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Effective Velocity of Transport
in Curved Wall Boundary Layers

S. K. Hong* and S. N. B. Murthyt
Purdue University, West Lafayette, Indiana

An alternative to simple gradient diffusion hypothesis for turbulence transport in a boundary layer is the finite
velocity of transport hypothesis. The applicability and implications of the latter are examined utilizing a simple
and direct framework, the large eddy interaction model with eddy-eddy interactions accounting for anisotropic
transport, in the case of five variously curved wall boundary-layer flows. The development of the turbulence
structure including orientation of large eddies is predicted along the flow. It is also shown that the Large Eddy
Interaction Model framework explains the manner in which turbulence relaxes following sudden curvature
removal.

Introduction

THE development of turbulence models for computational
fluid dynamics continues to be a subject of great interest.

A number of entry points into the literature on turbulence
modeling can be found in Refs. 1-4. The commonality and
levels of sophistication in models can be realized by dividing
them into 1) large eddy simulation models and 2) others based
on modeling specific processes, or terms in the basic equa-
tions, governing mean and fluctuating quantities: eddy-
viscosity,5 two equations for the turbulent kinetic energy and
rate of dissipation (k-e),6 or for the energy and vorticity den-
sities (e-co),7 and algebraic stress8 models, for example. One
important consideration is then the manner in which one can
establish the validity and applicability of the individual
models. Since this cannot be accomplished by an appeal to
the models themselves, the development of an independent
framework by means of which specific aspects of turbulence
processes can be assessed and tested in given flows, in a sim-
ple and direct fashion, becomes of some value.

Two major turbulence processes that require modeling in
all classes of flows are 1) turbulent diffusion and 2) pressure
fluctuation-related processes. A framework called the Large
Eddy Interaction Model (LEIM) has been developed to ex-
amine the preceding two processes.9 The basis of the frame-
work and its applicability for assessing turbulent diffusion in
the case of the boundary-layer flow past curved walls have
been described in part in Ref. 10. The boundary-layer flow
past a curved wall provides a simple example of an in-
homogeneous shear layer subjected to a complex strain;
anisotropy in transport and redistribution of stresses through
the action of pressure fluctuations become important
features in such flows. It is the objective in the following to
examine nongradient-type modeling for turbulent transport
in contrast to gradient diffusion utilized earlier.10 The ap-
plication of the LEIM for the study of currently adopted
procedures for modeling pressure-strain correlations has
been discussed in Ref. 11.
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Gradient and Nongradient Transport Models
Simple gradient diffusion models have been reasonably

successful in predicting homogeneous flows and boundary-
layer flows wherein departure from "equilibrium" state is
not severe. Various proposals for improving gradient-type
models for transport have been made by including higher-
order terms as a correction to the first-order term. Such
modifications, however, still do not account for the various
governing physical processes and considerations.12

As an alternative, Bradshaw et al.13 and Townsend14'15

have suggested utilization of a "velocity scale" to relate tur-
bulent diffusion to the intensity of local velocity fluctua-
tions. The transport of turbulent stresses is then viewed in
terms of a convection process with a "finite velocity scale"
characteristic of the given flowfield. Such a model may be
considered as belonging to the general class of diffusion
models16 represented by the following expression:

ar_ (i)

where F represents "intensity" of a turbulence field and Fis
a functional of F. Equation (1) should be interpreted to imply
that the simple gradient diffusion model, the higher-order
gradient diffusion models, and the finite velocity transport
model may be applicable in different parts of a particular
shear layer or to different shear layers under various govern-
ing conditions of flow. In the following, the applicability
and implications of the use of a finite velocity transport
model to the outer part of curved wall boundary layers are
discussed.

Framework
The LEIM is based on the following: 1) decomposing the

velocity fluctuations into orthonormal functions, 2) con-
structing dynamical equations for those functions, 3) identify-
ing the first eigenmode — i.e., the solution of the dynamical
equation — as a large eddy,17 and 4) examining the develop-
ment of the large eddy in the context of its interaction with the
mean flow and the eddy-eddy interactions by utilizing a
dynamical equation for velocity fluctuation. The dynamical
equation includes the effect of pressure fluctuation, which can
be represented by the Poisson equation.

