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Abstract

This paper shows that accurate predictions of skin friction and Stanton number for a flat plate boundary layer can be achieved with the
k—e model of turbulence with wall functions, provided the computaai model (turbulence model, geometry, boundary conditions, etc.)
is properly defined and that the simulation is grid converged. Emphasis is put on good CFD practices such as verification and validation.
Verification allows to obtain numerical predictions with controlled aacy. Validation of the computational model is thus performed on solid
grounds. Predictions of the local skin friction coefficient on the plate were obtained for Reynolds numbers@f and 2x 108. In the
caseRe= 2 x 1(P, the effects of inlet boundary turbulence Reynolds number, geometry of the plate and type of wall functions are assessed.
It is found that an inlet turbulence Reynolds number equal to 10% of the Reynolds number yields realistic results. Significant improvements
are achieved if the plate thickness is included in the computational model. Two-velocity scale wall functions prove to be superior to the more
popular one-velocity scale wall functions. For the cBge= 2 x 106, predictions of the local skin friction coefficienC'¢(x)) and the local
heat transfer coefficienSf(x)) are in good agreement with correlations.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction a broad spectrum of fluid dynamics problems and have
been observed in many instances. In fact, accurate and
The subject of turbulent flow over slender bluff bodies, reliable prediction of turbulent flows has been the subject
such as a flat plate, is a topic of interest to many engineers.of much research by the CFD community over the past
They usually tackle this problem with commercial software few years. A review of the literature reveals that in many
that often implement thé—s model with wall functions or  cases, for a given flow, predictions by different authors
a variant. Modeling and computational decisions that they show an unacceptable amount of scatter. At times this gets
make, as well as the careful meshing of the computationaleven more disconcerting given that people using similar
domain, have a direct impact on the accuracy of the models and numerical algorithms produce vastly differing
numerical predictions. predictions. Table 1 presents the predicted length of the
The objective of the present paper is to control the recirculation zone for turbulent flow over a backward facing
numerical precision of the solution so as to eliminate the step. All authors use a variant of the-= model with
mesh as a source of error. Once the accuracy is verified,wall functions and a TEACH type solution algorithm [1].
validation and comparison of numerical models may be The only exceptions are the predictions of Donaldson, who
performed on a more solid basis. Under such circumstancesysed a Reynolds Stress Model, and that of llinca et al.
the discrepancies betweenegictions and measurements obtained with an adaptive finite element method. The scatter
are due to modeling errors (turbulence model, geometry, between predictions is even worse for turbulent heat transfer
boundary conditions, etc.). Such issues are of concern topredictions. Table 2 presents the maximum Nusselt number
downstream of a sudden pipe expansion. These results were
msponding author. taken from Launder [2]. Hutton et al: cc_)llec_ted thg original
E-mail addressdominique.pelletier@polymtl.ca (D. Pelletier). data [3]. The largest predicted value is five times bigger than
1 Current address: Pratt & Whitney Canada. the lowest value. The lowest predicted value is in error by
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Nomenclature
Cy(x) local skin friction coefficient Ui velocity scale from the two-velocity scale wall
C1, C2, Cy, ok, 0. constants for the— model function
cp specific heat at constant pressure uy velocity scale based on TKE
d distance between solid wall and X,y Cartesian axes
computational boundary k turbulence kinetic energy (TKE)
E roughness parameter 3 dissipation rate of TKE
E natural logarithm of K Karman Constant
K natural logarithm ok A thermal Conductivity
L plate length m viscosity
Nu Nusselt number 0 density
p pressure T shear stress
Pr Prandtl number .
q heat flux Subscripts
Re Reynolds number 0 inlet boundary
St(x) Stanton number t turbulent
T temperature trans  transition laminar-turbulent
TKE turbulence kinetic energy w wall value
U free-stream velocity X based on plate length
u velocity vector o0 free-stream value
u,v horizontal and vertical velocity .
Superscript
components _ _ _
Uy friction velocity + dimensionless (wall functions)
Table 1 Table 2
Flow over a backward facing step Maximum Nusselt nhumber down-
Reference Turbulence L/H stream of a sudden pipe expansion
model Author NUmax
Kim et al. experiment #0.5 Numerical #1 1660
Mansour and Morel k—e 5.2 Numerical #2 375
Pollard k—e 5.88 Numerical #3 1205
Rodi et al. k—e 5.8 Numerical #4 1330
Launder et al. ASM ® Numerical #5 915
Abdelmeguid et al. k—e 6 Numerical #6 2036
Demirdzic et al. modified—e 6.2 Numerical #7 574
Donaldson et al. RSM & Numerical #8 1440
llegbusi and Spalding modifigd-¢ 7.2 Numerical #9 921
Nallasamy and Chen k—e 5.8 Numerical #10 943
Syed et al. k—e 5.8 Numerical #11 975
llinca et al. k—e 6.2 Experimental 932

Roache proposes a two-step approach in order to dis-

50% while the highest prediction is in error by more than tinguish mathematical modeling errors and numerical er-
100%. According to Launder the main source of error is the rors [4]. The first step is callederification Simply stated, it
near wall model. However, mesh size and artificial diffusion provides an answer to the questiéme we solving the equa-
due to upwind discretization of convective terms provide an tions right?Questions of numerical accuracy are at the heart
uncontrolled and often non-negligible source of error. of the verification process. The second step is callaii

