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Abstract: A general framework (methodology and procedures) for verification and validation (V&V) of large eddy simulations in
computational fluid dynamics (CFD) is derived based on two hypotheses. The framework allows for quantitative estimations of
numerical error, modeling error, their coupling, and the associated uncertainties. To meet different needs of users based on their
affordable computational cost, various large eddy simulation (LES) V&V methods are proposed. These methods range from the most
sophisticated seven equation estimator to the simplest one-grid estimator, which will be calibrated using factors of safety to achieve
the objective reliability and confidence level. Evaluation, calibration and validation of various LES V&V methods in this study will
be performed using rigorous statistical analysis based on an extensive database. Identification of the error sources and magnitudes
has the potential to improve existing or derive new LES models. Based on extensive parametric studies in the database, it is expected
that guidelines for performing large eddy simulations that meet pre-specified quality and credibility criteria can be obtained.

Extension of this framework to bubbly flow is also discussed.
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Introduction

With the dramatic increase and growth of super-
computers, simulation based design, and ultimately
virtual reality, have become increasingly important as
means to take advantage of increased computing
power for the advancement of science and engineering
practice. Computational fluid dynamics (CFD) provi-
des computerized solutions for science and enginee-
ring problems using mathematical physics modeling,
numerical methods, and high performance computing.
Mathematical physics modeling is in the form of con-
tinuous partial differential equations with appropriate
boundary conditions and initial conditions. The conti-
nuous partial differential equations must be discreti-
zed into algebraic equations using numerical methods.
The algebraic equations are assembled and solved to
get approximate solutions. Simulation based design
using CFD is widely accepted and used in industrial
applications. Numerical benchmarks have become the
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standard for design in industrial applications, such as
the vital role of CFD in the development of nearly all
Boeing products!'), computational ship hydrodynami-
cs[z], and offshore wind turbines®>. CFD will not
completely replace analytical methods and experime-
ntal measurements, but can provide the third approach
to interpret flow physics, design fluid systems, and
help understand physical fluid phenomena that are di-
fficult or impossible to explain through experiments
and theory. CFD can be used as a design tool and help
improve the design for experiments. Recently, resear-
chers have performed large-scale CFD simulations
using hundreds of millions or even billions of grid
points (Fig.1).

Selection of CFD models is mainly determined
by flow regime, target accuracy, and available compu-
tational resources. Direct numerical simulation (DNS)
solves the Navier-Stokes (N-S) equations without
using a turbulence model. All the length scales of the
flow must be resolved in the mesh. The total number

of grid points increases as N [ Re)*°). Thus, DNS is

mainly used as a fundamental research tool for under-
standing flow physics at low or moderate Reynolds
numbers (Re). For high Re, turbulence models are

needed such as Reynolds-averaged Navier-Stokes
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(RANS), large eddy simulation (LES), and hybrid
RANS/LES. LES solves spatially filtered N-S equatio-
ns such that large scales of the flow field are better
resolved than RANS and the smallest and most expen-
sive scales of the solution are modeled using sub-grid
scale (SGS) models'®. Recent studies have shown that
LES provides a tractable method for the simulation of
turbulent flows at high Re in complex geometries!
Unlike the weak grid sensitivity for RANS models'"",
LES belongs to the category of multiscale models that
resolve different flow physics at different length sca-
les. Thus, LES resolves smaller and smaller length
scales as the mesh is refined. When the mesh is the
same as a DNS mesh, the LES should obtain the same
solution as the filtered DNS results.
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Fig.1 Samples of recent large-scale CFD simulations: (a) Deta-
ched Eddy Simulation (DES) for onshore wind turbine on
a 53M grid!'?, (b) DES of flow around a tanker on a
305M grid"!, and (c) DNS of water and air flows around
a wedge using 2 billion grid points!'*!

With the rapid increase of using CFD for acade-
mic research and industrial innovation, it is imperative
to quantitatively estimate the numerical and modeling
errors and associated uncertainties, which will provide
guidelines for estimating the risk and reliability of the
simulation based designs. Additionally, guidelines for
how to optimize a CFD simulation to obtain a mini-
mum total simulation error are needed. The approxi-
mation used in CFD will result in the simulation error

o0, , which is the difference between a simulation
value S and the truth 7.

5,=8-T (1)

Since the true values of simulation quantities are

7-10]

rarely known, errors must be estimated. An uncertai-
nty U is an estimate of an error such that the interval
of U, tU , bounds the true value of &, 95 times out
of 100, i.e., at the 95% confidence level for CFD"¥,
An uncertainty interval thus indicates the range of li-
kely magnitudes of &, but no information about its
sign.

