Stochastic Computational

Fluid Mechanics

Stochastic simulations in computational fluid dynamics let researchers model uncertainties
beyond numerical discretization errors. The authors present examples of stochastic
simulations of compressible and incompressible flows and provide analytical solutions for
verifying these newly emerging methods for stochastic modeling.

umerical solution of differential

equations with stochastic inputs has

direct impact on simulations of flow

systems in at least three areas: uncer-
tainty quantification, stability of noisy systems, and
coarse-grained and multiscale representation. In
the first category, the past few years have seen an
increasing interest in uncertainty quantification in
large-scale numerical simulations. In simulations,
just as in experiments, we often question our
results” accuracy and construct error bounds a
posteriori, but the new objective is to model un-
certainty from the simulation’s start, not to do it
simply as an afterthought. Researchers have used
numerical accuracy and error control in flow sim-
ulations for some time now, at least in the more
modern discretizations, but there’s still an uncer-
tainty component associated with the physical
problem (specifically, with diverse factors such as
constitutive laws, boundary and initial conditions,
transport coefficients, source and interaction terms,
geometric irregularities, and so on).
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We encounter noisy nonlinear systems in many
applications, from the nanoscale (as in self-assem-
bly processes) to the macroscale (such as large, sud-
den, disturbances in flow past an aircraft).
Bifurcations and chaotic transitions in stochastic
dynamical systems can differ greatly from instabil-
ities in deterministic dynamical systems.! How ex-
actly extrinsic stochasticity interacts with intrinsic
stochasticity caused by the systems’ nonlinear in-
teractions is an intriguing and not-well-understood
problem. In turbulent boundary layers, in which a
wide range of small scales exists, the mean flow
seems to be totally unaffected, even in the presence
of substantial background turbulence.” In contrast,
for other flow systems at a low Reynolds number,
even small amounts of noise can have a significant
effect on the mean flow’s structure.?

The third area in the aforementioned list in-
volves complex systems with an extremely large
number of degrees of freedom—models of turbu-
lent flows at a very high Reynolds number or atom-
istic simulations of mesoscopic size systems.
Frequently, we use a coarse-grained procedure to
remove degrees of freedom making relatively small
contributions to the overall system’s energy. The
removed degrees of freedom are usually accounted
for by stochastic terms in the dimensionally re-
duced “effective” or “upscaled” equations. In the
dissipative particle dynamics method,” for example,
coarse-graining of the molecular dynamics method
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Figure 1. Schematic of decomposition and mapping in multi-
element generalized polynomial chaos (ME-gPC). The procedure is
similar to the deterministic finite element method.

leads to a system of stochastic ordinary differential
equations (ODEs) that must be solved efficiently
for a very large number of particles.

In this article, we present an efficient nonstatis-
tical approach for modeling extrinsic stochasticity
for both compressible and incompressible flows.
We consider two prototype cases—flow past a
wedge and flow past a bluff body—and quantify un-
certainties associated with inflow disturbances, ran-
dom motions, and random geometric roughness.
This is a new field, so properly verifying the results
is particularly important. To this end, we’ve derived
analytical solutions for small disturbances based on
stochastic perturbation analysis, and we employ
these solutions in the verification procedure. Vali-
dation of stochastic computational fluid dynamics
(CFD) models is a much more difficult task because
it requires very accurate characterization experi-
mentally of both inputs and outputs, which is cur-
rently lacking in existing data.

Polynomial Chaos and Its Variants
Polynomial chaos represents a stochastic process
by a spectral expansion based on Hermite or-
thogonal polynomials in terms of Gaussian ran-
dom variables. Roger G. Ghanem and Pol D.
Spanos pioneered its use in solving stochastic dif-
ferential equations by employing a Galerkin pro-
jection to derive an equivalent system of
deterministic equations; this can, typically, be
solved with standard numerical techniques.
Dongbin Xiu and George E. Karniadakis devel-
oped generalized polynomial chaos (gPC), which
uses a broader family of trial bases and is based on
the orthogonal polynomials from the Askey
scheme.® As an example, gPC can express a gen-
eral second-order random process T(w) as

T(w)=Y, T;9;(&w)), (1)

i=0

where wis the random event, and the family {¢;} is
an orthogonal basis in terms of the random vector
&(w) with the following orthogonality relation

(0:,0;)=(07)3;

where J; is the Kronecker delta, and () denotes the
ensemble average with respect to the probability
density function (PDF) of & For a certain random
vector & we can choose the gPC basis {¢} in such a
way that its weight function has the same form as
the PDF of &. Gaussian random variables, for ex-
ample, are associated with Hermite polynomials,
uniform random variables are associated with
Legendre polynomials, and so forth.