While turbulence modeling issues are still a topic of hot dation and provides answers to the questidme we solv-
debate, numerical and discretization issues can now be ading the right equations for this problenihe key question
dressed in a rigorous and systematic manner so as to mini4n validation is one othe suitability of the computational
mize their impact on the uncertainty of predictions. Adaptive model to accurately represent the physical process of inter-
methods are a powerful tool to control numerical errors. Itis est
now possible to obtain “numerically exact” solutions to the This paper proposes an adaptive finite element method as
differential equations so that computational modeling issues an efficient tool for performing both verification and vali-
can be studied and evaluated with confidence. dation. This methodology has already proved its ability to
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produce high quality and vergccurate solutions to a wide ficationassolving the equations righaind ofValidationas
variety of problems. Initial efforts were focused on lami- solving the right equations
nar isothermal flows [5,6], turbulent incompressible flows For Verification, the code author defines precisely what
[7-9], and compressible flows [10]. Applications to lami- partial differential equations and boundary conditions are
nar heat transfer have also been presented [11,12], includingoeing solved and convincingly demonstrates that they are
conjugate and compressibility effects [13,14]. Applications solved correctly (i.e., with some order of accuracy) and
to turbulent heat transfer may be found in [15-17]. Using always consistently so that, as the mesh size tends to zero,
the adaptive methodology, the paper presents an example ofhe code produces a solution to the continuum equations.
code verification by the method of manufactured solution. Whether or not those equations and that solution bear any
Examples of successful and unsuccessful validation showrelation to a physical problem of interest to the code users
that agreement with experiments or correlations is achievedis the subject of Validation. Thus in a meaningful but
only with a good computational model of flow physics com- scrupulous sense, one cannot validate a “code”. The best
bined with accurate numerical Istion of the differential ~ one can do is validate a simulation or perhaps a range of
equations. The paper emphasizes good CFD practice to syscalculations for a well defined class of problems.
tematically achieve verification so that validation studies are ~ Another way to make the distinction between Verification
always performed on solid grounds. and Validation is to speak of nuerical errors versus concep-
Adaptive methods provide a powerful approach to han- tual modeling errors. An example is the assumption of in-
dle flows with such a spectrum of behaviors within the flow compressibility. For instance, dynamic stall of helicopter ro-
field. Automatic grid point clustering in regions of rapid tor blades entails compressibility effects at surprisingly low
variation of the solution emses accurate resolution in all ~ free-stream Mach number. Results from an incompressible

parts of the flow. Mesh adaptation can yield “numerically flow code will likely not agree with experimental data. How-
exact” (grid independent) solutions. The error estimator al- €Ver, one cannot claim that code failed verification because
lows for quality control of the solution. The adaptive strat- it was applied to a compressible flow. In this case, the lack of
egy provides a simple means of quantifying the convergence@greement with data is not a code problem. It is a modeling
of an adaptive grid refinement study. Our previous work on Problem: the user chose the wrong model for his flow.
adaptive finite element methods has described both verifica- Another way of distinguishing Verification from Valida-
tion and validation computations for a variety of problems tion is to follow the classical distinction between mathe-
of practical interest [7—9,15,16,18]. matics and engineering science. Verification is strictly an
The paper is organized as follows. Definitions of Veri- activity in the mathematics of numerical analysis. It an-
fication and Validation are given in the first section, which SWers the questioAre we doing good numerical analysis

is followed by a presentation of the equations modeling the t©© SOlve the differential equations at hanudlidation is es-
problem. Then, we simulate isothermal flow on a flat plate sentially and strlct!y an actmty in engineering science. It
and assess the accuracy of results by looking at the skin fric-2NSWers the questiohre we doing good engineering mod-
tion coefficient along the plate. White's correlation [19] is ©/ing for the problem of interestPhis distinction is further
used as a reference because of its accuracy and reliability"hanced by looking at th& EE definition of code Verifica-
The effects of the inflow’s turbulence Reynolds number, the tion [24]: “Formal proof of program correctness'We agree

type of wall functions and the geometry of the plate are stud- ),Nith Oberkampf’s_evalu.at_ign of Fhis terse definition [25]:
ied in turn for a Reynolds number of2 105 to show their Although brief, this definition brings unprecedented clar-

impact on the accuracy of predictions ity to the meaning of the term, and it adds a new perspec-
A heat transfer variant of the flow is then presented, for tive to the issue. Specifically, this definition bluntly requires

a Reynolds number of 2 106. Predictions of the local skin correctness or veracity of prediction, without bringing in

friction coefficient and Stanton number along the plate are supportive topics as to what is being predicted or how it

presented and compared to White's correlation [19] and the IS dpne ' .Wh"e more general, the IE.EE definition IS com-
Kays—Crawford correlation [20]. patible with the one used here, and is also compatible with

the distinction between Verification and Validation. That is,
program correctnes$or a PDE code would naturally in-
o cludesolving the equations righind of course a definition
2. Definitions of what those continuum equatis are, without getting into
the question of whether certain problems are appropriate for
First and foremost we must make the essential distinc- those equations and that code, i.e., Validation. In other words
tion between Verification and Validation. In a common Eng- Verification and Validation are separate steps.
lish thesaurus, verification and validation are synonymous.  Questions of numerical accuracy are at the heart of the
However, in CFD these two words have acquired a generally Verification process. Thus, both the code and individual
acceptedechnical meaningvhich is provided in thespe- simulations must be verified. Verification of a code involves
cific technical contexbof CFD. We follow accepted defini-  error estimation from a known solution, whereas verification
tions [4,21-23] and adopt the succinct descriptionv/efi- of a specific calculation involves error estimation or banding
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to ensure that problem specification does not prevent the3. Modeling of the problem

code from delivering the expected accuracy. See Roache [4]

for cases where a verified code may deliver non-verified 3.1. Reynolds-averaged Navier—Stokes equations
simulations.