1. Previous research on verification and validation
and limitations

Existing V&V methods for CFD are mainly deri-
ved for RANS where the sources of errors and uncer-
tainties for simulations can be divided into two disti-
nct sources: modeling and numerical. Solution verifi-
cation, which is a process for assessing numerical
errors J,, and uncertainties Uy, . It is postulated that
the simulation error and the corresponding simulation
uncertainty U can be estimated using the following

two equations, respectively!'):

O = 0gy T Oy )
Ué = UszM + U§N 3)

Validation is a process for assessing modeling uncer-
tainty U, using benchmark experimental data D .

E=D-8=6,-(0y, +04) 4)
Uy =Up, +Ug, (5)

where E is the comparison error, 8, =D —T isthe
difference between experimental data and the truth,
and U, is the validation uncertainty. When |E |<U, ,
the model is validated">'".. Various methodology and
procedures have been proposed for estimating dJ,

and U,,,

index (GCI) method"”?", correction factor me-
thod">***!, factor of safety (FS) method”**"), single-
grid method™, and variants of the least-square me-
thod”’ ") The FS method was recently evaluated as a
method that can be af)plied successfully for accurate
uncertainty estimation’ ..

The existing V&V methods for RANS have at
least two of the following limitations: (1) they either
do not de-couple the numerical and modeling errors or
ignore the coupling between numerical and modeling
errors and thus cannot be used directly for LES, (2)
the uncertainty as a result of modeling errors is not
considered in the validation uncertainty, (3) they re-
quire the knowledge of p, that cannot be determined

including variants of the grid convergence



when mixed numerical methods are used™", 4 U,

excludes the uncertainty as a result of modeling assu-
mptions®”! and (5) except the FS method, they lack
statistical analysis to prove the achievement of 95%
confidence level.

In order to quantify the “distance” between a par-
ticular LES and DNS, a few indices have been develo-
ped as single-grid estimators, including the “subgrid-
activity” parameter s*?% that measures the relative
subgrid-model dissipation rate, modified activity para-

[33]

meters s° 7, relative Kolmogorov scale index

LES 1Q, B3 the relative sgs-viscosity —index
LES_1Q, P31 and the relative resolved turbulent kine-
tic energy (TKE) content k_ /k,, >

5= <g[j >turb , § = Vi eff )
<ng' >lam * <ng' >mrb Vier TV
LES 10, =;m,
e, [h]
N et
LES 10, = - (6)

=)

The use of the above formulas is difficult as all
of them have at least one parameter that is difficult to
estimate and must be approximated using empirical
equations”®. Additionally, some parameters (e.g., m
and n) should be functions of Re but no explicit for-
mulations are available. An alternative method is to
use the resolved turbulent kinetic energy k. versus

the total &,

k
LES_IQ, == (7)

tot

Celik et al.”! proposed various ways to estimate
LES_IQ, depending on how £k, is calculated. Five
calculations will be needed if it is postulated that
k., =k, +ah” +bA". If the filter width A is equal to
a constant times the grid spacing # and p =g, then

k
grids are needed. If p=2 is further assumed, then a

=k, +ah” and only three calculations on three

tot

two-grid estimator is obtained. These indices don’t ex-
plicitly elucidate the numerical and modeling errors
and uncertainties.
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Rigorous assessment of the quality and reliability
of LES simulations must be conducted using a syste-
matic grid and model variation of influencing parame-
ters (e.g., filter width and grid spacing). Klein”"" and
Freitag and Klein®® assumed that the contributions
from the numerical error (#) and modeling error (m)
are given by the right-hand side of the Taylor expan-
sion, Eq.(8), where S, is the numerical benchmark.
Changing the model contribution by a certain factor
o and changing the grid spacing by a certain factor
F yield Egs.(9) and (10), respectively.

S. =8, =ch" +c, h" (8)
Se =S, =c,h" +ac,h” ©)
S, =8, =c,(Bh) +c, (Bh)" (10)

Then the modeling error C A" and the numerical

error C A" can be estimated as

C, =275 (11)
-«
(s, -5 B =5A=A")
CH = el (12)
-8

The uncertainty was evaluated using

(5, =85)d=-8")
l-«

1-p8

(S3_S1)

:|S2_S1|+

+
l-a |

n
|cnh

m
c,h

(13)

This method has some limitations: (1) numerical error
due to temporal discretization and the coupling error
between the numerical and modeling are neglected, (2)
the formula for uncertainty estimation is not validated
and does not include any factors of safety, (3) it can-
not be used for explicitly filtered LES because the fil-
ter width is assumed to be the same as the grid spacing,
(4) it does not consider the circumstances that the nu-
merical and modeling errors have different signs and
cancel each other out””, and (5) n must be assumed
to be equal to the theoretical (nominal) order of accu-
racy of the numerical scheme and m is a function of
Re without specific guidelines.