Large Eddy Interaction Model
The velocity fluctuation ui may be represented as the sum

of a Fourier series involving orthonormal functions, <\>\n} ,
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i.e.,
u,(x,t) = (2)

where an is a random coefficient and n an integer. Based on
momentum balance, one can obtain a dynamical equation
for the nth eigenmode as first given by Lumley.17 For the
first mode, which is found to be dominant over all other
modes,18'19 the dynamical equation, under incompressible
flow assumptions, becomes the following in a time-averaged
sense:

8Xi

dx dxj (3)

where X(1) = «*«!; the asterisk denotes a complex conjugate
and U{ is the mean velocity. The indexes /=1,2,3 represent
the streamwise direction x, the local normal to the wall y,
and the spanwise direction z, respectively, in the case of a
boundary-layer flow. For the pressure fluctuation, ?r(1), one
can obtain the Poisson equation imposing the continuity
relation; thus,

d2

3xj dx,, q = 1

(4)
The nonlinear term appearing in Eqs. (3) and (4) represents
the interaction process between eddies of various sizes and
requires modeling in view of involvement of higher-order
modes, 42),43),.... This is the only modeling required in the
LEIM.

The LEIM bears some resemblance to the so-called rapid
distortion theory and its recent developments.15'20'21 It may
be pointed out that the LEIM presents a means of analyzing
inhomogeneous flows, basically in a time-averaged sense. It
is a diagnostic tool and not a means of predicting the tur-
bulent flowfield. The mean flow is assumed to be known and
the modeling of eddy-eddy interactions becomes specialized
for each flow. On the other hand, in principle one can solve
the momentum equation for mean flow simultaneously with
that for the fluctuating component and obtain the mean
flow. It would then become necessary to solve the dynamical

'———— , 22equations for
Reynolds stress becomes

(n = 1,2,3,...),22 noting that the

n} (x,t) (5)

smaller sizes through their interactions. On the other hand, if
one follows the analogy of Boussinesq,23 the simple gradient
diffusion (SGD) hypothesis yields

P , Q=l

M"
dx, (7)

where e/,- is the anisotropic eddy viscosity. In contrast to the
FVT hypothesis, the SGD hypothesis implies a velocity scale
of infinite magnitude.24

It can be shown that the dynamical equation becomes
hyperbolic in nature when the FVT hypothesis is employed,
provided additional assumptions are introduced as follows:
1) the effect of the viscous term is small and 2) the mean
flow field is known from experiment or other source. Thus,
upon substituting Eq. (6) into Eq. (3), one obtains a linear,
hyperbolic equation for </>J ! ); namely,

(8)

On the other hand, the use of the SGD hypothesis leads to
an elliptic dynamical equation that can be reduced to a
parabolic form under the assumption; namely, the
characteristic length scale in the main flow direction is much
larger than that in the transverse direction.

It is assumed that the turbulent part of the boundary layer
may be divided into two parts: 1) the inner part close to the
wall where gradient diffusion hypothesis may be expected to
apply, and 2) the outer part where the FVT hypothesis may
apply. Regarding the latter, it is identified as the region
where viscous effects are negligibly small.

LEIM Procedure
In any turbulent shear flow where mean velocities are two-

dimensional, (U, F,0), such as in streamwise curved wall
boundary layers, a Fourier transform is applicable. Con-
sidering a time-averaged structure, the spectral functions
may be defined as follows:

4>i(x,y,k3)=——\
2ir J -°

(9)

(10)

where k3 is the one-dimensional wave number. Substituting
those into Eq. (8) and dividing the resulting complex equa-
tions into real and imaginary parts by writing

Some judgment becomes necessary on the number of modes
(n) to be included. In the current paper, the objective is to
test the applicability of a particular model for eddy-eddy in-
teractions to selected flow cases. Attention has been focused
on the first mode and changes in its structure in relation to
turbulence quantities of engineering interest.