The key question in Validation is centered tire suit- The problem of interest in the present study is modeled
ability of the computational model to accurately represent by the time-averaged contiity, momentum and energy
the physical process of intereskthe computational model equations:
includes the PDEs solved, boundary conditions, the geom—V U=0
etry, the turbulence model, physical properties, etc. Predic- -
tions are compared to experiments to determine the degree opu- Vu=-Vp + V. [(M + Mr)(VU + VuT)]
accuracy to which the model represents reality. Again, this pepu-VT =V - [(A+1)VT]
is a matter of physics and engineering, not of mathematics. . . ,

Any Validation exercise looses its significance and credibil- Wherep is the densityy the velocity, p the pressurey the

ity if prior Verifications (of the code and the calculations) VISCOSityu: the eddy viscosity;, the specific heatl” the

are not performed. The rule is: verify first, validate next. [€mperature, the conductivity and, the eddy conductivity.
Roache recommends systematicgefinement studies for 1 1iS System of equations is closed with thes turbulence
structured non-adaptive meshes combined with Richardson™ode! [29].

extrapolation as a means of performing verification studies.

In thig paper, adaptive remesphing is usged as a cost-effective>-2- The standard—e turbulence model
alternative that automates the tedious process of manual gen-
eration of finer meshes.

To many people, Validation simply consists in compar-
ing predictions to experimealt measurements. In practice,

The eddy viscosity and conductivity are expressed in
terms of two turbulence variables, the turbulence kinetic
energyk and its rate of dissipatiost

Validation is a more difficult exercise than one would ex- k2
pect. One must start witgjood CFD (verified) predictions ~ #1 = 'OCM;
and compare them tgoodexperimental data. The first dif- _ Cphu

ficulty to overcome is best described by the following say- ™'~ pr,

ing in the aerodynamics communitito one believes the The turbulent Prandtl number, is equal to unity.

(.:FD prediction except the one who perf_ormed the calcula- The turbulence quantities are governed with the following
tion, and every one believes the experimental data excepttransport equations:

the one who performed the experimerSecond, good data

is.difficult to obtain due to experimenta] errors. For instance, pU-Vk=V. [(M + &)Vk} o P(U) — pe (1)
wind tunnels suffer from flow angularity and blockage ef- Ok

fects which are further contipated because they vary with

angle of attack. Furthermore, experimental data mustbe in- |\ v, _v. [(M 4 ﬂ)w}

terpreted with care because of the possible sources of errors: O¢
calibration errors, data acquisition errors, data reduction er- s &2
rors, test technique errors etc. [26]. +Crp i P(U) = Cop—- 2)

In general, most experiments were never designed for
CFD Validation. As a result some data critical to CFD
is often missing: geometryboundary conditions, initial  P(u)=Vu: (Vu+Vvu')
conditions etc. [4]. Aeschliman et al. [27] also report that The constant€s, Cz, Cy., o, ando, are set to the values

“as one progresses down thetli® more difficult quantities recommended by Launder and Spalding [29] and listed in
for CFD to predict, the experimental uncertainty generally Table 3.

increases also’ This can result in false invalidation (failed

Validation) or false Validation. Wilcox [28] describes a 53 g boundary conditions

case where the data were incomplete and lead to a false

invalidation. Aeschliman etal. [27] describe a case forwhich  The standard—e turbulence model is not valid for low

both the CFD and experiments contained serious errors, yet 5, es of the turbulence Reynolds number (e.g., the near-

agreed extremely well with each other! wall region). The strategy adopted here uses wall functions
The flat plate flow variants presented in this paper were

selected to illustrate a range of situations. All cases involve
verified computations. Examples show that a verified code
may lead to successful validation in one situation and
failed validation in another. This highlights the delicate and
difficult nature of verification and validation activities.

The production of turbulencg(u) is defined as:

Table 3
Constants for thé— model

Cu C1 Cy Ok O¢
0.09 144 192 10 13
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which describe the solution in the near wall region. This
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wall. In finite volumes, a wall function cell is used instead.

section describes two such wall functions which are used aslts heightd must also satisfy 3& y* < 300. However, be-

boundary conditions.

3.3.1. One-velocity scale wall function

A wall function expresses the velocity tangent to the solid
wall # as a function of the distance from the walin terms
of the dimensionless variablag andy™:

ut =y*t for yt <yt

1
ut = - |n(Ey+) for yt >yt

where ¢ is the Karman constant and is a roughness
parameterx = 0.42 and for smooth wallst = 9.0. The
critical value y! separating the linear and logarithmic
velocity profiles is approximately 10.8 [20]. For the one-
velocity scale wall lawy™ andy™ are defined as follows:

u
ut =—
Usx

+_ dpuy
7

The velocity scale.,, called the friction velocity, is obtained
from the value of the wall shear stress:

Tw
Uy = | —
Voo

The combination of the logarithmic wall function and the
definition of u, results in a non-linear mixed (Robin)
boundary conttion for u:

u:\/glln(Edp Tw/p)
p K 0

that involves both the tangent velocityand its derivative
since

du
Tw =W+ W) —
dy

Of course, the specific value af where the boundary
condition is applied is chosen so that lies within a
safe range of validity of the logarithmic wall function.
A posterioricomputations ofy™ are always performed to
make sure that 3& y* < 300.