2. Objective
Application of LES has been severely limited due
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to lack of a general framework for quantitatively esti-
mating errors and uncertainties for LES models. This
is partially because of the nonlinear coupling between
numerical and modeling errors. It has been observed
by some studies that LES on a finer grid yields results
with a large total error™*’!. So, instead of always ac-
hieving more accurate solutions on finer grids typica-
lly observed for RANS models, the total error for LES
arises from a balance between the numerical and mo-
deling errors due to the counteracting property of the
errors and their specific reverse dependence on filter
widtht™”.

The urgent need for LES V&V has been recogni-
zed by the CFD community. Sagaut and Deck™" poi-
nted out for status and perspectives of LES for acrody-
namics, “a clear need for detailed validation in the
near future is identified. To this end, new issues, such
as uncertainty and error quantification and modeling,
will be of major importance.” The objective of this
study is to develop a general and reliable framework
of quantitative V&V for CFD simulations using LES
models, which will be validated using statistical ana-
lysis based on an extensive database covering various
geometries and a wide range of flow conditions.

3. Hypotheses for V&V of LES

Various V&V methods for LES can be derived
using two hypotheses. The first hypothesis is that sou-
rces of errors and uncertainties for LES can be divided
into three distinct sources: numerical, modeling, and

their coupling (J;,,, ) - The coupling term has been ne-
glected by all previous V&V methods. The uncertai-
nty due to this coupling term U,,,, is included for the
overall simulation uncertainty and the validation un-
certainty U, . Additionally, uncertainties caused by
grid and time step are now combined into one term
U, such that time step and grid spacing increase/de-
crease simultaneously.

S, =8S-T =05, +54 + s (14)
Ug =Ugy, +Us, U3y (15)
J
5SN:61+5G/T+5P:Z5/ (16)
j=1
J
Uy =U; +U +U, =U; + DU} (17)
Jj=1
E=D-8=6,— (55, +6y +0qy) (18)
Uy =Up +Us, +Ug, +Us,, (19)

When | E|<U, , the LES model is validated. Instead
of using only one variable (grid spacing or time step)
for RANS V&V, the error for LES is represented
using the Taylor series expansion for two variables.
The first variable is the filter width A and the second
variable is /4 that represents the influence of temporal
and spatial discretizations'**! and is defined as

h, =~hAt (20)

The use of % requires time step and grid spacing to
decrease simultaneously, which is often ignored in
previous CFD V&V. Simulation error is defined and
evaluated by representing solution S as a generalized
Taylor series about a numerical benchmark S, (esti-

mated exact solution)

B ©  ® h:’1 A" " +"zf
s-s 1S3 EL( 2L e
1 2

m=0n,=0 n] !nz '

The second hypothesis is that numerical error and
modeling error can be de-coupled and evaluated inde-
pendently. With this hypothesis, the systematic grid
and time-step refinement will be extended to also in-
clude the refinement of the filter width of the LES
sub-grid scale models.

Oy =8-T =05, +04 (22)
Ug =Us,, +Usy (23)
J
gy =08, +30, +6, =5, (24)
J=l
J
Uy =U; +U +U, =U; + YU’ (25)
Jj=1
E=D-S5=65,—(5,, +54) (26)
Uy =U, +Ug, +Us, 27)

When | E |<U, , the LES model is validated.

It should be noted there are disputes on how the
numerical and modeling errors should be evaluated for
LES. Some researchers” =" (e.g. Egs.(9) and (10)) va-
ried the numerical and modeling parameters simulta-
neously whereas Oberkampf and Roy"*" suggested de-
coupling the numerical error and modeling error by fi-
xing the filter width in LES sub-grid scale models
when numerical errors are evaluated such that traditio-
nal systematic grid/time-step refinement for RANS
V&V can be applied. Nonetheless, the default filter



width for traditional/implicit LES is the local grid spa-
cing. In such circumstances, simultaneous change of
grid spacing and filter width may be inevitable. It is
also ambiguous that what filter width should be fixed
when there are at least three systematically refined
grids. If the filter width is fixed at the smallest grid
spacing on the fine grid, the LES solutions on the coa-
rse and medium grids may be incorrect since filter
widths on any grid cannot be smaller than its smallest
grid spacing. It may be possible to fix the filter width
at the coarse grid spacing but simulations on medium
and fine grids will be a waste since some length scales
are resolved in calculations but they are discarded by
using a much larger filter width. It is even impossible
to fix a filter width when the dynamic SGS model is
used because the model requires the use of two filter
widths in the simulation. It has been found by the au-
thor and his colleague that the filter width may also
have significant influence on the simulation results
and the sensitivity of the results to the filter width is
different on different grids'*). The general framework
derived in this study will evaluate both approaches to
determine their validity and possible correlations if
any.