Assuming that a form of "bulk convection" may play a
major part in turbulent transport, leading to a "finite veloc-
ity scale" of transport (FVT) hypothesis, the nonlinear eddy-
eddy interaction terms can be reduced to leading order as
follows:

-££ *1 "/?"g (6)

where the anisotropic velocity scale Vy represents the
transport of energy density from a large eddy to eddies of

(U)

one obtains two sets of equations; namely, one for (Plt P3,
P6, and P7) and a second for (P2, P4, P5, P8). Although it
may appear necessary to solve both sets of equations, only
the group of equations for (P2,P4,P5,P8) is selected for fur-
ther analysis based on the following analytical and physical
considerations. Analytically, the differences between the two
groups of equations arise only in the sign of certain small
terms which represent parts of eddy-eddy interactions or
transport. Physically, if the large eddies are treated as long
cylindrical structures (Ref. 14, p. 247), the large eddy veloc-
ity components u and v can be represented by odd functions
and the component w by an even function, which is consis-
tent with the choice of the group of equations for P2, P4,
and P5. Those equations are hyperbolic in nature.
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Regarding P8, an equation can be obtained by the Fourier
transform of Eq. (4). However, if such an equation is replaced
by a prescribed pressure fluctuation field, then an important
advantage arises in that only the set of hyperbolic equations
for P2, ^4» and ^5 needs to be solved.

The contribution to the three normal stresses from the first
mode, <£j!), can then be expressed as follows utilizing Eqs.
(5) and (9):

with

(12)

(13)

where $„ is the spectrum of the double velocity correlation,
+ r3). It may be observed that X(1), the energy

of the first mode, is still undetermined. However, utilizing
P2, ^4> and P8, the following structural quantities can also
be calculated: 1) turbulent normal stress profiles; 2) normal
stress intensities (u±/q^), where q2 = (u2 + v2 + w2); 3) shear-
stress intensity (uv/q2); 4) orientation of the principal
axes of the Jarge_ eddies (</>), which is given by
</>= l/2ian~l [ — 2uv/(u2 — v2)] ; and 5) changes of anistropy
(u2/v2). For the shear-stress correlation, a correlation coeffi-
cient Cs is introduced, where C5= — ̂ /(Vw^Vt^). It may be
observed that Q = 0.5 in the case of a flat plate.25 In the
case of curved flows, the value of Cs is determined10 again
based on experimental results.

Application to Curved Flows
The LEIM has been applied to four streamwise curved

wall flow cases that have received partial acceptance in the
1980-81 AFOSR-Stanford Conference, and the predicted
results have been satisfactory in comparison with experimen-
tal data and also provide some insight into the manner in
which a turbulence structure changes over a curved wall.10

The objective is to predict turbulence quantities in the
boundary layer over variously curved walls at various sta-
tions (angles of turning). The boundary layer at any location
along the wall is divided into three parts: the outer layer, the
intermediate layer, and the viscous sublayer.9 The FVT
hypothesis is considered13 applicable over most of the
boundary layer, except in the inner layer where viscosity ef-
fects dominate.

In order to solve Eq. (8), one needs 1) local mean velocity
distributions and 2) the distribution of velocity scales in the
outer part of the boundary layer. Regarding item 1, ex-
perimental data are utilized. Regarding item 2, an exponen-
tial variation is assumed, namely,

(14)

where af and bj are functions of geometry, £ =y/d9 d is the
local boundary-layer thickness, and m an appropriate in-
teger. Given the mean flow distributions, the numerical
values of a/ and bf are determined based_on the_best agree-
ment of the predicted distributions of w2, f2 , and w2 with the

distributions obtained from experimental measurements. In
practice, the values of a{ and bf have been determined first
for the case of the boundary layer over a flat plate utilizing
the measurements given by Klebanoff.25 Then, based on
those results, velocity scales for curved flows have been
determined utilizing corresponding mean velocity profiles.
The velocity scales applicable in the initial part of a curved
wall require some adjustment as the wall is turned further;
i.e., the values of af and b, determined for the initial region
of turning will need changes before predictions can match
experimental data in regions of greater turning.

Test Cases
The following—one flat-plate case and four curved-flow

cases—have been chosen for analysis:
1) flat plate—Klebanoff25

2) mild convex—Ramaprian and Shivaprasad26'27

3) strong convex—Gillis et al.28

4) mild concave—Ramaprian and Shivaprasad26'27

5) strong concave—So and Mellor29

Flow conditions for the five test cases are summarized in
Table 1. The Reynolds number based on boundary-layer
thickness U0d/v is of 0(104) in all cases.