Fig. 1 shows the different discretizations of the compu-
tational domain close to the wall, for finite elements and fi-
nite volumes. In finite elemés, the mesh does not reach the

D

N
RANS

Finite element

A4

2 Wall function i
v Element '

- ————

Va4
Solid wall

@)

cause the mesh reaches the wall, ho#indv are set to zero

at the wall. Wall functions determine the values of the ve-
locity at the first nodes off the wall. While simplifying the
CFD, meshing to the wall imposes non-trivial constraints on
mesh generation to ensure that36 ™ < 300.

Once the velocity distribution is known throughout the
domain, the distribution of the turbulence kinetic energy
and its dissipation rate are computed by solving equa-
tions (1) and (2) with the following Dirichlet boundary con-
ditions [29]:

Tw

P/ Cu
u3

%
Kkd

3.3.2. Two-velocity scale wall function

The one-velocity scale wall function predicts zero heat
flux near a reattachement pobecause the friction velocity
u, is not the appropriate scale as it vanishes at a stagnation
point [30—32]. This contradicts observations. Near a stagna-
tion point, turbulence fluctuations are responsible for heat
transfer. The following definition provides a velocity scale
based on the turbulence kinetic energy [33]:

u = Ci/ /2

The second velocity scale., is defined as follows:
Tw

Uy =
Pk

The definitions of«* andy™ are then:

u
ut=—
U
dpuyg
yt=
I

Using the logarithmic wall function and the definitions of
uy andu,,, one obtains a mixed boundary condition for
which is linear:

3)

Thek-equation is solved with a zero gradiefkt{on = 0)
wall boundary condition. This condition arises from the

@
&

CFD control volume

Wall function cell d

Solid wall
(b)

Fig. 1. Discretization close to the wall: (a) Finite elements; (b) Finite volumes.
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fact that the wall shear stress is considered constant in thebe viewed as using the following change of dependent

region O< y* < £300 [34] (ry, = p/Cuk). Therefore,
a1y /9n = dk/on = 0. This Neumann condition is required
to compute the distribution af; along the boundary and
to determine the velocity boundary condition. Finally, the
boundary conition for ¢ is given by:
3

ek

kd
The use of the velocity scalg, enables physically realistic

variables:
K =In(k), E=In(e)

Solving for K and€ guarantees that ande will remain
positive throughout the computations. Hence, the eddy vis-
cosity i, will always remain positive. This approach is re-
ferred to as solving fologarithmic variables Furthermore,
turbulence quantities often present very steep fronts which
are difficult to resolve accurately. Logarithmic variablés

predictions of the heat flux near stagnation points where the2nd€ present smoother variations than thosé ahde be-

shear stress is zero but the heat flux is not.

3.3.3. Thermal wall function
Boundary conditions at a wall for the energy equation
are enforced through a temperature wall function similar to

that used for the momentum equations. For constant wall

temperature, the effective heat flux in the wall function is
computed as

1/4,1/2
 pepCll Kkl 2Ty — 1)
quw = T+

whereT andk are the temperature and the TKE of points
located on the boundary of the computational domdip;
is the wall temperature and'* satisfies the following

relations [31]:
Pry* for y*t < yi"

4y — P
27 a2

Pilnyt)+ 8 fory) <y*

with the following definitions:

foryf <yt <ys

Tt =

1/2
yt = _10 vt = (X
Pri’ a1

a1 = 107%pr,, ap = 15Pr?/3

ﬁ:az—ﬂ[mn(iﬂ
2K ai

cause the logarithm varies more slowly than its argument.
Thus, more accurate solutions are obtained when logarith-
mic variables are used.

The transport equations for the logarithmic variables are:

u-vk=v. |:(u+ ﬂ)v;c} + <u+ ﬂ)(vmz
O Ok

+ /L;E_ICP(U) — ,oeg_’C
+ Mt

pu.v5=v.[(u+ﬂ)v5}+(u s
O O

+ Cre FP(U) — Capef=F

Note that the equations for logarithmic variables are
equivalent to the original equations of the turbulence model.
Hence, the turbulence model is unchanged. Only the compu-
tational variables are different.

)(Vé‘)z

3.5. Finite element formulation and adaptive remeshing

The Navier—Stokes and energy equations, along with the
logarithmic form of the turbulence equations are solved by
a finite element method. Thegeations are multiplied by
a test function and integrated over the domain. Integration
by parts of diffusion terms and pressure gradients leads to
the Galerkin variational fonulation. Because the equations
are dominated by convection, the standard Galerkin dis-
cretization of such equations may lead to non-physical os-
cillations and convergence difficulties. These situations are
mitigated by using one of the following stabilized formula-

The Prandtl and turbulent Prandtl numbers are set respections: SU [36], SUPG [37], or GLS [38]. The equations are

tively to 0.7 and 1.
3.4. Turbulence equations in logarithmic form
While mathematically correct, the turbulence equations

(1) and (2) may cause numerical difficulties. For example,
the eddy viscosity may become negative ifbecomes

discretized using the seven-node triangular element [39],
which uses an enriched quadratic velocity field, a linear dis-
continuous pressure and a quadratic interpolant for the tem-
perature and the logarithms of turbulence variables.

The equations are solved in the following partly segre-
gated manner:

negative, causing the solver to breakdown. Also, several (1) For a given field of:,, solve momentum, continuity and

source terms contain division by a turbulence variable.

energy equations;

Negative or small values of the denominator can cause (2) Solve TKE equation;

improper sign or overly large values of the source terms.

(3) Solve the dissidation equation;

Enhanced robustness of the algorithm is achieved if one can(4) Repeat from step 1.
ensure that turbulence variables remain positive throughout

the domain and the course of iterations.