3.1 V&V methods of LES based on Hypothesis 1

New systematic grid and model variation metho-
ds based on Hypothesis I are proposed, to quantitati-
vely assess the numerical error, modeling error, and
their coupling for LES.

3.1.1 H1-7 V&V method of LES—Seven equation esti-
mator

Compared to the existing method presented by
Eqgs.(8)-(13), the seven equation estimator has several
significant improvements: (1) the effect of time step is
evaluated simultaneously with the effect of grid refi-
nement. As pointed out by Eca et al.l***! separate
evaluation of the discretization uncertainty in grid
(U;) and time (U,) is incorrect. The grid spacing
and time step should be refined simultaneously. This
statement has been supported by Sathiah et al. who
demonstrated that it is of utmost importance to apply
successive mesh and time step refinement systemati-
cally in CFD for combustion models in hydrogen safe-
ty management*®’. Time step sizes can also significa-
ntly impact mean velocity field for turbulent flow in a
mixing chamber'*’! and maintain turbulence fluctua-
tions in LES of a fully developed channel flow*"], (2)
the observed order of accuracy for the numerical sche-
me N (p, later)and for the SGS model M (p,,
later) are calculated rather than assumed. Additionally,
anew term c,, (hA)" for the coupling between nu-

merical and modeling errors is added, (3) the grid spa-
cing and filter width are separated such that the me-
thod is applicable to both implicitly and explicitly fi-
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Itered LES, and (4) time-step A¢, grid spacing #,
and filter width A are varied for three, instead of two
values. The new method extends the generalized
Richardson Extrapolation for RANS to LES by repre-
senting the errors using a two-dimensional Taylor
Series. Only the first leading terms are retained as
higher order terms are much smaller. A constant grid

and time step refinement ratio » (> 1‘/5) and a con-

stant model variation factor « (« = (‘/E) are applied.
As a result, seven equations for seven unknowns are
needed as summarized below:

Fine grid with A

DOBRO0  OERD D000
S, = Se =y (B)™ +cy AP + ey (hAY™ (28)

Fine grid with oA

S, =S =y (h)™ +ey (@d)™ +cyy (ah D)™ (29)
Fine grid with oA

Sy =Sc = 6y ()" +y, (@AY + ey (@ hA)™ (30)
Medium grid with A

S, =S, =cy(rh)™ +c, (A)™ +c,, (FhA)™™  (31)
Medium grid with A

Si =S = ey (rh)™ e, (@A) + ey (rahd)™ (32)
Medium grid with a’A

Sy —Se =y (rh)™ +c, (@*A)™ +c, (ra’hA)™
(33)

Coarse grid with A
S, =Sc =y (PR + ey A +ey (PhA)™ (34)

Denote S, =S, —S,, then seven unknowns can

be solved
h{SM _S31 _1J
S, —S
Puy = Sz‘ln—azl (35)
1n|:S71 _(Vzpm -1z _1:|
S _ Pun _1
py =Lt T (36)

Inr
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ol S @™ =Dz
S, — (@™ -1z

Pu = no (37)
S = Sy =" =18y S = Sy = (@™ =1D)Sgy
v ] > Osy 2" _1 ,
S54 - S21

v = G _pygre —1y” ¢ SO O~ o

(38)
The uncertainty of the LES are estimated using
Us = FS(LES_IQ,)|Sy + 55, + Sy (39)

Equation (39) has the advantage over Eq.(13) because
it considers the circumstance that the numerical and
modeling errors may have different signs and cancel
each other out, which results in a small total error”.
Mathematically, there are two alternative ways to con-
struct the seven equations,_i.e., Egs.(29) and (30) for
the fine grid or Eqs.(32) and (33) for the medium grid

may be replaced by solutions on the coarse grid with

filter widths @A and «’A, respectively. Similarly,
addition of solutions on the coarse grid with filter wid-

ths @A and o’A will allow users to construct three
grid-triplet studies such that each has the same filter
width, as suggested by Oberkampf and Roy"'. The
numerical errors and uncertainties can then be estima-
ted using V&V for RANS. Accuracy and cost of the
various estimators will be evaluated using an exten-
sive database and statistical analysis discussed later.