Calculation Procedure
The region of applicability of the FVT hypothesis is con-

sidered as the outer part of the boundary layer bound by its
outer edge and a chosen location within, where boundary
conditions need to be prescribed. In the calculation pro-
cedure adopted here, an inner boundary-layer region adja-
cent to the wall is assumed to be governed by a set of equa-
tions for P2, ^4> ^s> and Pg > wherein transport is modeled
on the basis of gradient diffusion; the resulting system of
parabolic equations has been presented in Table 2 of Ref.
10. An implicit upwind differencing method can be applied
for solving that set of equations. The outer boundary-layer
region, which is the region of principal interest here, is
described by the system of hyperbolic equations for which
the method of Courant et al.30 is employed for numerical
analysis. The system of parabolic equations resulting
from the SGD hypothesis is solved first in the region
0<>>/6<1, utilizing selected values for transport coefficients
Q, C2, and C3 in the eddy-viscosity formula,

(15)

where ( is an integral length scale of turbulence. Solutions
for the pressure fluctuation, Ps(x,y,k3), are retained from
the calculation for the entire boundary layer. The value of
P8 is therefore treated as a prescribed quantity everywhere in
the outer layer. For given initial and boundary conditions,
one can then undertake solution of the hyperbolic equations
for P2, P4, and P5 governing the outer layer. The solution
has been obtained in all cases in the region 0.2<>>/6< 1.0,
the choice of the extent of the region into the boundary layer
being arbitrary. It has been found by trial-and-error that
eight equally spaced values in the logarithmic scale for A:3, in

Table 1 Flow conditions for the test cases

Cases

Flat plate25

Mild convex26'27

Strong convex28

Mild concave26'27

Strong concave29

C=l/R,
1/m

0.0
0.4
2.22

-0.39
-2.0

U0,
m/s

15.2
22.1
16.0
22.0
21.6

*i.
deg
_
2.0

20.0
2.0

35.0

*i.
cm

7.62
2.35
3.86
2.47
3.30

02 >
deg
_
22.0
80.0
22.0

109.0

«2.
cm
_

2.96
4.49
3.79
5.60

Re,
x 10~4

7.5
3.5
4.0
3.6
4.7

NB: Subscripts 1 and 2 denote the first and the last measurement stations, respectively, along the
curved wall. Re=U0d/v, d = 5{.
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Fig. 1 Velocity scale in the <f>^ equation vs y/d for variously
curved flows.
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Fig. 2 Velocity scale in the <ffi equation vs y/b for variously
curved flows.
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Fig. 3 Velocity scale in the <ffi equation vs y/d for variously
curved flows.

the range of 0.05 <&3 < 10.0 (I/cm), together are adequate to
yield the desired turbulence quantities within acceptable er-
rors in comparison with experimental data in all of the test
cases.

Results
Figures 1-3 show the velocity scales that yield the best

agreement between predictions and measurements for the
five cases currently investigated. The values of vl2 shown in
Fig. 1 and associated with the </>!(1) equation are higher for
convex flows and lower for concave flows compared with
those for the flat-plate case. The distribution of t>22 shows

the opposite from that of vl2 with respect to curvature.
In Fig. 2, values of v22 are lower for convex flows and higher
for concave flows compared to the flat-plate value. The ef-
fect of curvature on v32 values, as shown in Fig. 3, is ap-
proximately the same in all cases.

Predicted results for normal stress components and three
structural quantities for flows over the flat plate and the
mild convex, strong convex, mild concave, and strong con-
cave walls are presented as follows:

1) Figure 4 shows the distribution of v2 normalized by the
local maximum intensity as a function of y/d in the five test
cases. In the figure, 6 denotes the angle of turning and 5 the
distance along the ^urved jwall. (Similar distributions have
been predicted for u2 and w2, but are not includedjiere for
brevity.) The strong wall curvature suppresses the v2 profile
of the convex flow and swells that of the concave case, so
that the peak of normal stress occurs in the latter case in the
middle of the boundary layer. _ _

2) Figures 5-9 provide the shear intensity (uv/q2), orienta-
tion _of the principal axes </>, and a measure of anisotropy
(u2/v2). The rotation of the principal axes of stress increases
with negative (concave) curvature and decreases with positive
curvature. The amount of rotation is suppressed further on
the convex wall and is enhanced on the concave wall with in-
creasing y in both cases. The results of the change in
anisotropy show that turbulence on a convex wall tends
toward greater anisotropicity than that on a concave wall;
the anisotropicity of strongly convex flow is nearly twice the
value of strongly concave flow.