Global gPC expansions work effectively for
many physical applications, but increasing the
polynomial order might not be efficient for some
problems, such as those with random frequencies
or low regularity in the parametric space. Based on
gPC, Xiaoliang Wan and Karniadakis developed
the multi-element extension (ME-gPC), which de-
composes the random space into finite elements as
in the deterministic finite element method.” Fig-
ure 1 illustrates this idea in the one-dimensional
case. We assume that the range [, §] of the 1D
random variable & is decomposed into elements ¢,
:= [ay, b]. We then define a new random variable
G k=1,2,...,N,in each random element, ¢;, as

bk—ﬂk bk +ay,
= + 5 2
5 S 5 @)

S

with a re-scaled PDF

_ S b~y
fk(C/e)—Pr@egk) 5, k=1,.LN,

where N is the number of random elements, /(&) is
the PDF of &, and

PrGeey) =], f(©dg

is the probability that & is located in random ele-
ment ¢;. We first approximate the desired random
field u(&) locally via gPC, where the degree of per-
turbation is effectively decreased by Equation 2
from O(1) to O((b; — a4)/2)). Subsequently, we
gather the information from all random elements
to obtain the statistics of #(&).

Because the PDF of & is also decomposed to-
gether with the random space, gPC’s orthogonal-
ity in the entire random space will be, in general,
lost in random elements. However, given an arbi-
trary PDE, we can construct the following orthog-
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onal system numerically on the fly, from the three-
term recurrence relationship

71 (8p) = (G — o) &p) — Bimii(8p), =0, 1, ..,
(&) = 1, (&) = 0,

where {m({,)} is a set of (monic) orthogonal poly-
nomials,

m; (&) = +lower-degree terms, i=0, 1, ...,

and the coefficients ¢; and f; are uniquely deter-
mined by a positive (probability) measure f3({p).
The orthogonal system {7((;)} will then serve as a
local gPC basis. For problems related to low regu-
larity in the parametric space, we use the ME-gPC
method adaptively to achieve high efficiency.®

Galerkin versus Collocation Projection

For simplicity and clarity, we consider the stochas-
tic equation L(x, #, §(0); ) = f (%, 1; §(w)) with a gen-
eral (nonlinear) differential operator L, where x €
R¢ d=1,2,3, indicates the physical space and ¢ the
time. In the Galerkin formulation, we first apply
the gPC expansion to

u(x, ;&) = =L w9,
and
f &) =23 fo; .

Here P is the total number of basis modes. Then,
performing the Galerkin projection on both sides
of the equation, we obtain

P-1

<L[x,t,§((1)); 2 ”i¢i]v¢k> = <f7¢k>, (3)
i=0

where k=0, 1, ..., P— 1. In contrast, in the collo-

cation formulation, we employ Delta functions
K& - &) as test functions, k=0, ..., M - 1, where
{&} is a proper set of grid (quadrature) points on
the range of &(w), and M is the number of grid
points. By applying collocation projection on both
sides of the equation, we obtain

L(xa t, ék; ”) =f(xa 5 ék) (4)

Obviously, Equation 4 shares the same format as
the original equation, whereas Equation 3 is dif-
ferent. In particular, if the operator L is nonlinear,
Equation 3 is a system of ordinary or partial differ-

ential equations with the unknowns #; coupled to-
gether, which introduces a real challenge to design
an efficient deterministic solver. For complex fluid
dynamical systems, such as compressible flows, it’s
easier to use the collocation projection to obtain
the governing equations.

