile has the property of having a long range of con-
stant static pressure along its surface, which will pro-
duce a nearly uniform distribution of static pressure
along the stream line (i.e.0C, / 95 =0) by the side of the
wing, while keeping the transverse pressure gradient fi-
nite (3C, / an5=0). In order to prevent the flow from in-
ducing horseshoe~vortex within the boundary layer
near wing root, the leading—edge of the wing was modi-
fied to a spike form extruding forward. (See Fig.6). This
modified part is rotatable about a pivot at 2.5% chord
after the original leading—edge. For different angle of
attack, the spike—like nose part was turned accordingly
to keep the oncoming flow passing tangentially along
the surface near the sharp leading~edge without separa-
tion which can be verified by testing. To determine the
existence of the domain where pressure gradient
aC,/9s=0 and aC,/ an==0 , static pressure distribu-
tion on the flat plate near wing—root was measured by
using static pressure probes. The existence of
9C,/9s=0 was verified by the measured C, vs. x
curves as shown in Fig.7 and the values of aC, / an were
determined from the C; vs. z curves (see Fig.8) for vari-
ous measuring stations . The selected measuring stations
located on a line L normal to the wing surface were sit-
uated at x=210mm behind the leading—edge. The
measuring of turbulence quantities and data processing
were proceeded in the same way as described in the case
of 8 C,/ 8 s0 and aC,, / an=0 case. After the 1;’,7

ou_ /0y along the had been

measured, the relations between K and aC, / on for the
inner layer as well as C and aC, / on for the outer layer
were determined as shown in Fig.9. These relations
show the tendency that K and C decrease somewhat as
the transverse pressure gradient increases. In order to
verify the accuracy of the experiments, and to
verify: the measuring accuracy, measurements were

and streamlines

made on a pure flat plate, and gave the relation: u
=5.51log y * +4.45 which conforms with the general
expression of the law of the wall: u T =562 log y

+4.9% pretty well. (See Fig.10), if the roughness of the
flat plate and the turbulence of the wind tunnel are
taken into account. Based on these experimental results,




the following empirical formulas were deduced:

AK=K—K =—0455‘(6C") (3)
eq ’ on

AC=C-C =—00925‘(6C”) 4)
eq ) on

where K, and C,, are the K and C under the condition
of equilibrium withoC,/on=0, ¢ * is the displacement
thickness. The tendency of decreasing C with the in-
crease of 9Cp/ on is in correspondence with the results
of the NLR in Holland!”, which displays the C to de-
crease with the increase of the flow deflection angle
B, atthe wall,

Additional equations needed for algebraic turbulence
model to have memory and to take account of the effect
of pressure gradient on K and C

As mentioned earlier, it can be assumed that the ef-
fect of the pressure gradient on algebraic model lies on
varying the parameters K and C, and the historical ef-
fect of turbulence, ie. the nonequilibrium, rests on deri-
vatives 9K /oS and aC / 9s. Therefore, on purpose of
improving the computation as a whole, the following
two ordinary differential equations were introduced:

dK

W —AK=K, K )
dc

5> —AC=C, —C ©)

where A represents a lag length of the variation, tenta-
tively taking 1=2, K, and C,, were to be determined
by the pressure coefficient § according to the empirical
formulas, equation (1) and (2). For example, the
Reynolds shear stress can be expressed as
7,=g1*(du / ay)| su / ay| , where 1 is the mixing length
which can be express as 1/ §=Ctanh (Ky / Cé) accord-
ing to the Michel’s model. Here the parameters K and C
are no longer constant as commonly used, but should be
determined by simultaneously solving the equations (5)
and (6) with the boundary layer equations. How much
actually the improvement could be got through using
the proposed algebric turbulence model would be exam-
ined via the computation of the following test cases.

IlI. Computational test cases

In order to validate the computational results by
solving boundary layer equations along with the newly
proposed algebraic turbulence model , five potentially
useful test cases having measuring data were adopted
for computation.

Case 1. A cylinder standing on a flat plate

This case concerns with the boundary layer devel-
oped in front of a cylinder standing on a flat wall in a
wind tunnel. The experiment was described in
R.Dechow and K.O.Felsh!®, TH. Karlsruhe, Germany.
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The cylinder diameter is 320mm with a streamlined
afterbody to prevent separation. The sketch of the ex-
perimental setup is as shown in Fig.11 with the meas-
uring stations indicated. Measurements were performed
along the symmetry line (AS) at two stations and along
an outer streamline (BC) at ten stations. Far upstream
the boundary layer is two—dimensional. The non—circu-
lar cylinder induces a pressure distribution driving the
boundary layer to three—dimensionality. Hot wire
anemometer was used for velocity measurement and
Preston tube for wall shear stress. In the
computation! ', finite difference scheme was used for
solving the two momentum equations with the continui-

ty equation satisfied apart from joining the iteration.
Because the continuity equation is linear, the iteration

can be simplified without the continuity equation to join
with. Using the Cartesian coordinates fixed on the flat
plate as shown in Fig.11, the governing equations can
be expressed as follows:

g =0
u?‘—+vg—;+wg—:=—%z—x+%(%+vg—;) o
ug—w+vg—;’+ %_»;4:_%;_;;;; 5%(—;';—+vg—‘;)
20

where p is the density and p is the pressure ,the terms
_lop 4 1dp

pox p 0z
potential equation of the flow outside the boundary lay-
er, and the turbulent shear stresses <,

