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Experimental Testing of Diffusion Models in a
Manipulated Turbulent Boundary Layer

J. Lemay*
Université Laval, Québec GIK 7P4, Canada
and
J. P. Bonnet' and J. Delville*
Centre d’Etudes Aérodynamiques et Thermiques, Poitiers, France

An experimental investigation of the performances of one-point closure turbulent diffusion models is performed
in an externally manipulated turbulent boundary layer. Detailed hot wire anemometry measurements are per-
formed on a refined two-dimensional grid, allowing the terms of the transport equations of the turbulent stresses
to be calculated. The turbulent diffusion terms as well as the convection, production, and viscous diffusion terms
are then directly estimated. The dissipation terms of each Reynolds tensor component are estimated by use of
local isotropy hypothesis (e;; = 2/3€8j), € being obtained by balancing the turbulent kinetic energy budget. The
pressure-strain terms are then obtained by balancing the ul’ u/equations. The results are presented for a streamwise
position located near the manipulator trailing edge (x = 28y). All of the measurements are performed at relatively
large distances from the wall (y* > 120), allowing the minimization of the spatial integration effects of the probes.
The balances show the modifications imposed to the classical turbulent boundary-layer equilibria. Knowledge of
the different terms allows several experimental applications of the conventional turbulent diffusion models to be
made. One-equation, k—e, algebraic stress, and second-order principal hypothesis or closure models are tested. It is
shown that conventional models, developed for equilibrium flows perform quite well in this configuration. Because
of imbalance between terms, however, one-equation and k—e models cannot be successful in predicting this flow;
the algebraic stress model can be used, but only if starting far enough from the manipulator. Higher order closures

should be correct, as confirmed by other authors’ calculations.

Nomenclature
= convection term of Eq. (2)
viscous diffusion term of Eq. (2)
turbulent diffusion function, one-equation model
shape factor
manipulator height o
= turbulent kinetic energy (u}u;/2)
= dissipation length function, one-equation model
= manipulator chord length
= production term of Eq. (2)
= fluctuating pressure
= Reynolds number based on [
= Reynolds number based on €
= turbulent diffusion term of Eq. (2)
manipulator thickness
freestream velocity
i i component of mean velocity
ij component of the Reynolds stress tensor
streamwise axis, x is O at the manipulator trailing edge
= transverse axis, y is O at the wall
spanwise axis
Ay = relative uncertainty in a given measurement ()
] = boundary-layer thickness
Sik = Kronecker symbol, 1 for i = k and 0 otherwise
8o = boundary-layer thickness at the manipulator trailing edge
€ = dissipation rate of turbulent kinetic energy
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o

= dissipation term of Eq. (2)
momentum thickness

fluid kinematic viscosity

normalized downstream distance x /4§
pressure-transport term of Eq. (2)
fluid density

pressure-strain term of Eq. (2)

mean value

= fluctuating value
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Introduction

IFFERENT techniques aim at reducing turbulent drag. Among

these techniques, the use of external manipulators, often called
LEBUs (large-eddy breakup devices), has been extensively studied
over the past 10 years. This passive technique consists of introducing
athin device (flat ribbon, airfoil, etc.), parallel to the wall somewhere
in the external part of a turbulent boundary layer. Different device
configurations (single, tandem, stacked, etc.) have been studied,
both experimentally and computationally. Several article reviews
are devoted to this subject; see, for example, Bushnell,! Coustols
and Cousteix,? Savill et al.,? or Anders.*

It is now well recognized that external manipulators do not
achieve net drag reduction in turbulent flat plate boundary layers
(see, for example, the discussion reported by Choi®). In the present
paper, we do not consider this flow from the drag reduction view-
point. Rather, we consider the fact that it is interesting to make use
of this out-of-equilibrium flow to provide experimental data which
allows for testing or validating turbulence models or hypotheses.
The purpose of this study is to present refined measurements of a
large number of turbulent, one-point, statistical quantities or mo-
ments, in order to 1) to evaluate the principal terms of the balance
equations for the Reynolds tensor components and 2) to be able
to directly apply closure models on the experimental values. For
example, the model expressing the third-order moments in terms
of second-order ones can be used to “predict” the turbulent diffu-
sion of the ufu’j equations; one can then compare this prediction to
the value of the turbulent diffusion evaluated from the measurement
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of the third-order moments. A similar strategy has been previously
employed by Cormack et al.,® using measurement profiles reported
in the literature.