3.1.2 H1-6 V&V method of LES—six equation estima-
tor

The seven equation estimators are the most accu-
rate but also the most expensive LES V&V method
compared to existing approaches. In certain circumsta-
nces, implementation of the new method can be too
expensive for some users due to the limitation of avai-
lable computational resources. Thus, simplified ver-
sions of the general method need to be derived based

on additional assumptions. If p, is assumed to be
equal to p, or the SGS modeling introduces a seco-
nd-order dissipation term (i.e., p,, =2), six-equation
estimators can be derived. For example, if p,, =2,

the solution on the medium grid with filter width a>A
can be discarded:
Fine grid with A

00800 Of  DO0BMO0Mm
S, = Se =y (h)P +cy, A* + e (RA)™ (40)

Fine grid with oA

S, =S, =cy(h)™ +c, (@A)’ +c,, (a@hA)™  (41)
Fine grid with «’A

S, =S, =c,(h)™ +c, (a’A) +c,, (@hA)™ (42)
Medium grid with A

S, =S, =cy (rh)™ +c,, (A) +c,, (rhA)™ (43)
Medium grid with oA

S, =S, =c, (rh.)™ +c, (aA) +c,, (rahA)" (44)
Coarse grid with A

S, =S, =c\, (rFPh)™ +c, A+, (FPRA)™  (45)

It should be noted that there are several other ways to
construct the six-equation estimator by dropping a di-
fferent solution from the seven-equation estimator.
The accuracy of different formulations needs to be
evaluated.

3.1.3 HI-5 V&V Method of LES—Five equation esti-
mator

If p, isassumed to be equal to p, and the SGS

modeling introduces a second-order dissipation term

(ie., p, =2), a five-solution estimators can be deri-

ved. One possible formulation is to drop solutions on

medium and fine grids with filter width «’A :
Fine grid with A

O0PD O 000BWO0m
Sy =S = ey (h)™ + ey A F ey (hA)™ (46)

Fine grid with oA

S, =Se =cy(h)"" +c, (@A) +c, (ah A (47)
Medium grid with A

Sy = Se = ey ()" + ¢, (A + ¢,y (rRAY™  (48)
Medium grid with A

S, =S, =cy(rh)" +c,, (ah) +c,, (rahA)"™ (49)

Coarse grid with A



S, =S, =c, (r*h)" +c, A +c,, (LA™ (50)

Similarly to H1-6, there are several other ways to con-
struct the five-equation estimator by dropping two di-
fferent solutions from the seven-equation estimator.
The accuracy of different formulations needs to be
evaluated.

3.1.4 H1-1 V&V method of LES—Single-grid estima-
tor
The LES index LES_IQ, is used to construct the

single-grid estimator: (1) If the total TKE is available

(e.g., from DNS), LES 1Q, is computed using Eq.(7).

The total error is estimated using &, —k, and un-

certainty is computed using a modified version of
Eq.(39)

U, = FS(LES_1Q,)

klot -k,

res

(51)

(2) If the total TKE is unknown, it can be calculated

using k,, =k, +kg - For implicitly or explicitly

filtered LES that has the same filter width and grid
spacing, the total, resolved, and modeled TKE can be
calculated using the method described by the au-
thor*””” and Hedges et al.’". The errors and uncer-
tainties can then be estimated using the same method
discussed in (1). For explicitly filtered LES, where the
filter width is different from the grid spacing, a single
grid is insufficient to estimate errors and uncertainties
and other methods must be used.

3.2 V&V methods of LES based on Hypothesis 11

New systematic grid and model variation metho-
ds based on Hypothesis II are proposed, to quantita-
tively assess the numerical error and modeling error
due to filter width for LES. The four improvements
presented earlier for V&V methods using Hypothesis |
are preserved. The difference is that the coupling term
has been dropped and the numerical parameters (grid-
spacing and time-step) and filter width are independe-
ntly evaluated by fixing one while systematically cha-
nging the other.

3.2.1 H2-5 V&V method of LES—Five equation esti-
mator
A constant grid and time step refinement ratio

r(rz P2 ) and a constant model variation factor
a(a= (‘/5) are applied. As a result, five equation es-
timator can be derived:

Fine grid with A

OoeWod O
Sl — SC = CN (h*)!’.v +CMAI7M (52)
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Fine grid with oA

S, =S, =cy (h)™ +c,, (ar)™ (53)
Fine grid with a’A

Sy =S =cy(h)™ +c, (a*A)™ (54)
Medium grid with A

S, =S, =cy(rh)™ +c, (A)™ (55)
Coarse grid with A

S, =S, =c, (r*h)™ +c, (A (56)

Denote S, =S, - S, then five unknowns can be

solved
In [?4) In [?2)
P e P g 7
S S
5SN N r””“—l > Osm ~ a/)MZI_l s S =5 _5SN _5SM

(58)
The uncertainty of the LES are estimated using
ULES = FS(LES_IQA)|5SN + é‘SM (59)

Equation (59) has the advantage over Eq.(13) because
it considers the circumstance that the numerical and
modeling errors may have different signs and cancel
each other out, which results in a small total error™®.
Mathematically, there are two alternative ways to con-
struct the five equations, i.e., Eqs.(53) and (54) for the
fine grid may be replaced by the solutions on the coa-
rse or medium grid with filter widths @A and oA,
respectively. Accuracy and cost of the three five-equa-
tion estimators needs to be evaluated using an exten-
sive database and statistical analysis.