In general, one can observe the satisfactory nature of
predictions obtained with the LEIM, the chosen transport
scales, and the stress correlation coefficients in comparison
with the experimental data.

Hyperbolic Nature of the Governing Equations
The system of first-order partial differential equations for

P2, ^4> and P5, which are hyperbolic, can be written in the
following form:

[A]

dy

dy [B]

dx

dx

dx

/1(P2,P4,P5,P8)

/2(P2,P4,P5,P8)

(16)

where

V-vl2 -vn 0

0 V-2v22 0

0 - v32 v32

(17)

U/(l + Cy) 0

0 U/(\

0 0

0

0

U/(l + Cy)

(18)

C=l/R and R is the radius of wall curvature.
Writing

\[A]-\[B] 1 = 0 (19)
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Fig. 4 Normalized v1 profiles predicted based on the FVT
hypothesis vs y/d for the cases of a) flat plate, b) mild convex,
c) mild concave, d) strong convex, and e) strong concave.

three roots, X l 9 X2, and X3, are found as follows:

\l = (l + Cy)(V-vl2)/U

\2=(l + Cy)(V-2v22)/U

(20)

(21)

(22)

Thus, X j , X2, and X3 are real values but become identical
when vl2 = 2v22 = v32' The only condition for the system of
equations (16) to be hyperbolic is that

(23)

Existence of Characteristic Field Velocity
The three roots found from the determinantal equation,

Eq. (19), can be identified as characteristics of the system of
equations, Eq. (16).

Two of the characteristics, Xj and X2, from a wedge in the
xyy plane whose characteristic angle yn becomes, approx-
imately, the following:

i + Cy) It;12-2u22l
2U (24)

-uv A A A A

(a)

40

20

A A

(b)

.5
y/6

1.0

Fig. 5 a) Shear-stress intensity, b) orientation of principal axes of
large eddy, and c) anisotropy predicted based on the FVT
hypothesis vs y/b for the flat-plate case: A A Klebanoff.25
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(c)
.5
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0
y/6

.5

S = 98 cm

1.0

Fig. 6 Turbulence structural quantities vs y/d for the mild convex
case: A A Shivaprasad et al.27

Table 2 Values of transport coefficients over the flat recovery wall

Stations,

If we define V*2 as the characteristic field velocity associated
with characteristics \{ and X2, V*2 can be related to y12 in
the following manner:

smyl2=VJ2/U for U> V (25)

0.0
1.06

10.06

2.9
2.8
2.7
2.45

0.74
0.90
0.92
0.95

0.62
0.60
0.45
0.45

is the distance over the flat wall after removal of curvature.
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From Eqs. (24) and (25), Ff2 is given by the relation

K?2 =1/2(1 + Cy) \v12 - 2v22 I (26)

When vl2 = 2v22, tne characteristic field velocity becomes
zero, as stated earlier.

Considering the three characteristics, X l s X2, and X3 in the
x,y plane, one can write in general

(27)
(noEfory)

where FJ is the characteristic field velocity associated with
the X, and Xy characteristics and

>, = ! for / = l o r 3

= 2 for / = 2 (28)

It is of interest to note that the characteristic field velocity
for the system of equations employed by Bradshaw et al.13

becomes

(29)

where Vc and a{ are the empirical quantities introduced
when modeling diffusion of turbulent kinetic energy and tur-
bulent energy itself, respectively. V* in Eq. (29) then
represents the characteristic speed associated with local
changes in shear stress.

Removal of Curvature
An interesting test case for the applicability of the LEIM

is the so-called relaxing flow case wherein a flow initially
subjected to a complex strain such as curvature develops
over a flat plate following the curved wall. The central ques-
tion then pertains to the manner in which turbulence quan-
tities become adjusted to the flat-plate values.

