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ABSTRACT
This work represents further progress in determining the

fluid dynamic cause and effect between the highly turbulent flow
features generated by crashback and the surface pressure load-
ings that these flows exert on the propeller. In addition, struc-
tural stresses, strains and deflections are predicted using these
pressures. The data for these investigations is generated by large
eddy simulations (LES) of a zero skew, 0.3048 m diameter model
propeller 4381 run at a range of advance ratios. Statistics, prob-
ability density functions and power spectral density functions of
the integrated forces on the blades are shown to compare well
with water tunnel and open water experimental data. Using the
3-D and transient databases generated by the LES the physics
of high-amplitude loading events have been investigated. It has
been found that at low negative advance ratios, the flow is bi-
modal with vortex ring and axial jet modes, the latter of which
occurs during the highest loadings. At higher negative advance
ratios the flow remains in a ring vortex mode, though oscillations
and asymmetries in the ring vortex are responsible for high am-
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plitude loading events. Transient structural analyses of the pro-
peller blade at the two J values, during low- and high-amplitude
loading events are shown.

1 INTRODUCTION
A marine vehicle’s ability to stop quickly and safely, without

damage to itself or injury to its crew, is a major factor in deter-
mining its safe operating envelope. Crashback, used for emer-
gency decelerations, is the maneuver where a forward-moving
marine vehicle reverses its propeller, providing forward-directed
thrust for maximum deceleration. Large blade loadings and un-
predictable yaw and pitch moments can occur during this maneu-
ver. The in-plane (or “side”) forces act at a considerable distance
from the center of lateral resistance and therefore, have the po-
tential to impart large moments on the marine vehicle.

Some of the first crashback experiments, conducted in 1971,
measured thrust and torque on Naval Surface Warfare Center —
Carderock Division (NSWCCD) Propeller 4381 during crash-
back in open water.a Crashback experiments using laser sheet

aExperimental data provided courtesy of Code 5800, NSWCCD, West
Bethesda, MD. These experiments will be referred to as open water or OW.
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visualization and particle displacement velocimetry (PDV) on
Propeller 4381 in the NSWCCD 24-inch variable pressure wa-
ter tunnel (VPWT) were performed by Jiang, Dong, Liu and
Chang10. They concluded from their experiments, conducted at
J = −0.472 and J = −0.732, that the axial oscillations of the
vortex ring and the high amplitude (HA) force events occurred at
a non-dimensional frequency ωD/U = 0.5, where ω is the pro-
peller rotation rate in radians/second, J = U/(nD) is the advance
ratio, U is the free stream velocity, n is the propeller rotation rate
in revolutions/sec and D is the propeller diameter. Experiments
by Jessup et al.8 in the NSWCCD 36-inch VPWT measured two-
dimensional, transient velocity fields, multi-component forces
and blade root strains for Propeller 4381 operating over a wide
range of crashback advance ratios. Their PIV data shows that at
J = −0.5 the axial position of the vortex ring is highly unsta-
ble with macro-flow configurations ranging from a ring vortex
centered near the blade tips to an elongated elliptical vortex up-
stream of the propeller. Jessup et al.9 performed crashback ex-
periments on a ducted propulsor configuration determining that
the duct exacerbates the side forces. Dynamic crashback exper-
iments, where J is varied to simulate realistic crashback evolu-
tions, have been performed at NSWCCD’s William B. Morgan
Large Cavitation Channel (LCC) by Bridges.3

With the propeller forcing fluid forward into the oncoming
flow a recirculating flow is setup in which the propeller, now ro-
tating backwards, will be subject to large angles of attack (AOA).
The leading and trailing edges of the propeller blades exchange
roles and the typically sharp trailing edge now becomes the lead-
ing edge.b In combination with the large AOA the potential for
large flow separations is very high and it is these separations that
are ostensibly the cause of high amplitude load fluctuations. In
theory, large eddy simulations (LES) are the optimal computa-
tional methodology for predicting the fluctuating forces gener-
ated in crashback. Reynolds-averaged Navier-Stokes (RANS)
methods can obtain the correct mean forces during crashback,
but fail to predict the fluctuating forces. LES, on the other hand,
solve the equations of fluid motion, resolving, rather than mod-
eling the most energetic scales of turbulence. The smallest (sub-
grid) scales of turbulence are parameterized in a relatively sim-
ple sub-grid scale (SGS) model. However, because of the com-
plexity of propeller geometries, resort must be made to LES in
unstructured or overset grid frameworks.21 Mahesh, Constanti-
nescu, and Moin19 report the development of a finite volume
LES code, which is robust at high Reynolds number on arbi-
trary element, highly distorted, unstructured grids. Results of a
crashback simulation on Propeller 4381 at J = −0.7 using this
code have been reported in Vysǒhlı́d and Mahesh.23,24 Compar-
ison to an unstructured, upwind-biased, finite volume LES code
in crashback is documented in Chang, Mahesh and Shipman.4

bIn this paper, the leading edge of the propeller will refer to the aft edge of
the propeller, that which leads the blade when the propeller is rotated in reverse

There are a number of studies related to fluid structure inter-
action (FSI) analysis of marine propellers,11,2,15,16,17,12,14 which
focused either on steady or wetted conditions. A recent study
by Lin and Tsai18 investigated the free vibrations of propeller
blades using an added mass formulation. It was found that the
natural frequencies of the blade in water is much lower than those
in air, which is consistent with the findings presented in Young
25. Methodologies presented in Young25,26 represent a compre-
hensive and state-of-the-art FSI analysis for flexible marine pro-
pellers during forward operations. The methodologies feature
an unsteady boundary element method (BEM) fluid solver, an
unsteady finite element method (FEM) solid solver, and an effi-
cient coupling scheme. Spatially uniform and non-uniform wake
inflows can be simulated. Both face and back side cavitations can
be simultaneously captured. Isotropic and anisotropic materials
can be modeled. Despite the advance of FSI modeling, most
previous efforts focused on forward operations. For crashback
operations, the fluid field features large scale turbulence, which
imposes enormous challenges on the fully coupled FSI analy-
sis. There is still a lack of unsteady structural analyses of marine
propellers subject to crashback loading in the literature. Based
on the fact that the structural deformation is small, a decoupled
structural analysis is performed in the current work, which for the
first time reveals the unsteady crashback response characteristics
of propeller blades.