—u'v’ and
7, = —wy'. The

can be determined by solving the

boundary conditions are:

u=v=w=0aty =0andu=u,w=w, aty =o0,

The boundary layer equations were first trans-
formed by a similarity transformation for the purpose
of reducing the growing rate of the boundary layer and
then discretized by using the box scheme which is an
implicit scheme with second order precision as sug-
gested by H. B. Keller!”. All derivatives were approxi-
mated by two—point centered difference. Finally the
discretized equations were solved by the Newton /
Raphsen procedure. Calculation can be started by read-
ing in initial profiles at formost station and to proceed
downstream. The initial velocity profiles were gained
from experiments at formost location in front of the cyl-
inder and that in the symmetrical plane (z=0) gained by
solving the boundary layer equations for symmetrical
plane. Several conventional turbulent stress models
were employed to compare with the proposed model.
Among these was the Michel’s expression'”: 1/8=C

tanh (%%;—) modified by multipling on righthand side

the V. Driest’s damping facter [l—exp(—y/' A)] with a
the damping length A defined as 26(t / p)"%.7 .

Other algebraic turbulence models used in the computa-
tion were Cebeci—Simth and Mellor—Herring’s. Their




expressions can be found in the literature'and needn’t
be recited here. In the computation, factor of
anisotropism TI'=v, /v _ as suggested by J. C.
Rottal® was introduced to consider the anisotropic va-
riation of the eddy viscosity v,. Here for three

dimensional boundary layer v, can be expressed as:

— 1208y @y 213
v, =1 [(ay) ‘+(ay) —(1-1h"12 8)
with h=2% _ %% 14 tentatively T=0.8.The
u, 0y u, oy

convergence criterion for the iteration in computation
was taken as: |ds, /s | <eand |61 /1 | <& where

2

_ ,Ou _ Ow sy -
S”_(ﬁ)"ﬂ andtw—(b;)”;0 witheg’ =10 °,

Computational and experimental data are pres-
ented in form of curves which includethe distribution of
velocity components in streamline coordinate (Fig.12),
wall frictional coefficient C,, (Fig.13), Reynolds
stresses (Fig.15) and the thickness 3 along a definite
streamline BC (Fig.14). These curves illustrate that, in
general, the Cebeci—Smith or the Michel’s model seems
fitting better, although the Mellor—Herring’s model
could give satisfiable results for 8* and C;,, but neither
of them could predict the Reynolds stresses with suffi-
cient accuracy. The deviation existing between the com-
putation and experiment is greater as the adverse pres-
sure gradient becomes stronger when moving towards
the cylinder. However the results gained by using the
proposed new model will improve at any rate the accu-
racy of prediction, especially for the distribution of
Reynolds stresses. In these mentioned figures, curves of
turbulent stresses with or without considering the effect
of oC » / 3n are presented , therefore how much the re-
vised quantities can be contributed by the QCF / on
term can be discerned. However the accuracy concern-
ing the prediction of the turbulent stress in z—direction 7,
is still unsatisfactory, although the improvement is
obviousely achieved by using the proposed new turbu-
lence model.