The test case chosen for analysis is due to Gillis et al.,28

who have reported on measurements in a turbulent boundary
layer over a flat plate following a curved wall. The
geometrical configuration is shown in Fig. 10. The wall cur-

_ .2
-uv

? .1

0

= 65°

A A

0=82°

A A

40 r

•8 20
-©^

0

6

—o 4

v2 2

(b)

.5

S = 51 cm

0
y/6

.5

S = 64 cm

1.0

Fig. 7 Turbulence structural quantities vs y/d for the strong con-
vex case: A A Gillis et al.28

vature is removed after a 90-deg turn corresponding to a
70-cm flow length (from the start of curved section). The
flow, which was initially subjected to a strain by the curved
wall, may thus be considered as being in a state of ''relaxa-
tion" over the flat wall. The nature of changes occurring in
the boundary layer following the sudden removal of cur-

0

40

20

(a)

6 =22°

(b)

v2 2

A A

0 .5 0 .5 1.0
S = 56cm Y/6 S=102cm

Fig. 8 Turbulence structural quantities vs y/d for the mild concave
case: A A Shivaprasad et al.27

(a)

60

40

20

I = 109'

(b)

0 .5 1.0
y/6

S = 91cm

Fig. 9 Turbulence structural quantities for the strong concave case:
A A So and Mellor.29
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vature is obtained utilizing the LEIM based on both the SGD
and FVT hypotheses for transport.

In carrying out the predictions over the relaxation region
utilizing the SGD hypothesis, we have chosen the values of
Cl9 C2, and C3 which deviate as little as possible from the
values for the flat plate case. Such a set of transport coeffi-
cients are presented in Table 2. It can be observed therein
that in the initial part of the flat plate the values of both Cl
and C2 need to be different from those for the case of a sim-
ple flat plate. The value of C3 remains unchanged from the
value required over the convex wall. As the flow develops
downstream over the flat plate the values of C2 and C3
become approximately the same as those applicable for the
flat-plate case after less than a 106 distance from the begin-
ning of the flat-wall zone, while the vlaue of Cl at the end of
that distance is still in between the values for the convex wall
and the flat plate. Thus, immediately after the curved sec-
tion, the u component continues to behave similar to that
over the convex wall, while the removal of wall curvature
seems to affect the v component immediately.

The same flow configuration has also been examined
utilizing the FVT hypothesis. The transport velocity scales
chosen for the numerical computation are shown in Fig. 11
at three values of y/d within the outer layer at various sta-
tions along the streamwise direction. It can be observed that
the values of the transport velocity scales approach those for
the flat-plate flow as the flow develops for y/d values of 0.5
and 0.8. For y/d = 0.2, however, the values of vtj continue to
be different from the values for the flat plate, especially
those for the vl2 component. Thus, the response of the inner
part (y/6 = 0.2) to the removal of curvature appears to be
slower compared to that of the quter_part 0>/6 = 0.5_or 0.8).
The three structural quantities, uv/q2, </>, and u2/v2, have
been deduced from the data of Gillis et al.28 and compared
with predictions for the outer part of the boundary layer in
Fig. 12.

It appears from the foregoing that while the LEIM proves
to be a useful framework for explaining some of the features
of relaxing boundary layers, no inconsistencies have arisen in
the use of either of the two transport hypotheses. Further
comparison of the two hypotheses is presented in the follow-
ing section.

Discussion
1) The LEIM, with eddy-eddy interactions representing

turbulent transport modeled on the hypothesis of the ex-
istence of finite velocity scales, has been shown to be ade-
quate for predicting the classical structural quantities of tur-
bulence in boundary-layer flows past four variously curved
walls. The possibility of using anisotropic velocity scales per-
mits a systematic analysis of the effects of convex and con-
cave curvatures as well as the effects of increasing curvature.

2) Although the velocity scales presented in Figs. 1-3 show
appreciable differences for the five flows considered at small
values of y/d, it has been found in predictions of basic tur-
bulence structural quantities that small changes in velocity
scales do not cause wide alterations—a result also pointed
out in Ref. 13. However, although quantities such as
anisotropy and orientation of a large eddy depend strongly
on transport, it can be observed that Vfjy the characteristic
field velocity, is a function of various velocity scales and,
therefore, different combinations of velocity scales can yield
the same characteristic velocity and nearly the same
transport field. Accordingly, it is suggested that for most
boundary-layer flows, the transport coefficients in e/, or vtj
corresponding to the flat-plate case can serve well in a first
trial.