This paper first describes the mathematical formulations for
the LES and structural analysis tools. This is followed by com-
parisons of statistics, probability density functions (PDF) and
power spectral densities (PSD) of the integrated force time his-
tories with experimental data. Then, the physics of high ampli-
tude (HA) loading events at J = −0.5 and J = −1 are shown
and finally the results of structural analysis at the high- and low-
amplitude loading for the two J’s are shown.

2 PROPELLER SIMULATION DETAILS
2.1 Numerical Method

Simulations are performed in a rotating frame of reference
using a LES code documented in Mahesh et al.19 in a form where
the system rotation generates a source term as in Majety20:

∂ui

∂t
+

∂

∂x j

(
uiu j−uiε jklωkxl

)
=

∂p
∂xi
− εi jkω juk +ν

∂2ui

∂x j∂x j
(1)

∂ui

∂xi
= 0. (2)

Here ui is the velocity in the inertial frame of reference, p is the
pressure, xi are the coordinates in the moving frame of reference,
t is the time, ω is the angular velocity of the rotating frame of
reference, and ν is the kinematic viscosity. Note that the den-
sity if absorbed into the pressure. Also, the Einstein summation
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convention is used and εi jk denotes the permutation symbol.
The LES equations are obtained by spatially filtering the

Navier-Stokes equations (1) assuming that the filtering operation
commutes with the spatial and temporal derivatives. The source
term is approximated by

uiε jklωkxl ≈ uiε jklωkxl (3)

giving

∂ūi

∂t
+

∂

∂x j

(
ūiū j− ūiε jklωkxl

)
=

∂ p̄
∂xi
− εi jkω jūk +ν

∂2ūi

∂x j∂x j
−

∂τi j

∂x j
(4)

∂ūi

∂xi
= 0. (5)

where the overbar denotes spatial filtering and

τi j = uiu j− ūiū j (6)

is the modeled subgrid scale stress. The dynamic SGS Smagorin-
sky as proposed by Germano et al.5 and modified by Lilly13 is
used to model the SGS stress.

Equations (4)-(6) are solved using a numerical method de-
veloped by Mahesh et al.19 for incompressible flows on unstruc-
tured grids. The finite volume algorithm, derived to be robust
with minimal numerical dissipation, stores the Cartesian veloci-
ties and pressure at the control volume (CV) centroids with the
face-normal velocities stored independently at the centroids of
the faces. A predictor-corrector approach is used where the pre-
dicted velocities at the CV centroids are first obtained then in-
terpolated to obtain the face-normal velocities. The predicted
face-normal velocity is projected such that continuity is dis-
cretely satisfied. This yields a Poisson equation for pressure
which is solved by algebraic multi-grid6 or conjugate gradient
approaches. The pressure field is used to update the Cartesian CV
velocities using a least-squares formulation which is essential for
obtaining solutions on highly skewed grids. Time advancement
is performed using an implicit Crank-Nicholson scheme. Chang
et al.4 compare the speedups for solving large problems on mas-
sively parallel compute clusters using CG and AMG methods.

The algorithm has been validated for a variety of flows in-
cluding the temporal decay of isotropic turbulence (DIT), flow
over a circular cylinder, flow in a coaxial combustor, flow in a gas
turbine combustor,19 and initial crashback validations.23,24 The
DIT results are very important as they show that the code has the
minimally-dissipative numerical scheme that can give the correct
Reynolds number dependence i.e., when increasing the Reynolds

number of the turbulence while keeping the grid density constant,
the temporal decay rate without SGS model goes to zero as the
grid no longer supports the increasingly smaller scales of turbu-
lence responsible for decay. The practical ramification of this re-
sult is that relatively few grid points may be necessary to initiate
and maintain turbulent vortices, possibly allowing for crashback
simulations to be run with relatively coarse grids.

2.2 Computational Grid and Boundary Conditions
Figure 1, a photograph of NSWCCD Propeller 4381 in the

36-inch VPWT, shows the experimental setup of Jessup et al.8

The flow exits a tunnel into a plenum chamber containing the
propeller. Computations were performed on the 0.3048m diame-
ter Propeller 4381 mounted on a cylindrical shaft, located within
a cylindrical outer domain simulating the plenum in the 36-inch
VPWT. As shown in the lateral cut plane, Figure 2, the tunnel
wall has a diameter of 7.3D, and the inflow and outflow bound-
aries are located 5.8D and 7.9D upstream and downstream, re-
spectively, from the propeller plane.

Figure 1. Photograph of Propeller 4381 in 36-inch VPWT.

The computational grid, shown in Figures 3 and 4, is com-
prised of prisms off the blade surfaces, tetrahedra filling a cylin-
der around the propeller, prisms upstream and downstream of
the cylinder and hexahedral mesh elements filling the outer radii.
The grid directly off the hub and fairwater consists of tetrahedra.
The mesh was developed in Gambit and T-Grid at the Univer-
sity of Minnesota and consists of 13 million control volumes.
The minimum grid spacing at the blade tips is 0.0017D with the
first node located at 0.0017D from the wall. It is known a priori
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Figure 2. Lateral plane cut showing computational domain (white re-
gion). Freestream flow is from left to right.

Figure 3. Close up view of computational grid

Figure 4. Propeller 4381 showing surface grid.

Table 1. Run conditions for simulations: U is the free stream velocity,
LR is the number of propeller revolutions run once the solution reached a
statistically steady state.

J U (m/sec) LR

-0.3 1.067 370

-0.5 1.778 335

-0.7 2.489 302

-1.0 3.556 288

that this is relatively coarse wall normal spacing but the assump-
tion (to be determined!) is that the dominant flows are highly
separated i.e., resolution of the viscous boundary layers may be
of secondary importance for predicting high-amplitude loading.
Even though the LES code solves the equations of fluid motion
in a rotating frame of reference, the boundary conditions are ap-
plied in the inertial frame of reference. Therefore, on the blades,
hub and fairwater v = ω× r is specified (bold denotes vector
quantities). The shaft surface is set to v = (0,0,0) and the tunnel
wall to v = (U,0,0). A constant velocity, zero turbulence kinetic
energy boundary condition is set at the upstream boundary and
a convective boundary condition is prescribed at the downstream
boundary. Simulations documented in this paper were run using
the 36-inch VPWT experimental conditions as reported in Jes-
sup et al.8 and are listed in Table 1 with ρ = 997.4kg/m3 and
n = 700 rpm.