Case 2. A tapered cylinder standing on a flat plate

Instead of employing circular cylinder as described
in Case 1, here a tapered cylinder with a tear—drop pro-
file was erected on the flat plate. Relevant experiments
were conducted by F.J. Pierse et al. of VPI and state
university!", virginia, USA, They provided data appro-
priate for validating the three dimensional turbulent
boundary layer code. There are measured boundary
layer edge condition which can eliminate the need of as-
suming a freestream potential flow for computation.
The experiments were conducted in an open circuit low
speed wind tunnel having a cross—section area of 0.61 %
0.91m. The freestream turbulence intensity was about
0.5%. The wall shear stress was measured by Preston
tube and the Reynolds stresses by hot wire / film
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probes. The initial condition plane was located 24
inches upstream of the body leading edge, where the
profile of mean velocity and the six Reynolds stresses
had been measured at several stations. The measuring
stations are as shown in Fig.16, from which only the
stations 1, 2 and 3 located at places with their x— and y—
coordinates (7,0), (—5,0) and (—7,—6) respectively were
selected for computation to compare with the
measurement. The same computational method as des-
cribed in Case 1 was used in this case, except the pres-
sure distribution data were adopted from experiments
instead of the potential solution. From the curves
drawn in Fig.17 to Fig.21, the effectiveness of using the
proposed new model on improving the computational
accuracy can be discerned. In order to validate the effect
of using new model, calculation was proceeded under
three conditions, i.e. 1) for constant K and C, 2) for K
and C varying according to the expression (1) and (2)
with aC,/ en=0, oC,/9s% 0 and 3) for X and C va-
rying with 8C,/on% 0 and oC,/0s% 0 for station 3
standing apart from the symmtrical plane.
Computational results show that for all examined tur-
bulence models, the bulk quantities such as §*, 4, u cor-
responds relatively well to the experiments exept in the
inner layer and the measuring station near to the
separation line. However the transverse velocity w does
not agree satisfactory to the measuring data. The devia-
tion is clear for the stations standing apart from the
symmetric plane. The new proposed model can also in-
crease the predictional accuracy of the wall friction. For
example, the measured Cg, equals 2.35X 1073 at sta-
tion 2, while the computational values corresponds to
conditions 1), 2), and 3) are 2.5x 107, 2.4x 107and
225x 107 respectively. That means the computational
values will decrease to approach the experimental value
when the effect of the pressure gradient is considered,
even though it may under—estimate somewhat in condi-
tion 3). As has been mentioned, there are apparent de-
viation between the predicted and the experimental data
of the Reynolds stresses for most of the models used.
Their predicted values are always over—estimated. But
by using the proposed turbulence model the estimated
value will reduced to approach the experimental data
closer than other models as shown in Fig.20 and Fig.21.
It is evident that the tendency of improvement is correct
when the pressure gradient and historical memory ef-
fects are taken into account. By the way, it deserves to
mention that the experimental tendency of monotonic
increase of the transverse stress 1,, till very adjacent to
the wall (Fig.21) seems unusual comparing with other
experimental examples, if the local pressure gradient is
not severely strong.

Case 3. A straight wing having a profile of circular
leading—edge and rectangular middle part tapered to a
sharp trailing—edge standing on a flat plate

In this case, the behavior of the pressure induced




three dimensional boundary layer developed on the flat
plate was investigated experimentally by L.F.East' in
England early in 1971, who had measured the general
behavior of the boundary layer besides the turbulent
stresses. The measurement of the turbulent stresses un-
der same condition was implemented by the author and
his students!’™, By measurement, we used hot wire / film
probes, Preston tube and wall hot film. Details can be
found in Reference!'. The computational method used
in this case was same as described in case 1, except the
initial velocity distribution in front of the obstacle and
the pressure distribution outside the boundary layer
were taken from the experiments. Curves illustrating the
variation of the Renolds stress along the direction of lo-
cal stream line in plane parallel to the plate for different
stations together with the experimental data are shown
in Fig.22. Although the agreement between the compu-
tation and experiment is not so well as expected, but
considering the pressure gradient and the historical evo-
Ilution of the turbulence will effectively increase the ac-
curacy of prediction, i.e. the improvement achieved by
using the proposed new model is rather evident.

Case 4. A case of simulation of the flow past an infinite
35° swept wing

The experiment simulating a flow past an infinite
35° swept wing was performed at NLR, Holland in a 3
X 2m low speed wind tunnel conducted by B. Van den
Berg''® and A. Elsenaar''l. In experiment, the initial
two—dimensional boundary layer on the test plate was
subjected to adverse pressure gradient, which led to
three—dimensional separation near the trailing edge of
the plate. Velocity profiles, skin friction and Reynolds
stresses were measured at stations shown in Fig.23. The
boundary layer was maitained very nearly
quasi—two—dimensional with the help of guide vanes on
cither side of the region investigated. The direction and
the magnitude of the velocity at the boundary layer edge
were measured with a cylindrical yaw tube and a Pitot
static tube respectively. The velocity measurements in-
side the boundary layer were carried out with a
rotatable hot wire probe. The magnitude of the skin
friction and its direction was determined by wall Pitots
of the Stanten type. Since there are regions with high
pressure gradient and flow separation in downstream,
the Baldwin—Lomax turbulence model claimed suitable
for separated flow was employed in addition. The
Baldwin—Lomax model is basically a two layer model
having a same expression for eddy viscosity in inner
layer as that of Cebici—Smith’s, but in the outer layer,

o0
function F__,  is introduced instead of g, 4 T = J (q,
]

ke

—q) dy, here g=(u" +w’). Details can be found in
the literiture! '¥. Also the k—e two equation model in
type of Chien’s low Reynolds number form2% is em.
ployed for computation to compare with the results ob-
tained by using algebraic models. In Chien’s model, the