3.2.2 H2-3 V&V method of LES—Three equation esti-
mator
If the coupling term is dropped and assume p, =

p, and p,, =27 athree equation estimator can be

derived. There are several other ways to construct the
three equation estimator. For example, if Eqs.(52), (53)
and (55) are used, the following formula can be used
to compute the numerical and modeling error terms



170

_ PN —
5SN - cNh* Y=

S4I , 5SM — CMAPM = SZI 1 (60)

r[’:h _1 a2 —
The single-grid estimator is the same as that presented
earlier based on Hypothesis I.

4. Large LES V&YV database and statistical analy-
sis

4.1 Extensive database

Previous LES V&V were derived and calibrated
only for a small number of cases and flow conditions.
This prohibits the use of these methods as general gui-
delines. The database approach as applied by Xing
and Stern”**! to derive the factor of safety method
for RANS will be extended to LES models to evaluate
the new LES V&V methods. The new database will
cover various geometries and flows at medium and
high Reynolds numbers. Canonical flow cases include
decaying homogeneous isotropic turbulence™, transi-
tional flat plate boundary layer™”, temporal mixing

layer™! plane turbulent jet®”), turbulent channel
ﬂow[54], turbulent flows in a driven caVity[SS], external
flow™®., and backward-facing step” ", etc.. Complex

geometries will be selected in the field of ship hydro-
dynamics which the author is most familiar with, such
as Wigley hull®®, KVLCC2 tanker'''*"), Athena with/
without appendages” ), 54151 and submari-
nel'0%! etc.. Extensive experimental data and CFD
simulations are available for those complex geome-
tries because they have been used as well-known test
cases for years in previous CFD Workshops®*®*.
Other cases will be selected from public databases
(ERCOFTAC Fluid Dynamics Database, NAS Data
Set Archive, MADIC/NASA Code Certification,
ASME Journal of Fluids Engineering, and NPARC
Alliance Validation Archive). With the help of the se-
nior faculty the author has been collaborating with
over the past years, the author will build an expert net-
work on CFD V&V such that many high fidelity LES
results can be included in the database. Canonical
flow cases will be focused for two reasons. First, refe-
rence solutions for complex geometries are difficult to
obtain. Second, additional errors may be introduced
when simulating flows for complex geometries, inclu-
ding insufficient iterative convergence* and grid as-
pect ratio, expansion ratio, and skewness'®. Each
case in the database will have at least one reference
solution. For transitional or turbulent flows at modera-
te Re, the reference solution can be obtained using
DNS. For high Re turbulent flows, the manufactured
solution will be used as the reference solution. The
manufactured solution was mainly used in code verifi-
cation. However, it can also be used to study the con-
vergence characteristics of numerical solutions of par-
tial differential equations such as the RANS models

[66]

This method can also be applied for LES models.
When manufactured solutions are difficult to develop,
numerical benchmark will be used as the reference
solution. Then at least seven LES as defined by
Eqgs.(28) to (34) will be performed for each case in the
database. Additional LES will be performed when
needed. Detailed information will be reported as ele-
ctronic files using a standard format (geometry, flow
conditions, grids, models, numerical methods, boun-
dary and initial conditions, sampling time). The LES
models to be evaluated include the Smagorinsky
model[67], dynamic model[68’69], and other recently de-
veloped models available in commercial CFD softwa-
re and CFD OpenFoam. Experimental data will also
be included for each case, when available, for the pur-
pose of validation. Through the expert network, the
database will be expanded, continuously accessed, and
dynamically interacted with and updated[m]. It will
serve as a platform for collaboration between resear-
chers in the world to study/evaluate CFD V&V.

4.2 Sample construction

The first step to construct a sample is to quantify
the distance of an LES solution to DNS. The LES qua-
lity indices defined by Eq.(6) are difficult to use be-
cause of the insensitivity to grid refinement for s,
many assumptions involved for s, difficulty compu-
ting the Kolmogorov length scale 7,  for LES_IQ, ,

and difficulty estimating v, , for LES_IQ, B3I,

LES_IQ, defined by Eq.(7) will be used to quantify

the distance. Various samples of the database will be
constructed in a manner similar to what the author did
for the FS method for RANS**!. The largest sample is

for all the actual factor of safety items FS, (i=1,N)
where N is the sample size. For the i” V&V study

of asample, FS, isdefined as the ratio of the uncer-

tainty estimate U, to the magnitude of E,

Uy

FSA’:W

(61)

The comparison error E, for fine grid solution with
smallest filter width S, (h.,A) is

=5, -5, (h,A) (62)

i

for an analytical benchmark such as the manufactured
solution and

E =Sy, —S, (h,A) (63)

1



for a numerical benchmark. FS, is used as an index

to evaluate the conservativeness of U,, for various

LES V&V methods. In addition to the largest sample,
the other samples are obtained by combining subsets
of the largest sample items for different geometries,

LES_IQ, ranges, and single LES 1Q, values.