The J = −0.5 and J = −1.0 simulations were performed
on NSWCCD SEATech Center’s SGI Altix computer and the
J =−0.3 and J =−0.7 simulations were performed on the Blue
Gene eServer at the San Diego Supercomputer Center.

2.3 Structural model
In this work, the propeller structural analysis is performed

in the non-inertial blade-fixed coordinate system, which rotates
with the reference blade. The discrete system of equations for the
blade subject to the centrifugal force {FFFce}, the Coriolis force
{FFFco}, and the hydrodynamic force {FFFr} can be formulated as
in Young25:

([MMM]+ [MMMH ])
{

δ̈δδ

}
+([CCC]+ [CCCH ])

{
δ̇δδ

}
+[KKK]{δδδ} = {FFF} (7)

where {FFF} = {FFFce}+ {FFFco}+ {FFFr};
{

δ̈δδ

}
,
{

δ̇δδ

}
, and {δδδ} are

the nodal acceleration, velocity, and displacement vectors, re-
spectively; [MMM], [CCC], and [KKK] are the structural mass, damping,
and stiffness matrices, respectively; and [MMMH ] and [CCCH ] are the
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hydrodynamic added mass and hydrodynamic damping matri-
ces, respectively. The influence of the hydrodynamic excitation
is reflected in the hydrodynamic forcing term {FFFr}, which can
be expressed in terms of the hydrodynamic pressure {PPPr} as
{FFFr} =

R
[NNN]T {PPPr}dS, where [NNN] is the displacement interpo-

lation matrix.
For the current problem of interest, the structural deforma-

tion due to turbulent crashback loading is small due to the high
rigidity of the 12-inch diameter aluminum model scale propeller.
Hence, the added mass and hydrodynamic damping effects are
negligible so a decoupled hydroelastic analysis can be applied:

[MMM]
{

δ̈δδ

}
+[CCC]

{
δ̇δδ

}
+[KKK]{δδδ} = {FFF} (8)

The standard FEM package ABAQUS/Standard1 is used to
solve the unsteady decoupled structural response by applying the
turbulent fluid loading from the LES solver as surface traction.

3 RESULTS
3.1 Time Series

Figure 5 is the time history for J = −0.5 showing the
thrust, side force magnitude and the side force resultant direc-
tion. Thrust is defined as the force imparted by the fluid on the
propeller blades in the axial direction, positive pointing aft; side
force magnitude is the resultant of the fluid force components in
the plane of the propeller; torque is the moment about the pro-
peller centerline, positive pointing aft. The “K” coefficients are
normalized in the traditional naval architecture manner:

KT =
T

ρn2D4 (9)

KQ =
Q

ρn2D5 (10)

KS =

√
F2

y +F2
z

ρn2D4 (11)

where a rotational velocity, nD, is used as the reference velocity
and D2 is the reference area. The horizontal lines in Figure 5
are the mean and the mean plus 1, 2 and 3 standard deviations.
KT has one event that exceeds 4σ, two events that exceed 3σ and
about six events that exceed 2σ. The HA KT events appear to be
closely correlated with HA side force magnitude events. Figure
5(bottom) is the side force angle, defined as

θ = tan−1(Fy/Fz). (12)

It appears that during the HA side force events, at least where
KS > KS +3σ the side force angle is relatively constant.

Table 2. Statistics for J =−0.5.

LES VPWT OW

Mean KT 0.34 0.27 0.37

KQ -0.64 -0.57 -0.71

KS 0.025 0.031

Standard deviation KT 0.056 0.056

KQ 0.010 0.011

KS 0.014 0.017

Figure 6 is a plot of the mean thrust and torque coefficients
predicted by the LES compared with the experimental open water
test values of Hecker and Remmers (1971) and the VPWT data
of Jessup et al.8 The trend with increasing negative J is for the
coefficients to decrease in magnitude to a minimum around J =
−0.5 then to increase in magnitude monotonically as J becomes
more negative. The LES KT and KQ results follow this trend
matching better with the OW results.

Figure 7 is a plot of the mean side force magnitude as func-
tion of J. The VPWT data has a small peak at J = −0.3, de-
creases slightly at J = −0.5, and then increases as J becomes
more negative. The LES data compare well with the VPWT data
for the middle two J values J = −0.5 and J = −0.7. However,
for J = −0.3 the data is lower than the VPWT data, matching
more closely the OW data. At J = −1 the LES data is higher
than the VPWT data, but not close to the OW data.

Tables 2 and 3 list the temporal means and standard devi-
ations (SD) for KT , KQ and KS for the LES and experiments
for J = −0.5 and J = −1, respectively. For J = −0.5, the stan-
dard deviation values compare very well with experiments. For
J =−1 the standard deviation values for the LES are higher than
the experiments. It is not known whether the differences are due
to the differences between the VPWT experiment conditions and
the more open condition in the LES domain. Unfortunately, stan-
dard deviation data for the OW experiments was not available to
compare with.

Figures 6 and 7 may indicate that the worst loadings occur
as J becomes more negative. This may be a result of their nor-
malization. In the experiments8 and computations n was held
constant while U was varied. Thus, J =−1 has twice the inflow
velocity as J = −0.5. If the inflow velocity, U , rather than nD,
is used as the velocity scale then we obtain the thrust and torque
coefficients,

CT =
T

1
2 ρU2AD

(13)
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Figure 5. Time history for J =−0.5; top: KT , middle: KS and bottom: side force angle. The blue horizontal lines are the mean, (µ), µ+σ, µ+2σ, and
µ+3σ

Table 3. Statistics for J =−1.