Note that the stochastic collocation method is
equivalent to solving a deterministic problem at
each grid point. Once we obtain the numerical so-
lutions at all collocation points, we can evaluate the
random solution’s statistics using the correspond-
ing quadrature rule, for example,

M-1
Elu)(x,2) = [u(x,t, ) f(©)dE = Y, ulx,t,8)wy,
k=0

where w,, represents the integration weights, and E
denotes the expectation.

High Dimensionality and Sparse Grids

Xiu and Jan S. Hesthaven’ constructed a stochas-
tic collocation method based on sparse grids by
using the Smolyak algorithm.'® This algorithm is
a linear combination of tensor product formulas,
and the resulting grid set has a significantly
smaller number of grids compared to the full ten-
sor product rule. Sparse grids depend weakly on
the random space’s dimensionality, and hence are
more suitable for applications with large dimen-
sional random inputs. Recently, sparse grids for
high-dimensional integrals have also received a lot
of attention.!1~13

Representation of Stochastic Inputs
We represent the stochastic inputs with the
Karhunen-Loeve (KL) decomposition'* given by

o(x;0) =T(x) + X Wi (0)E (), )
i=1

where v(x; ®) denotes the random process, 7(x)
denotes the corresponding mean, {E(w)} is a set of
uncorrelated random variables with zero mean and
unit variance, and x is the spatial or temporal co-
ordinate. Also, yj(x) and A; are the eigenfunctions
and eigenvalues of the covariance kernel Ry, (x, ),
respectively—that is,

JDRbb(x , DVDy = 2y;(x). (6)

Specifically, for a time-dependent stochastic
process, we usually consider the exponential co-
variance kernel
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Random perturbed shock

Unperturbed shock

Figure 2. Sketch of supersonic flow past a wedge and definition of a
coordinate system. We assume two different random disturbances
corresponding to random inflow velocity or random oscillations of
the wedge around its apex. We're interested in investigating how
such random disturbances affect the shock path.

RIJ}J (v(tl ) CO), ’U(tz, CO))
—lt,—t,1

= Fo(t, 0)v(ty,0)]=e 4 ™)

where A is the correlation length. This corresponds
to a first-order Markov chain in time, which in dis-
crete form is

Vo = gO: Uiy =CU; + 6]‘5141, P2 O: (8)

—At

where c=e 4, g=v1-¢ ,and Atis the time step.

Discrete forms of stationary spatial-dependent
random processes usually differ from time-depen-
dent ones. This is due to the time series’ unilateral
nature, which only depends on past values as op-
posed to the spatial process’s dependence in all di-
rections. By solving the following stochastic
Helmbholtz equation, we can obtain the correspond-
ing spatial covariance kernel Ry,(v(x;, @), v(x,, @),

Av - kv = fix), ©)
where the random forcing term f(x) is a white-

noise process, a function of the spatial vector x
that satisfies

E[fix)fix)] = 8xy —x7). (10)

Equation 9 corresponds to a discrete model for
a second-order autoregressive process in space,
where the value of v atw depends on its neighbors.
Here’s a simple 1D example:

c
'Ul' :E(vi+1+vi—1)+ﬂ§i' (11)

The parameter c is the constant correlation coeffi-
cient,  gives the measure of the stochastic forcing’s
strength, and &; are independent random variables
with zero mean and unit variance.

Stochastic Simulations

Let’s first look at some results for compressible in-
viscid steady flows and then for incompressible un-
steady flows.

Stochastic Compressible Flows

For supersonic flows, random inflow disturbances
can substantially modify the flow field, thus ren-
dering traditional predictive CFD tools invalid.
We study the shock dynamics in two-dimensional
supersonic flows past a wedge, assuming two dif-
ferent random disturbances. These correspond to
random inflow velocity or random oscillations of
the wedge around its apex, and they can be steady
in time or time-dependent (the latter could be a
model for aeroelastic motions, such as flutter os-
cillations). Figure 2 shows a schematic. We con-
sider small perturbations and assume that the
shock slope’s perturbation is small. We approxi-
mate the flow between the shock and the wedge
as isentropic.

We denote the wedge angle by 6, the shock an-
gle by yo, and the incoming flow velocity W with
its normal component #; = Wisiny,. The stream-
lines behind the shock are parallel to the wedge
surface, and we denote the velocity by I, and its
normal component to the shock by #, = Wsin(y, -
6y) = Wicosygtan(y — 6p).