Faster convergence is achieved by repeating steps 2 and 3

One way to preserve positivity of the dependent variables within a global iteration. Wall functions are solved implicitly

consists in solving for their logarithms [35]. This can

at all steps.
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Mesh independent solutions of the equations are obtainedour previous attempt with an all-Dirichlet approach [32].

with an adaptive finite element algorithm [40]. Error esti-

Following Turgeon et al. [41], computations are performed

mates are obtained by a local least squares reconstruction ofising a GLS stabilized finite @ment scheme for all equa-

the solution derivatives for the velocity field, the temperature
and the logarithms of turbulence variables. An error estimate
for the eddy viscosity is also constructed since slowly vary-
ing fields of C and€ may resultin rapid variation qf, [35].

The adaptive methodology is set to reduce the error by a fac-
tor of two at each cycle of adaptation.

4. Verification

This section presents one example of verification of the
adaptive finite-element method. We use the Method of Man-
ufactured Solution proposed by Roache [4]. The availability
of an analytical solution provides a rigorous framework for

assessment of solution accuracy. The following expressions

are used as a solution:

Ur+U; Ui1—Uz
U= — erf
5 > ()
Up—U 1
V=" "~ B
2 o7
N+, -1
T = — erf
5 > ()
p=0
k =ko(ck + B)
€0
&= —(ck + B)
X
e = X (ck + B)
where
:G—y, B:e_nz
Up=1, Uy =03
T, =0.3, =1
o =135, p=10
C,=009  pu=10"
ke — 343 UL(Us — Ua) o
0= 75000 1t T TP
e 2 0 s - U222
0= 22500 I PY
104 343 U
Cl = — = —
= 0 P T 250000t

Appropriate source terms are obtained by substituting the
above expressions fot, v, p, k, ¢, andu, into the Navier—
Stokes, energy and turbulence equations. While any

tions (momentum, continuity, energy, turbulence). The adap-
tive remeshing strategy is set to reduce the global error by a
factor of 2 at each adaptive cycle. All dependent variables
contribute to mesh refinement.

Fig. 2 shows the grid convergence of the flow solution.
The error decreases at each cycle of mesh adaptation indi-
cating that grid convergence is occurring. Notice also that
agreement between the erratimates and the true errors
improves with mesh adaptation. The estimators exhibit as-
ymptotic exactness with grid refinement, as confirmed by
Table 4, which shows efficiency indices of the error esti-
mators close to 1 (ratio of the estimator to the true error).
Asymptotic exactness guarantees sharpness (reliability) of
the estimator with mesh refinement.

Error trajectories confirm #it the finite eément scheme
exhibits second order accuracy for the derivatives of all

1000 ; :
True error-Energie —+—
100 Error estimate—Enc;gie —emaeem ]
True error-Thermique -
10k Error cstimatc—'lhemx@que - ]
5 True error-EquivK -
5 b ]
Q
|
2 0.1 F ]
<
0.01 F 1
0.001 § ]
0.0001 .
1000 10000 100000
number of nodes
(@
1000 :
True error-Equiv Eps —+— ]
L Error estimate-Equiv Eps ---»--- ]
100 ; ]
True error-Equiv Mut ----%--- ]
10k Error estimate-Equiv Mut  --—-&--- ]
8
5 b ]
°
2
2 0.1 F ]
g
0.01 F ]
0.001 \-\\ 1
‘.\\-*‘
0.0001 L -~
1000 10000 100000
number of nodes

(b)

Fig. 2. Grid convergence for the flow: (a) T, KC; (b) &, ;.

expression can be used, the above choice mimics a ther-

mal free shear layer. Equations are solved over the do-
main (100, —75) x (300, 75). Dirichlet boundary conditions
are applied everywhere, eapt on a portion of the bottom
boundary, where a zero normal traction is specified. This en-

sures that mass is conserved and improves convergence over

Table 4

Shear layer: efficiencies on final mesh

u T K &
0.9988 1.018 0.9792 0.9769
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dependent variables. This verifies the performance, in theturbulence outside of the boundary layer is clearly seen. The
sense of Roache [4], and accuracy of the solver and errorhigh values of inflow boundary conditions éfande also
estimators. have a significant non-physical side effect: the valug o
lower in the boundary layer than in the free stream flow, as
illustrated in Fig. 5(a). Fig. 5(a) shows that grid independent
5. Isothermal flat plate results are easily achieved dmetfirst adapted mesh. This
simulation is thus verified in the sense of Roache. However,
The verified code is now applied to turbulent flow on an it is not validated as it presents an unphysical behavipr, of
infinitely thin plate. The domain and boundary conditions A h|gher turbulence Reyno|ds number must be specified
are defined as shown in Fig. 3. Computations are performedin order to make the computational model physically more
in dimensionless form using the plate length and inlet realistic.Rg is now setto 20 000 (10% &6 with the values
velocity as reference quantities. The Reynolds number is of k, ande, given in Table 5. The freestream turbulence is
set to 200000 (selected as viable while at the same timenowverylow compared to the levels of TKE in the boundary

minimizing meshing requirements). layer, so that the decay of grid turbulence does not show on
) Fig. 4(a).
5.1. Effect of the inflow turbulence Reynolds number Fig. 5(b) is a very good example of the importance of

achieving grid independent solutions. The behavior of the

The realism of the flow solution may depend on a number ¢y viscosity ) changes dramatically between the initial

of user specified input parameters. Among those are the dis-, 4 the final mesh, where it is more along expected trends.