LES VPWT OW

Mean KT -0.61 -0.53 -0.65

KQ -0.111 -0.097 -0.116

KS 0.050 0.042

Standard deviation KT 0.104 0.059

KQ 0.019 0.010

KS 0.030 0.022

CQ =
T

1
2 ρU2A2

D
(14)

where AD is the propeller disk area. Figure 8 shows that CT and
CQ are highest at small low negative J, becoming almost flat as J
becomes more negative — a trend almost opposite that for forces
normalized as per (9). Figure 9 shows that side force magnitude
has the same trend. In other words, for J <−0.6 the forces, and
therefore, the flow physics, scale as the inflow velocity squared
which is typical for airfoils in turbulent flow. In this range the
propeller exerts an axially directed pressure equal to approxi-
mately twice the inflow stagnation pressure. For attached air-
foil flows, the lift (or thrust) coefficient normalized similarly, is
a function of the AOA. In a turbulent flow regime the lift coeffi-

cient, for a constant AOA, is constant as flow speed is varied, im-
plying that the kinematics of the flow about airfoil are the same
with change in velocity. This hints at the notion for crashback
that over a certain range of J, the thrust, and therefore, kinemat-
ics are invariant. In other words, over this range of J, the kine-
matics of the recirculation region are the same. For J >−0.6 the
force coefficients increase sharply such that it is possible that the
propeller can exert an axial pressure equal to more than 20 times
the stagnation pressure. In this range, the thrust coefficient varies
rapidly with J (or inflow velocity), indicating that the kinematics
(and AOA) are varying rapidly. In this paper we closely examine
two cases, J = −0.5 and J = −1, which may span the range of
behaviors.

3.2 Probability Distribution Functions and Maximum
Loadings

Our interest lies in our ability to predict the HA propeller
loading that will have the greatest effect on blade deformations
and coursekeeping. It has been shown in the previous section
that the LES predicts the mean forces and standard deviation
reasonably well. However it is important to know if the LES
can predict the highest loadings and the proportion of the time
that these highest loadings occur. Probability density functions
(PDFs) show the proportion of time that a certain force spends
above or below a certain threshold. Figure 10 is the thrust PDF
for the four J values simulated compared with VPWT experi-
ment data. The experimental distributions are all Gaussian. The
means are consistent with Figure 6(a) where the LES mean KT
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Figure 6. Mean propeller forces (a) thrust (b) torque. ◦ : Open water; :
VPWT8, : LES.
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Figure 7. Mean propeller side force magnitude. 4 : Open water; :
variable pressure water tunnel (VPWT) results from Jessup et al.8, :
LES.

are consistently lower than the VPWT data, but higher than the
OW data. For J =−0.5 and J =−0.7 the LES and VPWT shapes
are the same, consistent with the fact that the standard devia-
tion are close, as demonstrated for J = −0.5 in Table 2. The
J = −0.3 LES distribution has close to a Gaussian distribution
but is double-peaked. The J = −1 distribution from the LES is
broader than for the experiment, as is reflected by the LES having

25
20
15
10

5
0

-C
T, 

C Q

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2
J

Figure 8. Mean propeller thrust and torque from VPWT8 normalized by
dynamic pressure. 4 : CT ; : CQ.

0.2
0.1
0.0

C S
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2

J

Figure 9. Mean propeller side force magnitude from variable pressure
water tunnel (VPWT) results of Jessup et al.8 normalized by dynamic
pressure.

a larger standard deviation.
The PDFs for side force magnitude are shown in Figure 11.

Since side force magnitude is a single-sided function due to it
being a magnitude for double-sided variables (i.e., Fy and Fz),
it would be expected to be log-normally distributed. The LES
and VPWT distributions for J = −0.5 match very closely. For
J = −0.7 the LES has a higher peak and narrower distribution
than for the VPWT and for J = −1 the LES and VPWT data
have close to the same peak but the LES distribution decrease
more slowly than the VPWT data for larger values of side force
magnitude.

The skewness of a PDF is its tendency to favor one side of
the mean. Figure 12(a), a plot of skewness as function of J for
thrust shows that both LES and VPWT have slightly negative
skewness remaining fairly constant with J. The skewness for side
force magnitude, Figure 12(b) shows that it has positive skew that
increases slightly as J becomes more negative.

Kurtosis is a measure of the “peakedness” of a PDF where
higher values mean that more of the RMS is due to infrequent
extreme deviations, as opposed to frequent moderately-sized de-
viations. Kurtosis is normalized so that a Gaussian distribution
has a value of zero. Figure 13 shows that the VPWT kurtosis
values are slightly greater than zero and increase as J becomes
more negative. The LES values are close to the VPWT values
but have an inconsistent trend with J.
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Figure 10. PDFs for KT for (a) J =−0.3, (b) J =−0.5, (c) J =−0.7,
and (d) J =−1.0; VPWT experiments: ; LES: .

3.3 Power Spectral Densities
Figure 14 shows the PSD of side force magnitude for the

VPWT experiments and the simulations for the four LES J val-
ues. The PSD were computed by dividing the force time histo-
ries into N segments with 50% overlap, applying a Hanning win-
dow to minimize end effects, rescaling to maintain the original
energy, taking the Fourier transform of the segment, computing
the square of the magnitude of the complex Fourier transform
and then dividing by the frequency resolution. The PSD com-
puted for each of the segments were then averaged. The seg-
ment lengths were selected so as to be long enough to obtain a
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Figure 11. PDFs for KS for (a) J =−0.3, (b) J =−0.5, (c) J =−0.7,
and (d) J =−1.0; VPWT experiments: ; LES: .

frequency resolution small enough to characterize possible low
frequency events yet provide enough segments for a relatively
smooth curve. The sum of the magnitudes for a one-sided spec-
tra equals the mean square of the original signal. The abscissa of
the PSD plots is the frequency normalized by the shaft frequency
(11.667 Hz) and therefore, has the units of Hz/revolution.

Thangam, Wang and Zhou22 explain that in the inertial fre-
quency range of the turbulent kinetic energy (TKE) spectrum,
for flows with high rotation rates, there exist two, rather than one,
time scales: the eddy turnover time scale and the time scale asso-
ciated with the rotation rate. The Kolmogorov spectrum, instead
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Figure 12. Skewness for (a) KT and (b) KS; VPWT experiments:
; LES: .

of behaving as f−5/3, rolls off as f−2. Assuming pressure to be
proportional to TKE we can expect the same behavior. This can
be clearly seen in the VPWT and LES PSD where for J = −0.3
and J = −0.5 the PSD exhibits a f−2 behavior down to almost
f ∗ = 1. for J = −0.7 and J = −1 the slope is less — f−5/3 —
as J becomes more negative. This is not surprising since as J be-
comes more negative, U increases with constant n, and the effect
of rotation becomes less significant.