3) The characteristic field velocity V*2, presented in Fig.
13 for three different values of y/d as a function of wall cur-
vature, increases over a convex surface and decreases over a
concave wall. Also, it decreases toward the outer edge of a
boundary layer. This has implications for the evolution of

82 97 112 cm

s -o

U0 = 16 m/sec

Fig. 10 Geometry of flow over the flat-plate recovery section
preceded by the convex wall: Stations along the flow indicate
measurement locations.
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Fig. 11 Changes of transport velocity scales at three values of y/b
along the flow over the flat recovery zone: Points marked denote
prediction stations.
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Fig. 12 Three structural quantities predicted based on the FVT
hypothesis vs y/d over the flat recovery zone: A A Gillis et al.28
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Fig. 13 Characteristic field velocity vs radius of wall curvature at
three values of y/d.

(e22A)) X 1(T3

FLAT PLATE

————— MILD CONVEX

———— MILD CONCAVE

Fig. 14 Comparison of the eddy-viscosity component actually used
in the SGD calculation (curves A, B, and C) with that deduced from
Eq. (31) (curves A', B', and C').

intermittency, and perhaps also for the setting-in of instabil-
ity over a concave wall.

4) The LEIM also provides a means of establishing the
manner in which turbulence, particularly in anisotropy,
becomes relaxed in a boundary layer over a flat plate follow-
ing development over a curved wall.

5) The gradient diffusion hypothesis represents eddy-eddy
interactions as corresponding to diffusion (and dissipation)
by the action of eddy viscosity. On the other hand, the cur-
rent FVT hypothesis introduces the concept of transport as
advection with finite velocity scales. Thus, there is a fun-
damental difference between the two hypotheses.

At the same time, by relating the two scales e/, and v{J in
the following manner, namely,

(30)

(31)

(32)

where vtj and c/>p are functions of wall curvature, it is possi-
ble to compare the eddy-viscosity values so deduced for dif-
ferent wall flow cases. As an illustration, e22 deduced for the
flat-plate, mild convex, and mild concave cases is shown in
Fig. 14. Several observations may be made based on that
figure. First, e22> when obtained from the first relation of
Eq. (31), becomes positive, whereas that deduced from the
second relation of Eq. (31) becomes negative in the outer
layer. Second, the SGD hypothesis is based on the existence
of finite eddy viscosity, but Eq. (31) suggests an infinite
value of eddy viscosity corresponding to the peak values of
<j)W distributions with respect to y/d. This can be seen clearly
in Fig. 14. The use of the SGD hypothesis in the outer layer
for the eddy-eddy interactions in the form of Eq. (7) con-
tains such paradoxes and, hence, has been considered ques-
tionable (Ref. 3, p. 66; Ref. 31, p. 372).

On the other hand, the FVT hypothesis is also subject to
several criticisms (for example, Ref. 15, pp. 295-298). In the
current application of the FVT hypothesis, no assumptions
have been introduced a priori with respect to isotropy; the
scales are determined for the outer layer in all three coor-
dinate directions. Furthermore, in the current incompressible
flows there has been no need to model pressure-induced ef-
fects. However, there are still ambiguities: 1) the gradient of
(the first eigenmode of) pressure fluctuation and 2) the
velocity scales as functions of y/d [Eq. (14)]. Such functions
for vfj are valid only when there exists some degree of
similarity along the flow (Ref. 15, p. 295). Nevertheless, the
velocity scales and turbulence quantities based upon those
scales do not lead to any basic paradoxes such as those aris-
ing in the case of the SGD hypothesis.

6) Finally, it is interesting to observe in this connection
that the characteristic field velocity for turbulent transport
of the temperature field in a mixing layer32 can be reduced to

V^v2" (33)

where v2 is the constant of proportionality introduced in
modeling triple correlations; it is also equal to the turbulent
normal stress. Now, if one assumes isotropy in transport
velocity scales, i.e., vl2 = v22 = v32, then the characteristic
field velocity in Eq. (26) reduces to

V*=l/2V''22 (34)

Thus, the role of the transport velocity scales, vijt in the
transport of eddy-eddy interactions of all sizes, is analogous
to that of v2 in the transport of temperature fluctuations; the
characteristic field velocities of transport are obviously dif-
ferent for the two quantities.
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