4.3 Determine FS(LES_1Q,) and reliability using

statistical analysis

Statistical analysis®**! will be performed based
on the samples constructed to determine
FS(LES_IQ,) for the seven-solution estimators. The

error and uncertainty estimates are systematic, but E,
and therefore FS, are treated as items drawn from

the statistical and random parent population of possi-
ble systematic errors, which are similar to the syste-
matic error in experimental measurements. Since

FS, are randomly distributed, the confidence interval
for the mean reveals how close the mean value of
FS,,
pulation of FS, . Reliability R is defined as

FS,, is to the true mean u of the parent po-

N

Z number of FS, >1

R=+ 64
N (64)

The confidence of mean analysis is based on the me-
thodology and procedures summarized in Ref.[71]. If

X, (i=1,N) is the i" item of the sample with size
N, the mean, the standard deviation, and the standard
deviation of the mean of the sample are X, S v »and

S+ respectively. The true mean u of the parent po-
pulation at the ninety-five percent confidence level is
boundedby X —k and X +k

Pr(X —k<u<X+k)=0.95 (65)

where k = 1S+ is evaluated using the student 7 - distri-

bution to account for the effect of a limited number of
items. The lower confidence limit of the mean is defi-
ned by: LCL =X —k . Recommended value of
FS(LES_1Q,) will be determined using statistical
analysis for a large number of samples based on ben-
chmarks. The procedure is to determine the smallest
values of FS(LES_IQ,) until two criteria are met,
i.e., reliability is larger than ninety-five percent and

the lower confidence limit at the ninety-five percent
confidence level is larger than 1.2 for all samples™*!,
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FS(LES_IQ,) for other simplified LES V&V will be
also determined in a similar way.

4.4 Multi-objective optimal refinement and optimal re-
gions for LES

Based on the extensive LES V&V database, a ge-
neral guideline on the optimal combination of various
numerical and modeling parameters will be derived to
obtain the overall minimum errors for LES. Based on
the LES results and the corresponding reference solu-
tion for each case, the overall simulation error based

on the resolved TKE, k= <ﬁ/ 2> , can be examined.

Here <> denotes a volume averaging. The error-land-

scape method based on weighted integrals of the ene-
rgy spectrum!’>#

1s modified as
Ax, A,
% [A ’ A_] -
'xDNS xi

Ty rK,
jo jo K [ s (6, ) = ke (i, O dcdt
[ [ otk (e, dred

DNS

0.5

(66)

where 7 is the interrogation time window, x is the
wave number, and x, =n/A is the grid cut-off fre-
quency. Different values of the power exponent g of
the wave number allows evaluations of error contribu-
tions in different wave number rangesm]. Compared

1 the num-

to the original definition of &,(N,C,)"*7*
ber of grid points N and the Smagorinsky coefficient

C, are replaced by the grid spacing ratio and the sub-

(7576 respectively. Since

filter resolution ratio A, /Ax;,
the grid and time-step are refined using the same ratio
r, At/ Aty = Ax;/ Ax,,s is enforced and there is no
need to include time step ratio in Eq.(66). These cha-
nges first improve the applicability of the formula: (1)
conclusion of using it will be general as a result of
using dimensionless parameters, (2) deletion of C;

allows the formula to be used for dynamic LES and
other multiscale models, and (3) A,/Ax, is an impo-
rtant index that indicates the distance to achieve “grid-
spacing independent” LES solutions!”*”). Based on
the error-landscape plot of o, , an “optimal refinement
strate%}g/]” can be identified as the “valley” in this land-
scape” .

Mixed discretization schemes are usually used
for LES with the order of accuracy for the convective
terms higher than or equal to that for the viscous terms.
One may use fourth-order Runge-Kutta method for
temporal discretization, fourth-order central scheme



172

for convective terms, and second-order central differe-
nce for the viscous terms (4-4-2). Similarly, 2-4-2 or
2-2-2 may be used. To accommodate multiple error-
measures into the analysis, the “near-optimal” re-
gion'™ corresponding to the new 0, defined in Eq.(66)

S5 Ax, ’A,.
AxDNS Axi

5[DAxl. DAI. J

is used

<l+a

Ax, A,
£2;(a)= ( al ,_IJERZ

Axpys  Ax;

B
Axpys Ax,

i

(67)

where @ is a small positive number and arbitrarily
specified to be 0.2 by Meyers et al.”?. The extensive
database will enable the author to provide guidelines
on specifying “a.”