First, we assume that the wedge angle is fixed,
but the shock is subject to random inflow pertur-
bation that we describe as a uniform random vari-
able. We've obtained an analytical solution for the
perturbed shock path

z(x;§)=x(1+sz)HA?fC;), (12)

where s = tan(y, — 6y), AM, is the perturbed part
of the inflow Mach number, and H(y,) = dM,/dy.

The mean and variance of the perturbed shock
path are then

(2(x; 9)) =0,
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Mie*(Eh
H*(xo)
M 1282

3H (1)

Var(z(x;€)) = x*(1+5°)°

= xz(l+32)2

(13)

Next, we assume that the wedge inflow is deter-
ministic and describe the wedge oscillations as a
uniform random variable. In this case, we obtain

M8
H(x) -

The mean and variance for this case are similar to
the previous case, consistent with physical intuition.

Numerically, we solve the 2D Euler equations
following the polynomial chaos approach for ran-
dom inflow and random oscillations. In the latter
case, we use a transformation based on a boundary-
fitted coordinate system approach, so that we solve
the Euler equations in a stationary domain:

2(x;E) = —x(1+57) (14)

up + flu), + g(u), = T(w), (15)

where u = [p, m, n, E]T,f= [put, wm + p, un, u(p + E)| 7,
and g = [pv, vm, vn + p, v(p + E)] T. for random inflow,
T = 0, whereas for random oscillations, 7" = [0,
—pcos GO(uw)t’ PSin 90(”11})157 p(”w)t(nSine() — 7Cos 00)] T'
Here, u,, represents the wedge’s random motion.
In these examples, we consider the case in which
the inflow velocity is perturbed by random fluctu-
ation, which we describe as a random variable with
amplitude £=0.01 and &= 0.18. Figure 3 presents
the mean of density p(x, y; §) corresponding to in-
flow perturbation described as a random variable
with amplitude = 0.18. We note that the mean re-
sembles a fan expansion. Figure 4 plots the per-
turbed shock path’s variance as a function of the
distance from the wedge apex x on the wedge sur-
face for two amplitude values: €= 0.01 and £=0.18.
From Equation 13, we know that the perturbed
shock’s variance is proportional to x%. Indeed, for
amplitude € = 0.01, we can verify that the pertur-
bation solution from Equation 13 and the numer-
ical solution for amplitude €= 0.01 match exactly.
However, for amplitude €= 0.18, we see in Figure
4 that the numerical solution deviates from the
analytical solution in Equation 13 because that
equation doesn’t hold for large amplitudes.

Stochastic Wedge Roughness

Next, let’s consider the perturbation of an oblique
attached shock in supersonic flow past a wedge due
to random roughness on the wedge’s surface.' Fig-
ure 2 defines the problem, and we use the same as-

/ Deterministic

2.2
2.1
2.0
1.9
1.8
1.7
B 1.6

Figure 3. Mean of p(x, y; £) induced by random inflow perturbation
described as a random variable with amplitude, £ = 0.18. Note that

the mean resembles a fan expansion.

158 _ perturbation solution
| — ME-gPC: e=0.01
| — ME-gPC: £=0.18
101
E L
A L
N L
v L
5L
TN TN T T T T T T T
00 1 2 3 4 5

X

Figure 4. Variance of perturbed shock paths as a
function of x induced by random inflow
perturbation, which is described as a random
variable with amplitude e =0.01 and £¢=0.18.
The perturbed shock path’s variance obtained
from the numerical simulations for amplitude ¢
=0.01 is proportional to x?, which matches with
the perturbation solution. However, for
amplitude £ = 0.18, the numerical solution
deviates from the analytical solution because
the perturbation analysis doesn’t hold for large
amplitude.
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Rough
region

Figure 5. Contours of the normalized standard deviation of the
perturbed pressure o(p)/e. Red denotes high values, and blue
denotes lower values.