tance to the wall in the wall functions and the inflow values Note that four cycles of adspe remeshing are needed

of the turbulence kinetic energy and its dissipation rate. This ;o hieve a grid independent verified solution. The final

section shoyvs thafc proper selectiqn <_3f inflow.values of_ tqr- meshes for the case@q — 1000 andRe = 20000 are
bulence variables is critical to achieving physically realistic

predictions. In this section, a two-velocity scale wall func-

0.1 r

tion is used along the plate. Similar trends were observed g i
with a one-velocity scale wall function. 008 | Cycle2 - il
. . ycle 3 - !
The inlet turbulence Reynolds number characterises the 83’0{:3;1 ------
flow and is defined as: 006 /s
€o > ’
Reg =—— L 4
e pCukE 0.04
wherek, andeg, are the inlet boundary conditions. 0.02 - s
Following previous success in the prediction of internal s ‘
flows [16], the turbulence Reynolds number at the inflow 0.0001 00005 0.001
was set to 1000 with the valuesifande, given in Table 5. Eddy viscosity
This low value of the inletRg results in a rather large @)
eddy viscosity which dissipates the TKE. Contours of TKE 0.1 - T
for Re = 1000 are shown in Fig. 4(a). The decay of grid 1
0.08 |- \ —
_ v _ ok _ e _ 1
u=1 > \ N
Ju \ e
v=0 -P+2 =0 L e e - .
k,e plate Hox 0.04 . Tl ""---.‘_\
(-1.0) 00 . (10) ok = % = s e
symmetry condition wall function X T Ix - 7

Fig. 3. Domain and boundary conditions.

|

0 5e-05 0.0001 0.00015 0.0002
Eddy viscosity

(b)

Fig. 5. Variation ofu; in the boundary layer at/L = 0.5: (a) Re = 1000;
(b) Re =20000.

-
TR

@

Table 5
Inlet values ofk ande

- Re ko €0
(b) 1000 102 9x 1073

6 —9
Fig. 4. Contours of TKE: (aRe = 1000; (b)Re = 20000. 20000 10° 18x10
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Fig. 6. Final meshes of the adaptive remeshing procedur®¢ga} 1000;
(b) Re =20000.

shown in Fig. 6. Increasin®e yields a thinner boundary
layer. Fig. 6 shows that the meshes are adapted accordingly.

We now make a more quantitative assessment of predic-
tions by looking at skin friction predictions.

Cf

5.2. Effect of the type of wall functions

One and two velocity wall functions are used in turn
to predict skin friction over an infinitely thin plate (zero
thickness). The local skin friction coefficient, defined as:

(b)

Tw u
Crix)= —lpUz wherer,, = u <@> ‘y:O Fig. 7. Evolution of the distributions & ¢ (x) with adaptive cycles: (a) One
2 velocity scale, (b) Two velocity scales.

0.02 T

is used to assess the predictions.

Following results from the previous sections, the turbu- " One velocity scale -+
lence Reynolds number is set to 20 000. The predicted values Whiies cobenntion =
of Cr(x) are compared to White's correlation: 0.015

0.455
In2(0.06Re,)

which agrees with measurements 2% over the entire 0.005
turbulent range [19]. This comparison amounts to validation
of FEM predictions. oL

0.01

Cf

5.2.1. One velocity scale

The distribution ofC¢(x) along the plate is computed Fig. 8. Distributions ofC ¢ (x) on an infinitely thin plate.
from the one-velocity scale wall function boundary condi-
tion for k: 5.2.2. Two velocity scales

k \/@ With two velocity scales, the local skin friction coefficient
Crlx)= 12 (4) is computed in the following manner:
2 uru .

Fig. 7(a) shows distributions of ;(x) obtained for Cf(x)lekﬁ SINCETy = PUkllx
each of the adaptive cycles. Numerical instabilities have 2
necessitated the use of different stabilization formulations Ci/ K2y
(SU, SUPG, GLS) for the turbulence equations. Converged = Crn) = 1,01 dpCl 12 (5)
solutions could not be achieved with the same formulation U ln(ET)

for all adaptive cycles. This may explain why we do not see The evolution of the distribution o€ s(x) with adaptive

a clear evolution of the distribution @ ; (x) towards a grid cycles is illustrated in Fig. 7(b) where grid convergence is

independent solution, even though the differences betweenclearly achieved. Thus this prediction is verified in the sense
cycles are small. However, predictions are so smooth thatof Roache. The distribution obtained on the final mesh is
we believe they are useful in assessing the results. Theplotted in Fig. 8. Results are poor when compared to White’s
‘Cycle 4’ solution is plotted in Fig. 8. As can be seen, the correlation, especially near the leading edge of the plate
agreement with the correlation is not good. This simulation where the two-velocity scale wall functions fail to reproduce

fails validation in the sense of Roache. an observed peak af ¢ (x) and TKE. In fact, the behavior
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symmetry wall function

no stagnation point

low turbulence
(@

Fig. 9. Horizontal velocity ay = 0.

is opposite to that of measurements. The predicted level of
k is very low at the inflow boundary of the domain and

remains low because the comatibnal velocity gradients | | __________ _&\) """""""""" 5
near the leading edge of the plate remain small. Hence, the

value ofuy is very low at the leading edge of the plate so

that equation (5) predicts low valuesqf andC s (x). This

simulation fails validation in the sense of Roache. stagnation point
Reallistic distributions of” ¢ (x) can only be achieved if high turbulence
the expected higher levels of TKE can be generated by the (b)