For the flow under study, as far as the transport equation of the
turbulent kinetic energy k is concerned, it has been shown by Tenaud
et al.” that the measurements are in good agreement with the com-
putation (using a three-equation closure). In this previous article, it
is pointed out that the experimental estimation of the k£ budget re-
ported by Lemay® agrees well with the calculation results obtained
by Tenaud et al.” and Tenaud.!” Good agreement is found for the
diffusion as well as for the dissipation terms (the experimental esti-
mation of ¢ is equal to the remainder term of the & budget). These
results give some confidence in the experimental procedure used in
the present study.

The paper is organized as follows. The next section deals with
the experimental apparatus and measurement procedure. In the third
section, we present and discuss the balance of the transport equations
of the components of the Reynolds tensor. The last section is devoted
to the application of the turbulence models to the experimental data
and to the comparisons between predicted and measured values. The
diffusion parameter of a one-equation model, the diffusion term of
the k— model, the algebraic stress model (ASM) hypothesis, and
finally the diffusion terms of the full Reynolds stress model (RSM)
are tested.

Experimental Procedure
Facilities

The experiments were carried out in the CEAT Turbulence
Laboratory closed-loop wind tunnel. This low-speed facility has
a 2-m-long test section with a 300 x 300 mm cross section. The
Cartesian coordinate system is defined as follows: the x axis is in
the flow direction (x = 0 atthe manipulator trailing edge), the y axis
is in the crossflow direction (y = 0 at the wall), and the z axis is in
the spanwise direction. At the location corresponding to x = 0, the
natural (unmanipulated) boundary layer is characterized by the fol-
lowing parameters: boundary-layer thickness (at U /U, = 0.995)
8y = 23.5 mm, momentum thickness § = 2.3 mm, shape factor
H = 1.35, and Reynolds number based on 8, Rey = 4000. The sin-
gle flat ribbon manipulator has the following characteristics: length
{ =25 mm = 1.1§, thickness t = 0.1 mm = 0.0048,, height in the
boundary layer 4 = 10 mm = 0.438, and chord Reynolds number
Re; = 36,000. The notation £ = x/§, is used as the normalized
downstream distance. All of the details of the measurement appa-
ratus can be found in Lemay et al.'"!2 All of the flow velocities are
measured by the hot-wire anemometry technique.

Constant temperature anemometers (TSI 1750) are used with
single- and cross-wire probes. The single, normal wire is a mod-
ified miniature probe (TSI 1260 T1.5) operating with tungsten wire
0.5 mm in length and 2.5 pum in diameter. The cross-wire probe
(TSI 1248 T1.5) operates with tungsten wires 1.25 mm in length
and 4 pm in diameter.

Uncertainty Analysis

The uncertainty in the estimate of the various quantities is
analysed in terms of bias of the measurement technique, statistical
convergence of each sample, and propagation of individual errors
associated with each variable into the final results.

Bius of the Measurement Technique

The bias introduced when using the hot-wire anemometry tech-
nique is influenced by several parameters. Among the most relevant
as regards the present experiment, one must consider the turbu-
lence intensity, the directional sensitivity of the wires, the influence
of temperature variation (temperature drift in the closed-loop wind
tunnel), the sensitivity variation due to wire aging, and the spatial
integration effect of the different probes.

Although no bias error can be rigorously quantified, one
can minimize it by use of an appropriate calibration procedure.
The hot-wire probes have been systematically calibrated against
velocity, temperature, and flow angle before each run (a typical run
duration corresponds to less than 2 h). This procedure prevents wire
aging problems and minimizes the bias error.
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To limit the spanwise spatial averaging of our single-wire probe,
we have considered the observations made by Johansson and
Alfredsson.'® They have pointed out that a sensor length of L* = 14
or 32 has no significant effect on the measurement of Ju? /U, pro-
viding that y© > 40. Moreover, Ligrani and Bradshaw!* have ob-
served that the measurements of the turbulent intensity, the skewness
factor, and the flatness factor of u’ are nearly independent of sensor
length for Lt < 25 (if L/d > 160). For L™ = 34, they observed
a negligible spanwise spatial averaging of the single wire probe for
y* > 100. We also refer to Lemay et al.!! for a detailed discussion
of the limitations linked to spatial integration of the present single-
wire probe (L* 2z 30) and the resulting frequency response of the
system. Considering these observations and discussions, we have
decided to limit the regions of measurement to, typically, 120 wall
units away from the wall (y/8 > 0.1).