In the experimental PSD a peak at shaft rate ( f ∗ = 1) is
caused by small force oscillations due to not being able to ex-
actly account for the weight of the propeller while the load dy-
namometer rotates about the shaft. This peak is not in the LES
PSD. Most noticeable is a peak at blade rate ( f ∗ = 5) which may
be due to the passage of blades through flow disturbances fixed
in the inertial frame of reference — a fixed disturbance would be
encountered five times per shaft revolution. The relative height
of the blade rate peak decreases as J becomes more negative, in-
dicating that multi-scales of turbulence become more important
as J decreases. A wider peak appears at twice the blade rate,
f ∗ = 10−15. Its importance diminishes as J becomes more neg-
ative.

The VPWT and LES data compare well in the low-
frequency range ( f ∗ < 1), with the exception of J =−0.3, which
is consistently low. The peak value at blade rate is well-predicted
by the LES at all J although the energy around the peak is in-
creasingly well-predicted as J becomes more negative. The twice
blade rate peak shows up in the lower negative J cases, but dis-
appears completely for the higher negative J cases. This may be
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Figure 13. Kurtosis for (a) KT and (b) KS; VPWT experiments: ;
LES: .

due to the computational grid’s decreasing ability to resolve the
viscous turbulence scales on the blades as Reynolds number in-
creases as J becomes more negative. The frequency equivalent
to the computational time step size is 1680 times the shaft rate
for the LES, so the discrepancies in the PSD at twice blade rate
is not due to temporal resolution. Therefore, these discrepancies
may be due to factors such as wall normal grid spacing on the
blades. Particularly where the flow on the blade surfaces is not
separated, finer wall-normal resolution in the near wall region
would enhance the initiation of near-wall turbulence structures
which may contribute to the higher frequency loading.

Jiang et al.,10 in experiments performed at J = −0.472 and
J =−0.732, observed that HA events occur at ωD/U = 0.5. For
J =−0.5 this implies a low-frequency peak at f ∗ = 0.040 which
can be seen in the PSD as the second frequency bin. Longer time
series, which result in better frequency resolution, are needed to
fully evaluate this behavior.

3.4 Blade loading
The ultimate objective of this project to accurately predict

blade strains and deformations during crashback. Jessup et al.9

measured blade surface strains near the blade root during VPWT
experiments. It is possible to compare with their results if it is
assumed that strain is proportional to stress which in turn is pro-
portional to bending moment (BM). In order to compute BM,
a single blade has been divided into 12 constant-radius sections
from which the forces due to pressure are computed. The BM
due to these 12 strips is computed about the axis perpendicular
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Figure 14. Side force magnitude PSD for (a) J = −0.3 (b) J = −0.5
(c) J = −0.7 and (d) J = −1.0 blue: LES, red: VPWT experiment,

: f−2 roll off and : f−5/3 roll off.

to the strain gauge measurement direction. Figure 15 is a com-
posite image showing the pressure coefficient on the blades, the
thrust (KT ) at each section and the thrust for the entire blade for
J =−0.5 during a HA loading event. The pressure coefficient is
defined by

Cp =
p

1
2 ρU2

(15)

In the upper part of Figure 15 the leading edge of the suction
side is the left side of the blade. A very low pressure region
can be seen on the leading edge near the tip which generates the
tip-loaded thrust profile in the lower right image of Figure 15.
Figure 16 is a HA loading example for J = −1. In contrast to
the loading for J = −0.5, the section thrust distribution is much
smoother, peaking near r/R = 0.7.

Figure 15. HA blade loading example for J = −0.5. Upper: pressure
(Cp) contour plots on suction (aft face) and pressure (forward face) sides
of blade; lower left: spanwise distribution of sectional KT with temporal
mean reference line; lower right: total KT for single blade with temporal
mean reference line.

Figure 17 is a plot of the temporal mean of the spanwise
thrust distribution for a single blade for J = −0.5 and J = −1.
J =−1 has more of the traditional elliptical loading with a peak
near r/R = 0.7. J = −0.5, on the other hand, increases almost
linearly from the root out to its peak at r/R = 0.9 reflecting the
tip-loaded behavior in Figure 15.

In order to ascertain whether the LES can accurately predict
the HA strains, the ratios of the maximum M , M +2σ, M +3σ

normalized by the mean BM have been computed. M denotes
bending moment and σ denotes the standard deviation of the BM.
Figure 18 compares the BM ratios from the LES to the same
strain ratios from the VPWT experiments. The M + 2σ M +
3σ curves have peaks at J = −0.5 and the maximum M has a
peak at J = −0.65. The LES data compare very well with the
experiments at J = −0.5 and J = −1. This is an indication of
the accuracy of the HA force function data which will be used in
finite element analyses.
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Figure 16. HA blade loading example for J = −1. Upper: pressure
(Cp) contour plots on suction (aft face) and pressure (forward face) sides
of blade; lower left: spanwise distribution of sectional KT with temporal
mean reference line; lower right: total KT for single blade with temporal
mean reference line.
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3.5 Physics of Crashback
In this section we investigate the physics of high- and low-

amplitude loading to try to understand the causes of high thrust
and side force magnitude. A physical understanding will aid in
knowing the optimal computational methodologies to apply and
knowing what data are needed for development of low-order pre-
dictive tools among other things. In each of the force time histo-
ries, comprising several hundred revolutions, several HA events
stand out and are the cause of high structural loading and side
forces. For J = −0.5 we look at a HA event at t∗ = 265 and
compare to a very low-amplitude (LA) event at t∗ = 140, where
t∗ = tn is time normalized by the time per revolution. For J =−1
we look at a HA event found at t∗ = 300 and compare it with a
LA event at t∗ = 290. The surface pressures from these events
have been used as the input loads for dynamic structural analyses
which are documented in the following section.

How representative these events are of “typical” events can
be answered by assessing where the events are on the PDFs or
how many SD they are from the mean: For J = −0.5 the maxi-
mum KT during the selected HA event is KT = −0.61 which is
4.9σ less than the mean and at the far right side of the PDF, Fig-
ure 10(b) meaning that it is an extreme event. The LA event at
t∗ = 140 has KT =−0.141 which is 1.6σ . For J =−1, t∗ = 290
is the LA loading event that we study, it has KT =−0.525 which
is 0.8σ greater than the mean, and therefore, is fairly common.
For J = −1 the HA loading event is at t∗ = 300 which has
KT =−0.833 which is 2.2σ less than the mean.