ComPUtatlonal model. It |S§ the Ve|OCIty gradle_nts in the pro- Fig. 10. Profile ofu near the leading edge of the plate: (a) Zero thickness
duction term of thék-equation that are responsible for gener- pjate; (b) Finite thickness plate.
ating this turbulence and they are most important where the

flow meets the plate. This explains the measured large peakspown in Fig. 11. With these geometries, the productid of
in the value ofC(x) atx/L = 0. Such a peak is not ob-  \yhich depends on the velocity gradients, is triggered in the
served in the present computations because there is no Stagéading edge region. As will be shown, the behavior of the

nation point in the computational model of the leading edge shear stress is improved. The half-thickness of the plate is
of the plate as illustrated in Fig. 9. The two curves of inter- get 15 19 of its length.

est are labeled as “Inf. thin” (infinitely thin plate). Therefore,
the geometry of the computational model is not appropriate 5.3.1. Square edge—1 velocity scale

to reproduce the true physics of the flow. Fig. 10(a) illus- |n this attempt, the plate presents a square leading edge,
trates what happens when wall functions are applied t0 aas shown in Fig. 11(a). A one-velocity scale wall function
zero thickness plate. The computational domain is slightly js used on the horizontal and vertical portions of the plate.
offset from the plate. The fluid flows from a zero traction yUnfortunately, a solution could not be achieved due to
boundary condition along the symmetry line to a non-zero convergence difficulties. A distribution of s (x) for this
traction specified by the wall function. In the absence of a particular case is therefore not presented. It is believed that
stagnation point the flow slows down gradually and does not the high non-linearity of the wall functions, combined with
generate high levels of TKE required to cause the observedthe singularity located at the plate leading edge corner,
peak ofC s near the leading edge. Fig. 10(b) shows an other where the wall functions meet, are responsible for the
computational domain that contains a stagnation point that difficulties encountered.
will cause sudden deceleration of the fluid. This causes large
velocity gradients which in turn lead to high production of 5.3.2. Square edge—2 velocity scales
TKE. The leading edge peak 6f; then naturally occurs. Wall functions with two velocity scales are used on both
In the next section, the geometry of the model is modi- portions of the plate surface. This time, it was possible to
fied so that the physically observed stagnation point is re- obtain a mesh independent solution. As expected, a peak

produced in the simulation. of turbulence kinetic energy is generated at the leading
edge of the plate, as shown in Fig. 12. Plots(gf(x) for
5.3. Effect of the plate geometry each cycle of mesh adaptation are presented in Fig. 13(a)

along with White’s correlation. This figure indicates that
When the thickness of the plate is included in the several cycles of adaptation are required to achieve a grid
geometry of the model, the physically observed stagnation converged distribution of skin friction. The square edge
point at the leading edge of the plate is reproduced in the produces the highest level of turbulence. However, this does
simulation (Fig. 9). In this figure the labels “Square” and notautomatically translate into higher values of skin friction.
“Round” correspond to two geometries of the leading edge After the flow reaches the leading edge of the plate, it is
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Fig. 11. Enlargement of the plate léad edge: (a) Square edge; (b) Round
edge.
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Fig. 12. Variation of TKE along the plate.

deflected upwards, away from the horizontal surface. As a 02 04 06 08 !
consequence, the horizontal component of the velocity on ©
the plate surface will be low near the leading edge. Fig. 14
shows plots of the slip velocity along the plate. The slip Fig. 13. Distributions ofC ¢ (x) along a plate with a finite thickness for
velocity is the tangential component of the velocity at the Re=2Xx 10°: (a) Square leading edge, 2 velocity scales; (b) Round leading
. . . edge, 1 velocity scale; (c) Round leading edge, 2 velocity scales.

computational boundary. Low values of the slip velocity
yield low wall shear so that the effect of the turbulence o _ _
peak is diminished. As a result, the distribution ©f (x) turbulence kinetic energy is too low (Fig. 12 and Eq. (4)).
obtained on the final mesh does not compare well with The one-velocity scale wall function thus appears to be in-
White’s correlation (Fig. 13(a)). Hence this simulation fails appropriate for this problem. The model using one-velocity
validation. scale wall function fails validation.

By rounding off the plate leading edge, we will see that:

5.3.4. Round edge—2 velocity scales

(1) the problem is easier to solve due to the elimination of ~ Turbulent fluctuations are at the origin of the velocity

the singularity, and scaleuy. The latter, along with the velocity scalg,, deter-
(2) the component of the velocity tangent to the plate is mines the boundaryomdition for the streamwise momentum
increased, resulting in higher values@©f (x). equation. As seen in Fig. 13(c), the use of two velocity scales
yields better results. At last, the peak at the leading edge is
5.3.3. Round edge—1 velocity scale reproduced and the values©§ (x) come within 13% of the

An enlarged view of the round edge (circular arc) is values predicted with White's correlation. Elsewhere on the
shown in Fig. 11(b). The local skin friction coefficient is plate, the maximum discrepancy with White’s correlation is
calculated on the horizontal surface, between the pointsapproximately 25%. This levedf discrepancy is unaccept-
(0,0.01) and (1, 0.01). The discrepancy with White's cor-  able in practice and may be due to the fact that the Reynolds
relation is large, as seen in Fig. 13(b), because the peak ofnumber of 200000 is too low for comparing with the cor-
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Fig. 14. Slip velocity along the plate. @)