For the cross-wire probes (L* =~ 60), the recommendations
made by Browne et al.'> have been considered. Their criteria
(L/d > 140, L/n < 5and Az/n < 3) have also guided the re-
strictions imposed in the present investigation (closest measurement
station & = 2 and closest distance from the wall y* = 120). These
restrictions limit the bias due to the turbulence intensity and the
spatial averaging. Additional comments concerning the spatial in-
tegration effects associated with the present cross-wire probes can
be found in Lemay et al.!!

These probes allow us to estimate the different moments in-
volved in the equations considered in this investigation: U and

V42, v2, w2, and @'v'; and o3, w2y, W'v'2, V3, w'w'?, and
Vw2,

The analysis is performed at a measurement station located in
the near wake of the manipulator (§ = 2); in this region, one can
observe important out of equilibrium behaviors. The measurements
are performed following a grid which comprises longitudinal (x)
and transverse (y) spacings. The spacings between the measurement
points are reduced in the regions where strong spatial gradients are
expected. The minimum separation in the y direction is 0.025 and in
the x direction is 0.38. The closest distance from the wall is 1.8 mm
(0.088 or 120y™). This procedure allows the proper estimation of the
gradients involved, either in the transport equations of the Reynolds
stresses, or in the turbulence models presently under investigation.
The spatial derivatives are estimated using a conventional three-
point central difference formulation (second-order precision).

In summary, the measurement grid and its location (§ = 2) have
been determined with respect to the integration effects of the differ-
ent probes. The measurement points are always located far enough
from either the wall or the manipulator trailing edge, thus limiting
the integration problems which result from the spatial extent of the
probes and the bias due to high turbulence intensity.

Statistical Convergence of Each Sumple

For the single- and cross-wire measurements, the sampling rate
is set to 50,000 samples/s and the sample sizes consist of 256,000
and 128,000 data points, respectively. For an integral time scale of
1 ms and a stationary Gaussian signal, this gives relative statistical
convergence errors of less than 0.3% for U, 2% for 2 and 4%
for «'4. For intermittent signals (y/8 > 0.7), these errors become
slightly larger.

Propagation of Errors

This part of the analysis is based on the method described by
Kline and McClintock,'® Coleman and Sleele,'” and Steele and
Coleman.'® The propagation of individual errors into the results
has been considered first when estimating the different moments
0, u;u'; and uiw'uy). After this first step, the propagation of er-
rors analysis then addressed the estimate of the terms appearing in
the transport equations (e.g., Tj;, €;;, ...) or in the different models
under investigation.

Based on these previous considerations, the uncertainties in the
estimate of the moments are as follows: mean velocity £0.5%, tur-
bulence intensities +3%, Reynolds shear stress 5%, third-order
moments 5% (u"?), £7%(v?), and £9% (cross components of the
third-order moments).
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The gradients of almost all of the different moments are used in
the determination of the terms appearing in the transport equations
and in the turbulence models. Based on a number of measurements
(different probes), one can estimate the uncertainty in the resulting
gradients. For example, the uncertainty in U /dy is estimated to
be less than +4% and the uncertainty in 7, which is the sum of
several gradients of the third-order moments, is estimated to be
approximately +=15%.

Using the propagation of error analysis, one can then estimate
Ay, the relative uncertainty in the terms of the transport equations.
For the k equation, the following estimates are obtained: Ag, =
+10%, Ap, = £7%, and Ar, = £15%. The dissipation term is
obtained by balancing the k equation: ¢ = C, — P, — T, since
away from the wall the assumption of Dy and IT, ~ 0 is generally
accepted. For example, the propagation of error analysis made in
this case gives

2 2 2
e ) ()

Using the k budget reported in Lemay et al.,!! we obtain from Eq.(1)
A¢ = £7% near the wall (y/8 = 0.1), A = £11% in the lower
part of the manipulator wake (y/é = 0.39), and A, = £12% in
the upper part of the manipulator wake (y/§ = 0.46). Near the wall
(y/8 = 0.1) the uncertainty in € is low and approximately equal to
A p, since at this location the production termis larger than the others
(P/e = —0.97 compared with C;/e = —0.05 and T /e = 0.02).