Figure 19. Lateral plane cut showing contours of fluctuating pressure
and total velocity vectors showing typical VR mode behavior.

Figure 20. Iso-surfaces of Cp =−0.4 colored by axial velocity and total
velocity vectors showing typical VR mode behavior.
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Figure 21. Force time history for J =−0.5 HA event at t∗ = 265. Top:
KT , middle: KS and bottom: side force angle.
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Figure 22. Iso-surfaces of Cp =−0.4 colored by axial velocity and total
velocity vectors showing upper: transition between VR to AJ modes and
lower: AJ mode.

3.5.1 J =−0.5 Low Amplitude Behavior Figure 19
is a centerplane cut showing contours of fluctuating pressure and
velocity vectors at a time close to t∗ = 140. It shows a vortex
ring (VR) centered axially about the blade centerplane and radi-
ally about 0.5D outboard of the propeller tips that is circumfer-
entially uniform with a uniform axial inflow into the propeller.
Figure 20 are iso-surfaces of Cp =−0.4 which show a symmetric
RV structure. Figure 29(lower left) shows that the inflow into the
propeller is relatively uniform with insignificant in-plane com-
ponents. Iso-surfaces of λ2 are shown in Figure 29(right). λ2,
the second eigenvalue of the second invariant of the velocity gra-
dient tensor, can differentiate between regions of high vorticity
but no rotation (as in boundary layers) and regions of high vor-
ticity and vortical motion (as in turbulence structures).7 The λ2

Figure 23. Lateral plane cut showing contours of fluctuating pressure
and total velocity vectors showing typical AJ mode behavior.

iso-surfaces show that the blades have small amounts of leading
edge separation and on Blade 1, a blob at about r/R = 0.4, is
probably a separation vortex that has detached from the leading
edge. On all blades λ2 tip vortices are being shed.

The effect of the turbulence structures on the side force is
demonstrated in Figure 29(upper left) which shows the aft blade
faces colored by pressure force parallel to the side force vector
at each point on the blade surface, fps (labeled as “pfyp” in the
plots), is defined as:

fps = Cp|dA| dA
|dA|

· Fs

|Fs|
(16)

where dA is the differential area vector and Fs is the resultant
side force vector. The contours, then, indicate where on the
blades the side force is generated. In orange-colored regions
the pressure is acting in the direction of the side force vector,
whereas the blue regions act in the opposite direction. The vis-
ible regions coincide with the turbulence structures in Figure
29(right).

3.5.2 J =−0.5 High Amplitude Behavior In Figure
21 at about t∗ = 260 the loading begins to increase. In con-
junction with this increase the VR transforms into an axial jet
as shown in the pressure iso-surfaces Figure 22(top), where in
the upper image the VR is translating forward, though still main-
taining a tilted, ring-like structure. It reaches a AJ state, Figure
22(bottom) where the ring has been stretched forward beyond
recognition. Figure 23 is a plot of fluctuating pressure contours
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and velocity vectors on a center plane for a typical AJ event. The
flow is dominated by an axial jet along the shaft that extends three
Dp upstream of the propeller plane. The return flow outboard of
the jet is weak providing reduced axial flow aft of the propeller.

Figure 30(right) shows contours λ2 = −4 colored by axial
velocity. Here blue represents velocity in the upstream direction
and orange, flow downstream. The blade surfaces are the source
of turbulence structures, particularly at the leading edges, where
structures are present along their length, with shedding at the tip.
There are also larger blob-like structures further along the chord
that could be large separation vortices. These appear to coin-
cide with the regions of side force generation shown in Figure
30(upper left ). Side forces are generated only where the surface
normal has a component in the plane of the propeller. The sur-
face normal at the blade tips is primarily in the axial direction,
whereas it has a much larger component in the propeller plane
near the root due to blade twist. Therefore, side force is particu-
larly sensitive to low pressure regions near the root. Blade 2 ap-
pears to be generating most of the side force with contributions
from 1, 3 and 5. These side force generation regions coincide
with large separation vortices in Figure 30(right).

Figure 30(lower left) shows the total axial velocity contours
and the in-plane vectors directly aft of the propeller plane. The
vectors show that the flow is primarily in the positive z direction.
Thus, the blades that are rotating about the positive x direction
will be heading directly into the oncoming flow leading to high
AOA and flow separations. Jessup et al.8 hypothesized that the
side force should be in the same direction as the mean in-plane
flow.

The HA side force events tend to have a duration on the or-
der of 10 revolutions during which time the side force angle re-
mains relatively constant. This means that the macro flow must
remain in a relatively stable configuration. It is hypothesized that
when the angle of attack on the blades increases, the blade im-
parts greater thrust and momentum to the fluid at that azimuthal
(angle about the shaft centerline) location and at the same time
creates a low pressure region. The low pressure region tends to
draw fluid toward it maintaining the in-plane flow contrary to the
propeller rotation. At the same time, the increased axial momen-
tum in the upstream direction enhances the AJ flow along the up-
stream shaft. The downstream-directed return flow is weakened
which in turn weakens the VR. Without the VR the axial flow
upstream into the propeller is reduced, which again increases the
angle of attack on the blades, increasing the thrust, thus self- per-
petuating the process.

3.5.3 J =−1 Low Amplitude Behavior Figure 24 is
a partial time history around the t∗ = 290 and t∗ = 300 low- and
high-amplitude loading events that will be studied in detail. We
examine the behavior at t∗ = 290 to get an idea of the flow when
the thrust and side force magnitude are small. In Figure 25, a lat-

eral centerline cut, the flow is fairly symmetric about the center-
line and the axial inflow is strong and relatively uniform. Figure
31(bottom left) verifies, in fact, the uniformity of the axial flow
and the lack of in-plane velocities. The λ2 iso-surfaces in Figure
31(right) show little evidence of leading edge flow separations.
The resulting side force magnitude is small, but not insignificant
as shown in Figure 31(upper left). The pressure iso-surfaces in
Figure 28 exhibit a symmetric morphology. It can be concluded
that low loading is associated with symmetry.
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Figure 24. Force time history for J = −1 HA event at t∗ = 300. Top:
KT , middle: KS and bottom: side force angle.