749

dissipation rate & is replaced by e=% 4+ D with D
=2k / y2 and the eddy viscosity y, = C, f,R, with
R,=k"/ (&), R Nky /vC, =009, and f, =1

—exp(—0.0115y * ). The k and ¢ equations which can
be found in the literature! ™ are omitted here. The
boundary conditions used are: u=v=v,Z=0 andk=0
for y =0; and u=u (x)w=w (x)u,0k/ox=—%
and u 98"/ dx= —c¢,f,5 /k with ¢, =18 for y=
oo, For this quasi—two —dimensional flow it is appro-
priate to introduce a stream function. Hence the conti-
nuity equation is satisfied and only two momentum
equations along with the closure k—¢ equations need to
be solved. Using a similar numerical method as des-
cribed in case 1, the process is to solve iteratively first
the momentum equations then the k and ¢ equations till
the criterion of convergence

@u/on)’  —(u/ an):‘;; < 0.001 is satisfied. Since

H=0
the governing equations are of parabolic type, the
discretized finite difference equations can be
solved!®" starting from the initial position x, =0426

m which conincides with the first measuring position
and marching downwards. The initial velocity and k
profiles were obtained from experiments, while the ini-
tial ¢ profile obtained primarily by estimation.

In Fig 24, the profile of the velocity component
tangential and normal to the direction of flow outside
the boundary layer are drawn for various turbulence
models. It can be seen that as x,, increases approaching

to the separation line, the predictional results of all
models deviate not only from each other but also from

the measurement. .
The results of distribution of fricitonal coefficient

along x, —direction are illustrated in Fig 25. It can be

seen that using the present turbulence model will pro-
vide a better result than others. The computational val-
ue of C; deviate from the measured data gradually as
the separation line (nearly at x, = 1.3m) is approached,
even the computation can continue to pass over the sep-
aration point. In Fig.26, curves experessing the distribu-
tion of Reynolds stresses (i.e. correlation v/v’ and w'v’

}in boundary layer at position x  =0.995m and at po-
sition near separation x = 1.190m are drawn to com-

pare the predicitonal results with the measurement.
Despite of the discernible deviation existing between the
measured and computational values, it is clear that the
proposed turbulence model seems superior to the other
models in prediction.

Case 5. boundary layer flow in the symmetrical plane
of a 6:1 prolate spheroid at incidence

The experiments of this test case were carried out
by H. U. Meier et al®?. at Goettingen with the prolate
spheroid located in the 3 x 3m test section of a low
speed wind tunnel. The spheroid had major and minor




axis of 2.4m and 0.4m respectively. The testing
Reynolds number was 7.7x 10° and the turbulence in-
tensity of the order of 0.2%. Wall shear stresses were
measured by hot film gauges flush mounted with equal
spacing along the model. In the computation, the transi-
tion is assumed in the middle of the experimentally ob-
served transition region which extends physically the
spheroid over approximately 15% of its length. The
coordinates used for computation is of elliptic system
with the basic vectors x. n. ¢ directing to the wall merid-
ian, the normal and the peripherally extended angle
respectively with the origin located at the front
stagnation point. After introducing the two—component
vector potential y and @, so thatu =0 Yy /6 y, w=20
®/0 yand v=—(0 ¥/ 0 x+0 ®/ 0 z), the continuity
equation is satisfied. By solving the discretized momen-
tum equations®, Keller’s method was used again with
the velocity outside the boundary layer deduced from
the potential solution for boundary condition. Since on-
ly limited experimental data are avaible by us, here
merely the comparison of the C; distribution is pres-
ented in Fig 27. The apparent deviation between the
predicted and experimental data near the end of the
body at leeward plane can be attributed to the differ-
ence of pressure distributionof potential flow used in
computation and in real case. Through comparison, it
can be seen that using the proposed new turbulence
model can improve the predictional accuracy too in this
case.

IV. Conclusion

In order to increase the predictional accuracy, an
algebraic turbulence model based on experiments is
proposed to take account of the effect of pressure gra-
dient and turbulence nonequilibrium by introducing
two additional first order ordinary differentail equa-
tions. Five test cases including the boundary layers de-
veloped on flat plates with obstacles standing on them,
the boundary layer field simulating the flow around a
back—swept wing and the flow past a prolate spheroid
with slenderness ratio 1/ 6 in symmitrical plane were se-
lected to validate the predicitonal accuracy in compari-
son with the exprimental data. The comparion reveals
that using the proposed algebraic turbulence model with
memory will gain an apparent improvement in predic-
tion of the behavior of three dimensional turbulent
boundary layers, especially for the distribution of turbu-
lent stresses.
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Fig.27 (a) Side and front view of the prolate sphe-
roid in Case 5 ‘*®  with slenderness ratio 1:6 and the
coordinate systems
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