Finally, the uncertainty in the terms obtained using the turbulence
models is rather difficult to estimate. The turbulent diffusion models
under investigation are of the gradient diffusion type. The major
part of the global uncertainty in these terms is that contribution
due to the uncertainty in ¢ and that due to the gradients of the
second-order moments. We estimate the uncertainty in the modeled
diffusion terms to be of the order of +20-25%.

Reynolds Stress Budget
Transport Equations
The transport equations of the components of the Reynolds ten-
sor uﬁu} are written with the following from (mean stationarity is
assumed):

Cij Pij
—_—
1.7
o __(')uiuj —aU; — 0U;
e - U, —_—
dxx 7k g 7K 9x,
i; Tij Dij

’ / ! / /' ! 2.0,
P (aui Ouj>_{)ulu_/uk U(’) uiu;

o\ dx; .87, Xy X 0xy,
0 p/ , ou’ (')u/J

—— | — WS+ u'6; — 2V —t ——= 2
9%k ( 0 (M, ik j 1k)> (,)xk axk ( )

T €if

As usual, the different terms appearing are classified from their
physical meanings: Cj; is the convection, P;; the production, T;;
the turbulent diffusion, D;; the molecular or viscous diffusion, IT;;
the pressure-velocity effects or pressure-transport term, ®;; the
pressure-strain interaction or redistribution term, and ¢;; the tur-
bulent dissipation.

The dissipation term of each Reynolds tensor component is es-
timated by use of the local isotropy hypothesis (¢;; = 2/3€8;;);
€ is obtained by balancing the turbulent kinetic energy budget
(k = u}u}/2). This hypothesis is not in agreement with the direct
numerical simulation (DNS) data reported, for example, by Man-
sour et al."”for the channel flow. For y* > 50 their data show that
a model of the type ¢;; = (u;u’;/k) € should be more appropriate.
Nevertheless, we have used the isotropic model, because first, it is
still the standard assumption made in the RSM approach and, sec-

ond, it does not influence the turbulent diffusion terms or models

d 0 0.2 0.4 0.6 08 y/é

Fig.1 Budgetofthe ul’uJ’ equations, normalization with (U3 /§) x 10~4:
*, convection; @, production; m, diffusion; A, dissipation; and <y Te-
mainder; a) u’, b) v'2, &) w’?, and d) u'v'.

tested in the present paper. It only affects the estimation of the &;;

terms obtained by balancing the u;x’; budget (2).

Results and Analysis of the u,fu]f Budgets

The balances of the transport equations of u'2, v'2, w2, and u'v’
are presented in Fig. 1. Analysis of this figure is performed by di-
viding the boundary layer in two parts following the transverse di-
rection: region I corresponds to the lower part, located between the
wall and the axis of the manipulator wake (y/8§ < 0.43) and part II
is the upper part of the wake (y/8 > 0.43). The wake of the manip-
ulator does not develop symmetrically as does the usual unconfined
turbulent wake. As it develops inside a wall-bounded U transverse
gradient, the resulting evolution of 3U /8y is quite different between
regions I and II. Actually, at the downstream distance corresponding
to § = 2, there is a large portion of region I (0.25 < y/§ < 0.4)
where aU /3y is very low (see the U profiles in Lemay®). A direct
consequence of this fact is the noticeable difference between the P;;
terms (actually Py; and Pjp) measured in regions I and I (Figs. 1a
and 1d). In the lower part, close to the manipulator height, nearly
all of the terms of the corresponding equations vanish, except the
dissipation terms of the normal components. .

The convection term is essentially important for «'? and u'v’ equa-
tions in this region. It should be noticed that, as in the natural case, the
balance of the w'2 equation shows an equilibrium between pressure-
strain and dissipation terms only. The modification of the diffusion



1600

mechanisms imposed by the manipulation appears to be essentially
a two-dimensional process lying in the xy plane.

In the outer region II, as previously guessed, an important in-
crease of the production term is observed for u'2 (Fig. 1a) and uv'
(Fig. 1d). In the first case, the production excess is mainly balanced
by the redistribution and, in a small part, by dissipation and diffu-
sion. Indeed, this large redistribution rate is balanced by the excess
of dissipation for the two other normal components (Figs. 1b and
1c), with the help of the diffusion for v"2. For the shear stress, Fig.
1d, the excess of production is balanced by pressure-strain and dif-
fusion terms. Inside the manipulator wake, the diffusion of w s
a sink in region IT and a source in the lower part, exactly as in the
case of the turbulent kinetic energy budget, as previously noticed
by Lemay et al.!' This clearly illustrates the role of the diffusion in
rearranging, essentially for «'2 and w'v’, the imbalance due to the
manipulation.