3.5.4 J =−1 High Amplitude Event In Figure 26, it
is possible to see that the uniform axial inflow, characteristic of
the LA loading, is no longer present. In fact, it appears that
the upper portion of the RV has become detached and the axial
flow into the upper portion of the propeller disk has been shifted
upward. This allows a downstream incursion of fluid near the
root, as seen in Figure 27. Figure 32(lower left), contours of ax-
ial velocity, show these incursions. Downstream-directed fluid
would result in very high AOA and massive separation on the
blades. Figure 32(right), iso-surfaces of λ2, shows that on blades
marked 2, 3 and 4, there is evidence of significant flow separa-
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Figure 25. Lateral plane cut for J =−1 at t∗ = 290 showing contours
of fluctuating pressure and total velocity vectors during LA event.

tion near the root. This translates into side force since near the
root as the surface normal is primarily in the side force direc-
tion, as shown in Figure 32(upper left). Animations of pressure
iso-surfaces show that during the period 296 < t∗ < 300 the RV
goes through many complex morphologies including shedding,
regeneration and stretching including deformation from a ring to
an axial orientation whereby it gets wrapped around the propeller
hub.

Understanding the flow at J = −1 may shed some light on
why the side force magnitude is so much higher for OW than it
is for VPWT as shown in Figure 7. As seen for J =−1 uniform
streamwise inflow is a precondition for low side force. It is only
when the flow is non-uniform that side force magnitude becomes
significant. Moreover, it is the axial incursions of downstream
flow which cause significant flow separation near the root, right
where it can exert the most side force. In the OW experiments the
propeller is mounted on a shaft is behind the propeller. This has
the effect of strengthening the downstream inflow, since it does
not have to flow over a shaft as in the VPWT experiments. The
downstream shaft will affect the recirculation zone that forms
behind the propeller, retarding the axial flow forward into the
propeller. These two factors will each increase the likelihood of
incursions of downstream flow at the root, thus exacerbating the
flow separations. As J decreases for J < 0.6 the inflow becomes
stronger and the incursions stronger and more frequent, leading
to an increase in side force magnitude. At higher J values (J >
−0.6) the thrust imparted on the fluid, as shown in Figure 8, is
strong enough to overwhelm the downstream inflow, with RV
moving forward, even with and ahead of the propeller plane such
that any interactions with the downstream shaft would not have
any affect on the side force magnitude.

Figure 26. Lateral plane cut for J =−1 at t∗ = 300 showing contours
of fluctuating pressure and total velocity vectors for HA event.

Figure 27. Flow at the root for J = −1 at t∗ = 300 showing contours
of fluctuating pressure and total velocity vectors for HA event.

Figure 28. Iso-surfaces of Cp =−0.8 for J =−1 at t∗ = 290 during
LA event.
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Figure 29. Composite graphic showing J =−0.5 LA event at t∗= 136. Lower right: λ2 =−4 iso-surfaces colored by axial velocity; lower left: constant-
x cut at x/D = 0.167 showing contours of axial velocity and velocity vectors; upper left: side force vector and aft blade surfaces showing contours of
pressure force parallel to resultant side force vector.

Figure 30. Composite graphic showing J =−0.5 LA event at t∗= 265. Lower right: λ2 =−4 iso-surfaces colored by axial velocity; lower left: constant-
x cut at x/D = 0.167 showing contours of axial velocity and velocity vectors; upper left: side force vector and aft blade surfaces showing contours of
pressure force parallel to resultant side force vector.
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Figure 31. Composite graphic showing J =−1 LA event at t∗ = 290. Lower right: λ2 =−4 iso-surfaces colored by axial velocity; lower left: constant-x
cut at x/D = 0.167 showing contours of axial velocity and velocity vectors; upper left: side force vector and aft blade surfaces showing contours of
pressure force parallel to resultant side force vector.

Figure 32. Composite graphic showing J =−1 HA event at t∗ = 300. Lower right: λ2 =−4 iso-surfaces colored by axial velocity; lower left: constant-
x cut at x/D = 0.167 showing contours of axial velocity and velocity vectors; upper left: side force vector and aft blade surfaces showing contours of
pressure force parallel to resultant side force vector.
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3.6 Dynamic Structural Response during Crashback
Based on the thrust force time histories from the LES simu-

lation, four revolutions were chosen as representative cases that
characterize the various hydrodynamic modes. They are respec-
tively t∗ = 140 and t∗ = 265 for J = −0.5, and t∗ = 290 and
t∗ = 300 for J = −1.0, where t∗ is the simulated revolution
number. For instance, t∗ = 140 means the pressure fields for
140 < t∗ < 141 are applied to obtain the transient structural re-
sponse.

In order to evaluate the structural integrity of the propeller
subject to crashback, the dynamic response of the 0.3048 m di-
ameter model-scale propeller 4381 made of aluminum (6061
T6) was investigated. The material has a Young’s modu-
lus of Es = 73 GPa, Poisson’s ratio of νs = 0.33, density of
ρs = 2700 kg/m3, and yield stress of σy = 400 MPa. To
evaluate the potential yielding behavior, the von Mises crite-
rion is adopted. The von Mises stress is defined as σv ≡√

0.5[(σ1−σ2)2 +(σ2−σ3)2 +(σ3−σ1)2], where σ1, σ2, and
σ3 are the principal stress components. Based on convergence
studies, three layers of quadratic brick (C3D20) and triangular
prism (C3D15) continuum solid elements1, stacked in the thick-
ness direction, were used to discretize the blade. In the chord and
radial directions, 25 and 20 elements are used respectively. The
blade discretization is shown in Figure 33.

The computed in air (dry) and in water (wet) natural frequen-
cies of the aluminum propeller are shown in Figure 34. It can be
seen that added mass effect leads to significant reduction of the
natural frequencies. However, the fundamental wet frequency of
468 Hz is still much higher than the primary blade rate turbulent
flow excitation frequency, 58 Hz Thus, resonance is not an issue
for this problem.