L — Analytical solution
20 — £=0.0003
i — £-0.03
151
W |
N
N0 -
5[
0 | | L l L
0 1 2 3 4 5 6

Figure 6. Variance of the perturbed shock path as
a function of x. The random roughness is
described as a random process with correlation
length A/L=1.

sumptions as in the previous case.
Using stochastic perturbation analysis, we obtain
the perturbed shock path z(x; &) as

h(af" x;8) (16)
o’

2(x;8) = gL +57) Y, (="
n=0
where eh(x) is the perturbation on the wedge and
2

140 = o+ Glr)

_ F(x0)-G(xp)

70 = F )+ Glxe)

o=1-s/m,and

nm—3Ss

B=

m+s

Both azand Bare less than 1; we obtain M,, F(x) =
d6/dy, and

M3 -1dP,

G =

(%0) 2P, dy
from normal shock relations.

We assume the length of the wedge is finite (x €
[0, L]) and describe the perturbation at the rough
wedge y(x; &) = eb(x; &) as a space-dependent ran-
dom process, described as a second-order auto-
regressive process between [0, L] with zero mean
and exponential covariance:"

b .
b1=§(bl—1+bl+1)+dél’ Z=1,2,...,N—1
_A E
b=e 24 4=-0.5(Av)2e 24", (17)

where A is the correlation length in space. We set
the rough perturbation at x = 0 and L to be zero
(ho = b =0).

Numerically, we solve the 2D Euler equations in
Equation 15 with T = 0, following the collocation
approach. Because it’s a steady-state problem, we
solve Equation 15 by marching in time until the
flow reaches a steady state. Figure 5 shows the con-
tours for the normalized standard deviation of the
perturbed pressure o(p)/e. Figure 6 presents the
variance of the perturbed shock as a function of «.
We describe the random roughness as a random
process with correlation length A/L = 1; for ampli-
tude £=0.0003, we can verify that the analytical so-
lution from Equation 16 and the numerical
solution match exactly. However, for the larger am-
plitude € = 0.03, we see in Figure 6 that the nu-
merical solution loses its symmetry and deviates
substantially from the analytical solution obtained
from Equation 16.

Noisy Flow Past a

Stationary Circular Cylinder

Let’s consider a model problem that appears in
many engineering applications: noisy flow past a
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stationary circular cylinder. The inflow velocity « =
U(#) is random, which Figure 7 indicates with right
arrows that have rippled ends. The 2D incom-
pressible Navier-Stokes equations govern the flow:

—L oy, —L=— l =1,2
& T BRI T
-
—L =0 (summation over ).

J

We normalize all length scales with the cylinder di-
ameter D, all velocity components with the mean
inflow velocity E[U], and the pressure with pE2[U]
(where p is the fluid density). We define the
Reynolds number as Re = UD/v, where v is the
fluid’s kinematic viscosity.

For a deterministic uniform flow past a station-
ary circular cylinder, we can model the lift force F;,
on the cylinder as harmonic in time at the shedding

frequency f;:

Fy (1) = %pUzDCf cos2n ft),

where Cz’ is the maximum amplitude of the in-
stantaneous deterministic lift coefficient. We want
to extend such a harmonic model to the stochastic
case. If the inflow velocity u = U(z; £) is random, the
corresponding lift force and vortex shedding fre-
quency will also be random. We can express the in-
stantaneous stochastic harmonic model of C; as

CL() = AL(S)cosCaf(5)D),

and rewrite /(&) as

fx(€)=[E[fy]+o-f:X7

where 0 ¢ is the standard deviation of f; and X € [a,
b is a random variable with unit variance. We then
obtain the following statistics of Cp;:

E[C;] — 0, as t —> oo,

HCE 15 [} AN f e, ast—en

where f{x) is the PDF of X. We note that the sec-
ond-order moment approaches a constant value for
an arbitrary random variable £ in contrast to the os-
cillatory behavior for the deterministic case.

Let’s consider the following boundary condition
at the inflow:

20

Figure 7. Schematic of the domain and mesh for noisy flow past a
circular cylinder. The size of the domain is [-15D, 25D] x [-9D, 9D],
and the cylinder is at the origin with diameter D = 1. The mesh

consists of 412 triangular elements.