Testing of Turbulent Diffusion Models

As far as conventional, one-point numerical predictions of the
manipulated flows are concerned, several levels of complexity are
encountered. The one-equation approach, initially introduced by
Bradshaw et al.,2’ has been used by Veuve,?! k—¢ closure was tested,
for example, by Savill*?> and Tenaud et al.® Higher level models
have also been applied to such flows, like algebraic stress model or
Reynolds stress models (with five or three equations).® 222> This
list is not exhaustive but reflects the fact that external manipulation
is an interesting test for closure models. Except for the work of
Tenaud,' many calculations start downstream of the manipulator
trailing edge and use the experimental data as boundary conditions.
It is then somewhat difficult to compare calculations and experi-
ments for the behavior of the models as we have done with the three-
equation model in Tenaud et al.” We present now direct experimental
tests of the turbulence models used by most of the aforementioned
authors.

First, a remark has to be made. It concerns the usual assumption
required by most of the lower level models, i.e., one-equation and
k—e. Indeed, in these cases, it is necessary to hypothesize the di-
rect relationship between turbulent shear stress and kinetic energy.
This relationship is far from being universal in the vicinity of the
manipulator, as can be observed in Fig. 2.

1t appears that the normal components are somewhat modified,
but the distribution of the kinetic energy within its three components
is not strongly affected by the manipulation. On the contrary, the
variations of u/v’ are much more important than those of k. One
must mention, however, that such behavior rapidly vanishes down-
stream; we have observed (not presented here) that for £ > 7.5 the
relaxed, natural values are almost reached. This result clearly shows
that the two first closure models cannot be successful if applied too
closely to the manipulator, unless specific adaptations based on the
experimental results are made as, for example, done by Veuve.”!
However, this observation does not mean that the closure models or
other hypotheses involved in these models are not valid. One of the
purposes of the present study then is to test the models by them-
selves. Subsequently, local experimental use of turbulence closure
models can be done.
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Fig. 2 Structure parameters of the turbulent stresses: ;E/k (—),
V2k (= D)y W2 ), and —u'V’ [k (—-).
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Fig. 3 Parameter G of the one-equation model, normalization with
(—u'yHl/2 /U.; manipulated boundary layer ( -), conventional value
(- - - -) after Bradshaw et al.20

One-Equation Modeling

The one-equation closure model proposed by Bradshaw et al.?’
is based on a relationship between the turbulent shear stress and
the turbulent kinetic energy (structure parameter a; = —u'v'/k),
associated with the transport equation of k. This model requires a
specific function G for the turbulent diffusion and a specific length
L for the dissipation.

G is defined as

w2y + V'3 + vw'? + %p/v/

G= 3

— =, TS 1
_u/v/(—u/v’mux) 2

L is defined as

L= et @)

As usual, the experimental estimation of G, defined by Eq. (3), is
obtained by neglecting the term p’v’.

The diffusion function G is plotted in Fig. 3. As expected, this
function is strongly altered. It should be noticed that, if in the vicinity
of the manipulator u’v’ vanishes, this is not the case for k. Then the
value of G becomes unrealistic. As already mentioned, the applica-
tion of the one-equation model can only be valid if the calculations
start far enough from the manipulator.

k—e Modeling
Gradient-Diffusion Models

In turbulence modeling, the third-order moments are frequently
estimated using a gradient-diffusion hypothesis. Following this idea,
the simplest form used to model the turbulent transport of a quantity
¢ in the x; direction is given by

duig k— 3¢

E)Xj ij

Equation (5) applied to the turbulent kinetic energy (¢ = k) and to
the Reynolds stress (¢ = u;u’j), gives the popular model proposed
by Daly and Harlow.?* For the RSM applications, however, this
model is not rotationally invariant, because the expression is altered
under permutation of the indices i, j, and k. To avoid this problem,
Hanjalic and Launder®® have proposed an alternate model for the
triple correlations:

R k(—du'n), ——duly, ——dulu
- u;u’,ui =Ci—| ujy; L u’,u} ik 4 uLl; LY (6)
‘ € ax, ‘ Hx, 8)61

This model is more complicated than those based on the simplest
form of the gradient-diffusion hypothesis, but it does not sacrifice
the principle of Galilean invariance. In the present investigation, the
results (7} and T;;) obtained with Hanjalic-Launder model are very
similar to those obtained with Daly—Harlow model. Thus, the results
based on Eq. (6) are not presented.