0.012 T T T T
relations. Indeed, authors such as Schultz-Grunow [42] and Nomerical Cycle 6~
Smith and Walker [43] have reported experimental values of oot Schultz-Grupow -+ N
Cr(x) over a flat plate in a turbulent incompressible flow 0.008 ]
for a range of higher Reynolds numbers. For instance, Smith
and Walker, who have conducted their experiments on a plate o 0.006 ]
with an elliptic leading edge, present results for the range 0.004 i
15x10° < Re, < 5x 10%. Thus, the present Reynoldsnum- |  ——TUEETTEETETTES
ber of 2x 10° is at the low end of the turbulent range, which 0.002 - ]
may partly explain the previously observed discrepancies. 0 . ) | .
Again, the simulation fails validation. 0.2 04 06 08 1

In the next section we increase the Reynolds number to XL

2 x 10° and achieve better agreement between numerical (b)

redictions and correlations.
P Fig. 15. Distributions ofC 7 (x) for Re= 2 x 106: (a) Evolution ofC 7 (x)

with adaptive cycles; (b) Comparison 6f; (x) with correlations.

6. Heated flat plate -
P 6.2. Prediction of Siv)
Turbulent heat transfer on a heated flat plate with a round
leading edge is now solved using tliee model and a
two-velocity scale wall function. The flow conditions are as

The local heat transfer cdefient is reported in dimen-
sionless form using the Stanton number:

follows: Re=2 x 10°, Rg =2 x 1(°, T, =0, T, = 1. Stx) = Nue GuX
RePr  A(Ty, — Too)RePr
6.1. Prediction ofC (x) Predictions of theSt(x) distribution are computed with the

effective value of the heat flufy,,) used in the temperature

The evolution of the distributions @ ; (x) with adaptive ~ wall function:
cycles is shown in Fig. 15(a). Once again, the importance of cY42 (p
adaptive remeshing is clearly illustrated. Grid convergence St(x) = Peptn Ty — 1)
is achieved confirming verification of the simulation in the T+ (Tw — Too)
sense of Roache. The grid independent distribution (Cycle 6) Fig. 16(a) shows the evolution towards a grid independent,
is plotted in Fig. 15(b) along with White’s correlation and thus verified, prediction (Cycle 6). The latter is plotted in
another obtained from Schultz-Grunow’s experimental re- Fig. 16(b) and compared to the Kays—Crawford correla-
sults [42]. The maximum discrepancy between the numer- tion [20]:
ical results and White's correlation is 13%. At the leading 0.0287
edge, for example, the discrepancy is 11%. The agreementisStx) = —-—3>
even better when comparing with Schultz-Grunow’s results. Pro‘Re
A difference of approximately 17% is observed at the lead- which is valid within the ranges .B < Pr < 1.0 and

with Pr=0.7

ing edge, but on 98% of the plate lengh02 < x /L < 1), 5 x 10° < Re. < 5 x 10°%. The comparison between the
the discrepancy never exceet%. This is a noticeable im-  correlation and the grid independent prediction Stfx)
provement compared to the caBe= 2 x 10° of Fig. 13(c). is excellent within the range of validity of the correlation

If such levels of agreement are acceptable then the computa{0.25 < x /L < 1) where the discrepancy never exceeds 7%.
tional model is validated in the sense of Roache. Otherwise, This confirms thaRe= 2 x 1P is in the range of validity of
it fails validation. both the computational model and the correlations.
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Fig. 17 shows three meshes resulting from the adaptive 0
remeshing procedure: the initial coarse mesh (818 nodes), an
intermediate mesh (6542 nodes) and the final mesh (37375
nodes). As can be seen, refinement is required near and
upstream of the leading edge, near the wall and also near the
edge of the boundary layer in order to capture all features of Only be achieved for computational models incorporating all

Fig. 18. Evolution ofy™ with the mesh.

this flow. the flow physics. Specification of the computational model
includes geometry, boundarpmditions, the type of wall
6.3. Evolution ofy* with the mesh functions, and inflow values dfande. The latter should be

such that the inflow eddy viscosity is small enough to reflect

An other important feature of the adaptive remeshing the true nature of the flow. Two-velocity scale wall functions
algorithm is that it allows achieving grid independence usually produce better results because one of its velocity
of boundary conditions for whfunctions. Fig. 18 shows  scales is directly determined by the level of TKE. This has
that the value ofyt depends not only on the distance a direct impact on the accuracy of the skin friction and
between the wall and the computational boundary, but Stanton number predictions. For the flow over a flat plate,
also on the mesh. Both the velocity and temperature wall TKE production s triggered by strong velocity gradients that
functions depend ony™ and hence on:, or u, which can only be generated by including the thickness of the plate
in turn depend on the flow solution. Thus, achieving grid in the computational model. Results show that predictions
independent solutions is critical to ensure accurate wall of Cr(x) and St(x) are critically dependent on the use of
function boundary conditions. sufficiently fine meshes.

The adaptive methodology is a powerful tool to perform
the systematic grid refinement studies required for rigorous

7. Conclusion verification of codes and simulations. Verification and vali-
dation become fairly simple and straightforward processes.

This paper has shown that surprisingly good results may Asymptotic exactness of the estimator provides for quantita-
be achieved with the— model and wall functions. Success tive estimates of the error that are reliable enough ot assess
hinges on ensuring that the computational model is specifiedthe accuracy of solutions. It becomes possible to ensure that
so as to ensure that key features of the flow are reproducechumerical errors are small enough that verification can be
and that grid refinement st are performed to verify  performed with confidence. Examples presented show that
grid independence of the prediction. The adaptive procedureverification is no substitute for validation; adaptivity simply
always leads to verified simulations. However, validation can makes the whole process simpler.
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