5. Extension of LES V&V

The developed V&V and optimization framewo-
rk for LES models can be refined or modified to im-
prove its applicability: (1) hybrid RANS/LES models
use RANS and LES in different regions. The proposed
framework needs to be modified to seamlessly conne-
ct the two models. One method is to use a blended
function that is multiplied before the modeling and
coupling terms such that it is zero and one in the
RANS and LES regions, respectively, (2) for transitio-
nal flows, the new framework needs to be corrected in
the laminar flow regimes because LES IQ has no

real meaning. One method is to introduce the laminar
flow correction factor®®, and (3) special cases such as
how to handle the negative values for the natural loga-
rithm function as defined in Eq.(35). This is similar to
the non-monotonic convergence cases for RANS/DES
usually observed for industrial applications">*%,
The new framework proposed will help explain why
these happen and provide guidelines on how to avoid
them. When they are inevitable, the least square app-
roach®*! will be extended for multiscale models.

The LES V&V framework can be extended for
quantitative V&V for simulation of gas-liquid flows.
DNS solutions for bubbly flows will be obtained from
published literatures'””*"! and new simulations by the
expert network.

V&V for bubbly flow is motivated by the fact
that some bubbly flow models (without LES) have si-
milar features to the LES SGS models, i.e., the model
resolves different flow physics when the grid is refi-
ned. One example is Kubota’s cavitation model™ !
that assumes a homogeneous mixture of liquid and sp-
herical vapor bubbles. At scales below the grid size,
cavitation regions are assumed to consist of locally

homogeneous clusters of bubbles. The model expre-
sses the nonlinear interaction between macroscopic
vortex motion and microscopic bubble dynamics with
interaction between bubbles

2

D°R 3 DR2
1+2n(Ar)* nRIR +H Z+4nAN R || == | =
[ m(Ar) nR] D#? |:2 ATy }(Dt)

pv _p (68)
£

Herein, R, n, Ar, p,, p and p, are the bubble

radius, bubble number density, bubble cluster radius
(commonly chosen as local grid spacing), vapor pre-
ssure, fluid pressure, and liquid density, respectively.
When Ar — 0, the bubble/bubble interaction is ne-
glected and the Rayleigh equation is recovered. The
role of Ar is similar to the filter width used in LES.
Solution verification and optimization for the cavita-
ting flows are similar to what was proposed earlier for
LES (Egs.(28)-(67)), but the filter width A is repla-
ced by the bubble cluster radius Ar . This extension is
applicable for laminar bubbly flow or turbulent bubbly
flow with RANS models.

When LES is used for dispersed bubbly flow™®,
the first step is to identify the scales at which the go-
verning equations are to be solved: micro-, meso-, and
macro-scales®\. Noting that application of LES at a
micro-scale is unrealistic for industrial-scale proble-
ms™® and application of LES at a macro-scale leads to
poor resolution of turbulence quantities™®”, it is the au-
thors’ suggestion that efforts should be focused on the
meso-scale region, where the mesh size is comparable
to bubble sizes. This extension aims to elucidate the
optimum filter width for various bubble sizes to achie-
ve the overall minimum simulation error and examine
the numerical and modeling errors during grid and
time step refinements. This will help resolve the con-
flict between the mesh requirement for multiphase
modeling and the requirement by LES approaches™".
Solution verification and optimization are similar to
what was proposed earlier for LES (Eqs.(28)-(67)),
but Ar is selected as Ar = constant x A and combi-
ned with the modeling error term such that the new

. * *
modeling error terms becomes ¢, A”" .

6. Conclusion

The use of LES models in CFD has dramatically
increased for academic research and industrial innova-
tions. Nonetheless, existing V&V methods are mainly
derived for RANS models and cannot be used for LES
V&V and previous LES V&V has strong limitations.
This study derived a general framework for LES V&V,



which allows for quantitative estimations of numerical
error, modeling error, their coupling, and the associa-
ted uncertainties on different numerical resolutions
(e.g. grid, time-step, numerical schemes) and filter
widths. Various LES V&V methods in this framework
can meet different needs of users. Research outcomes
using this general framework have the potential to sig-
nificantly improve reliability, risk assessment, and de-
cision making for a wide range of science and engi-
neering applications. As such, this study has direct or
indirect societal significance in protecting the environ-
ment, reducing cost of experiments, improving human
health, and securing energy for the world. The refere-
nce solution and best solution using LES models in
the database can be used as numerical benchmarks for
future CFD simulations. The expert network on CFD
V&V will also enhance the collaboration between
worldwide researchers from different disciplines.
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