Several authors have recently compared different components of
the triple correlations with those estimated by the Hanjalic—
Launder and Daly—Harlow models; see, for example, Cazalbou
and Bradshaw?® (DNS in channel flow and two-dimensional
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Fig.4 Diffusion terms of the k equation, normalization with (US /6) X
10~4: m, Ty, from direct estimation; 0, Ty, from Shir®® model; and A, T}
from Daly and Harlow?* model.

boundary-layer flow), Schwarz and Bradshaw?’ (measurement in
three-dimensional boundary-layer flow), Skdre and Krogstad®
(measurement in a two-dimensional boundary-layer flow in the
presence of strong adverse pressure gradients), and Aronson and
Lofdahl® (measurement in the plane wake of a cylinder). From
these papers, for the two-dimensional flows, a general observation
can be made: the measured triple correlation profiles and the pro-
files obtained from the models possess similar shapes although they
are sometimes different in amplitude. This point is very important
because, for the purpose of the turbulent diffusion modeling, the
transverse gradient is rather more important than the actual value of
the third-order moments. One must also note that most of the models
use the time scale k/¢. The comparisons are then quite dependent
on the reliability of the method used in estimating the dissipation
rate of turbulent kinetic energy.

Results

The present measurements allow the estimation of the distribution
of the second-order moments in an x—y grid; it is then possible to
calculate their derivatives and, finally, the terms appearing in the
closure models for the diffusion terms. Two models have been tested:
the model proposed by Daly and Harlow® and its contracted form
after Shir.>®

The diffusion term of the k equation, modeled after Shir,>” is

d [(C.k* Ok
= 2= @)

8x_,~ O € 8xj

The diffusion term of the k equation, modeled after Daly and

Harlow,?* is
o k—— 0k
T = —| Cy—tt',u,— 8
k ax; ( eu’u’ E)x,) ®

The values C,, = 0.09, C; = 0.22,and o;, = 1.0 have been adopted.

Figure 4 represents the experimental values of the diffusion terms,
obtained by space derivatives of the directly measured third-order
correlations. The application of the models, using the measured
second-order correlations, leads to the open symbols plotted on the
figure. The agreement between the three values is remarkable, de-
spite the very intricate spatial distributions (already noted in the
discussion for the equation budgets). The differences between the
experimentally modeled terms and the directly measured ones are
within the experimental uncertainties. This excellent agreement has
been previously noticed by Tenaud et al.” when they compare three-
equation model calculations (k—e—u'v’) with the present results. In
this case, the diffusion terms coming from the calculations were the
result of integration from upstream of the manipulator. In Fig. 4,
on the contrary, the model is locally applied; however, since the
three-equation model makes very good predictions of the turbu-
lent profiles, the conclusions of Tenaud et al.” and the present
ones are consistent. They indirectly validate the experimental es-
timation of the dissipation that appears explicitly in the scaling of
the model.

Algebraic Stress Modeling
The ASM model avoids making use of a universal structure
parameter of the Reynolds tensor or Boussinesq hypothesis. The

7=} . 10
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Fig.5 Testofthe algebraicstress model hypothesis, normalization with
(U3/6) x 107%); m, Cyj — T5 0, [Cy — T) u:uj’/k, a) u’2 component, b)
v2, ¢) w2, and d) u'v'.

closure is obtained by using a set of algebraic equations relating the
different components of the Reynolds tensor. To derive an explicit
form for u,’u’], a set of algebraic equations can be obtained if the
following relationship is verified:

(Cij — Tij) = (Cr — Tk)Zu—f,/k ©)

This means that one assumes that the convective transport of u;u’;
occurs at the same rate as for k. Following the ASM approach, we
choose in the present study to compare the experimental values of
the term (C;; — T;;) with the values of the term (Cy — Tuju’;/ k.
The terms (C;; — Tj;) and (C — Ty) represent the difference between
convection and diffusion of u;«’; and k, respectively.