0.35
— Uniform distribution
— Beta distribution
0.30 — Deterministic
0.25 %
J 0.20
ks
(%]
= 0.15H
o
0.10+
0.05+
00 50 100

tE[U]/D

150

Figure 8. Instantaneous root-mean-square (RMS) of lift coefficients.
A uniform distribution in [—\/g,\/g] and a beta distribution Be(2, 2)

in [—ﬁ,ﬁ] are considered with 6=0.1.

u=1+0& v=0,

where € is a random variable with zero mean and
unit variance, and o'is a constant indicating the de-
gree of perturbation. We let E[Re] = 100. For 10
percent symmetric noise (o = 0.1), the range of the
Reynolds number is Re € [90, 110]. Using an em-
pirical relation between the vortex-shedding fre-
quency and the Reynolds number,!” we find that
the corresponding vortex-shedding frequency is
random: f; € [0.1592, 0.1697]. We’ve shown that
the random frequency can severely weaken gPC’s
efficiency in long-term integration.'® gPC’s accu-
racy with polynomial order p = 15, for example, will
reach an error of O(1) at tE[U]/D = 40 for this case.
"To simulate 10 percent symmetric noise (uniform
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Figure 9. Probability density functions (PDFs) of A, given by different models: (a) uniform noise and (b) beta noise. The
relation between £ and A, is well described with a quadratic model.

and beta PDFs), we use ME-gPC with N =20 and
p =8, which can reach an accuracy of O(107) in the
range tE[U]/D <150, corresponding to roughly 20
shedding periods. We can see in Figure 8 that the
root-mean-square (RMS) of lift coefficient ap-
proaches a constant value quickly, in agreement
with the stochastic analytic model of C;. The RMS
approaches approximately the same value, 0.258,
for both uniform and beta noise, which is 20 per-
cent bigger than the time-averaged deterministic
RMS, or 0.215, without noise.

Subsequently, we study the random amplitude
Aj by incorporating a linear model, 47 (&) = Ay +
o1&, and a quadratic model, A;(E) = Ay + 6, + 32,
where A = 0.3372 is the deterministic amplitude
at Re = 100 given by direct numerical simulations,
and¢;, =1, 2, 3 are undetermined constants. Us-
ing the first- and second-order moments, we can
resolve ¢; from the ME-gPC results. For the uni-
form noise, we obtain ¢; = 0.1402, 0.1100, and
0.0109; for the beta noise, ¢; = 0.1414, 0.1101, and
0.0112. These two sets of numbers agree well be-
cause the linear and quadratic models are inde-
pendent of the PDF of & We observe from the
linear model that the response degree is ¢;/A4y = 42
percent in contrast to the 10 percent noise at the
inflow, which implies that the lift coefficient is
very sensitive to upstream noise. Due to the qua-
dratic term, the RMS of Cy is bigger than the de-
terministic one at Re = 100 as Figure 8 illustrates.
Figure 9 shows the PDFs of 4;. We see that
they’re well described by the quadratic model,
which is consistent with the deterministic model
of lift coefficient.!” In contrast to symmetric
noise, the PDF of 4; has a clear bias toward lower
Reynolds numbers.

e’re at the dawning of the sto-

chastic modeling age in fluid

mechanics, which means there’s

much more work to be done.
The computational complexity of a typical sto-
chastic simulation is more than an order of mag-
nitude greater than its deterministic counterpart,
but parallel algorithms are rather straightforward
to implement and can significantly reduce the re-
quired simulation time. Establishing “error bars”
in CFD that reflect not only numerical uncer-
tainty but also uncertainty in physical modeling
and geometry provides great credibility to simu-
lation and will make it an indispensable tool in de-
signing complex flow systems. It’s an important
step in establishing simulation-based certificates
of fidelity in flow design. In addition, stochastic-
simulated responses can serve as a form of sensi-
tivity analysis that could potentially guide
experimental work and dynamic instrumentation
and make the simulation-experiment interaction
more meaningful.

Several outstanding issues related to long-time
integration, stochastic discontinuities, adaptivity,
and high dimensionality still exist. All of them are
key elements to establishing multi-element gPC
(with Galerkin or collocation projections) as a
“mainstream” stochastic simulation approach and
a powerful alternative to Monte Carlo simulation.
These methods are more suitable for unsteady sim-
ulations and several orders of magnitude more ef-
ficient than MC for the stochastic correlated inputs
typically encountered in CFD applications.  §
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