Figure S presents the comparisons obtained for the four moments.
The equivalence of the transport processes can be accepted with
confidence mainly for 1’2 but is somewhat in error for v'? in region
I and in region I for w'2. The inapplicability of the ASM hypothesis
is more evident on the shear stress (Fig. 5d). Indeed, as Figs. 5a-5d
together with Fig. 2 indicate, the convection practically balances
the diffusion of k in region II (see, also, Lemay et al.'!); that is not
the case for /v’ (Fig. 5d or Fig. 1d). On the other hand, in region I,
the quasivanishing value of #’v’ in the lower part of the wake induces
a very low value of the comparison term in the region where large
imbalance exists in the convection/diffusion of u'v’.
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Fig. 6 Diffusion terms of the W equations, normalization with
(U3/8) x 10~%: m, Tj from Eq. (2); 0, Ty from Shir®® model; and A,
T;; from Daly and Harlow?! model; a) w2 component, 7713 b) ;72_, Ta;
C) W, T33; and d) W, le.

Full Reynolds Stress Modeling

The models tested and the technique for the comparison of exper-
imental predictions and measurements are the same as those used
for the test of the k equations (7) and (8).

The diffusion term of the u]u; equation, modeled after Shir,” is

. C,, k* duju 10
v Z)xk O € axk

The diffusion term of the u;u'; equation, modeled after Daly and
Harlow,? is

9 k_.__au;u;.
T,; = — | Ca—uyu) an
x

({))Ck

The results are reported in Fig. 6. As for 7, the measured values
of T11, T», T3, and T, are in.very good agreement with the ex-
perimental applications of the models. Both the Daly—Harlow and
Shir models perform quite well in this flow and are well suited to
describe the very different behaviors of, for example, u'? and w'2.
Unlike for u'2, the diffusion of w'2, as mentioned in the third section,
is very low. The two models are well adapted to diffusion terms even
in such an out-of-equilibrium flow.

This particular aspect can be further analyzed if one writes,
for example, the explicit modeled form of 7. Using the stan-
dard boundary-layer approximation (8/3x <« 9/dy) and with the
corresponding value of each constant, this gives

i) 25k
Ty~ — (0.09’-‘-‘—) (12)
dy € dy
for the Shir model and
) k— 0k
n:l-ezzmﬂ—> (13)
dy € dy

for the Daly—Harlow model.

For a natural boundary-layer case, a local equilibrium assumption
can be made, and a standard value of v2/ k =~ 0.41 can be used. This
assumption applied to Eq. (13) gives

9 k2 v? ok
T~ — (022~ —=
dy € k oy

5 k2 ok
~ 2 (0.09=~= (14)
ay € dy

which is equivalent to Eq. (12), the Shir model. This analysis gives
the same results for each of the Tj; terms.

__For the manipulated case, it is noted from Fig. 2 that the ratio
v'2/ k departs slightly from the standard value (> 0.41) only in the
regions 0.37 < y/8 < 0.46 and y/§ > 0.7. As expected, from
Fig. 4 it can be seen that in these regions |Txp_n| > |Tishi|, but the
differences between the two models are quite small.

Finally, mention must be made that the agreement between the
actual and modeled values of T and 7;; does not mean that the mag-
nitude of the u]u’;u; components are accurately modeled. This only
means that the shape of the uju’u; profiles are well reproduced.
The models perform especially well when reproducing the trans-
verse gradient of u'2v’, v'3, vw'?, and u’v'2. Similar observations
have been made by Schwarz and Bradshaw?’ in the two-dimensional
region of their experiment (three-dimensional boundary-layer flow).
They have shown that in a two-dimensional boundary layer the mod-
els are able to predict the general shape of the u; u/ju’k profiles.

Conclusion

The present detailed experiments have proven the ability of exper-
imental approaches to perform validations of calculation hypothe-
ses and closure models. The flow under consideration is, in some
sense, enough out of equilibrium to provide a test case with a large
amount of modifications when compared with the canonical case
but is not too far from equilibrium to allow the use of conventional
approaches. Most of the conclusions drawn from the calculations
by several other authors have been directly checked by the present
work, including limitations and possibilities of simple prediction
methods, and the power of the high-level models. The analysis of
the balance of transport equations of Reynolds stresses is a power-
ful tool for choosing the closure level. In addition, this study allows
one to validate closure models by performing experimental closures.
This can be a way to define or develop new closure models. In the
present study, we have restricted the analysis to existing models with
their conventional set of constants.
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