The predicted structural responses for J = −0.5 are shown
from Figure 35 to Figure 39. The computed change in tip pitch
angle and rake are shown in Figure 35, which confirms that the
blade deformations, and hence fluid-structure interaction effects,
are negligible for the model-scale aluminum propeller. A posi-
tive pitch angle deflection means that the pitch angle increases;
a positive rake deformation is downstream. The blade defor-
mations for the axial jet mode, t∗ = 265, are in general much
higher and less uniform over the flow cycle than that for vor-
tex ring mode, t∗ = 140. Similar patterns were observed for the
maximum von Mises stress (σv

max) comparisons shown in Fig-
ure 36. Nevertheless, the maximum stresses for both cases are
still approximately an order of magnitude lower than the mate-
rial yield stress of σy = 400 MPa, indicating structural safety.
Based on the von Mises stress contours as shown in Figure 37,
the maximum stresses occur at the blade root near the mid-chord
in general. The stress patterns are not symmetric due to loading
and geometry non-uniformity. Notice that the stress levels for
t∗ = 265 are much higher than those for t∗ = 140. The stresses
are predominantly bending, as shown in the bending stress con-
tours (Figure 38), which closely resemble the von Mises con-

tours (Figure 37). The shear stress distributions are shown in
Figure 39. Some localized high shear stress regions exist near
the blade roots and blade leading edge. The high shear stress
near the trailing edge is primarily caused by the sharp pressure
gradient induced by the turbulent fluid as shown in Figure 15.
The shear stress at the leading edge is shown in Figure 40.

For J =−1.0, the computed structural responses are shown
from Figure 41 to Figure 45. Again, the fluid induced deforma-
tions are small enough to allow for decoupled structural analysis.
As expected, the blade deformations and stresses are higher than
those for J =−0.5 due to the higher fluid loading. It is interest-
ing to note that although only the vortex ring mode exists for this
advance coefficient (J = −1.0), significant differences can still
be observed between the two representative revolutions, both in
magnitude and variation pattern. In particular, five distinct peaks
can be observed in the time histories of the blade deformations
and maximum von Mises stresses for t∗ = 300, which may cause
the blades to be more susceptible to fatigue induced failure. For
J = −1.0, the von Mises stress distributions are plotted in Fig-
ure 43. It can be seen that the stresses are higher than those for
J = −0.5 as shown in Figure 37. Moreover, t∗ = 300 features
higher stress levels than t∗ = 290. The same as for J =−0.5, the
stress is primarily due to bending, as indicated by the similar-
ity between the von Mises (Figure 43) and bending (Figure 44)
stress patterns. Similarly, localized high shear stress regions can
be found near the blade roots and blade leading edge as shown in
Figure 45.

Figure 33. Mesh discretization of the key blade (a total of 25×20×3 =
1500 solid elements were used per blade).
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Figure 34. Predicted natural frequencies of the propeller 4381 (made of
aluminum 6061 T6) in air (dry) and in water (wet).

Figure 35. Predicted change in tip pitch angle and rake as a function of
blade angles for t∗=140 and t∗=265 (J=-0.5).

4 CONCLUSIONS
This paper documents an extensive validation of a high-

fidelity LES code’s ability to predict crashback for a zero skew
angle, model scale Propeller 4381. First order and higher order
statistics, probability density functions, power spectral densities,
and bending moment ratios have been compared with experimen-
tal data for a range of advance ratios (J). The results demonstrate
that the LES code is capable of simulating the turbulence scales
necessary for accurate prediction of forces and moments during
crashback and can be a viable design evaluation tool for predic-

Figure 36. Predicted maximum von Mises stresses as a function of
blade angles for t∗=140 and t∗=265 (J=-0.5).

Figure 37. Predicted von Mises stress (σv) contours at varying blade
angles for t∗=140 and t∗=265 at J=-0.5 (left-top: face side, t∗=140; right-
top: face side, t∗=265; left-bottom: back side, t∗=140; right-bottom: back
side, t∗=265).

tion of crashback loads.
The LES-generated database has been used to investigate the

high- and low-loading events at two J values that have disparate
physical processes. At low negative J, the propeller forces dom-
inate the inflow and the flow has a bi-modal behavior switching
between the familiar vortex ring (VR) mode and an axial jet (AJ)
mode. During the AJ mode the magnitudes of the thrust and
side forces are maximum. In other words, maximum decelera-
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Figure 38. Predicted bending stress (σ22) contours at varying blade an-
gles for t∗=140 and t∗=265 at J=-0.5 (left-top: face side, t∗=140; right-top:
face side, t∗=265; left-bottom: back side, t∗=140; right-bottom: back side,
t∗=265).

Figure 39. Predicted shear stress (σ12) contours at varying blade an-
gles for t∗=140 and t∗=265 at J=-0.5 (left-top: face side, t∗=140; right-
top: face side, t∗=265; left-bottom: back side, t∗=140; right-bottom: back
side, t∗=265).

tion is associated with maximum blade loading and side forces.
At lower J values where the propeller thrust is of the order two
times that of the incoming flow, VR asymmetries account for
high loadings. In particular we have found that reverse (down-
stream) flow at the root is very effective at generating high levels
of side force. Low loading events are associated with VR sym-
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Figure 40. Predicted shear stress (σ12) contours t∗=265 at J=-0.5 (left:
back side; right: face side.

Figure 41. Predicted change in tip pitch angle and rake as a function of
blade angles for t∗=290 and t∗=300 (J=-1.0).

metry.
We have found that the flows over the blades are almost al-

ways a combination of attached and separated flows. The most
common turbulent flow feature is leading edge separated flow
caused by the sharp (and cambered) edge. The extent of the sep-
arations only covers a small portion of a blade, with the remain-
der of the blade having attached flow. The large force fluctuations
are caused by larger separations, but these cannot be classified as
massively separated. Thus, it may be prudent to ensure correct
near wall behavior either with finer wall-normal grid spacing or
wall models.

The transient surface pressures for these events have been
applied as forcing functions to a finite element code. Results of
the FE analysis show that this propeller undergoes tip deflection
well within the material’s plastic limit and that the highest strains
occur near the blade root. This is a first step toward development
of integrated fluid-structure interaction capability for crashback
flows.
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Figure 42. Predicted maximum von Mises stresses as a function of
blade angles for t∗=290 and t∗=300 (J=-1.0).

Figure 43. Predicted von Mises stress (σv) contours at varying blade
angles for t∗=290 and t∗=300 at J=-1.0 (left-top: face side, t∗=290; right-
top: face side, t∗=300; left-bottom: back side, t∗=290; right-bottom: back
side, t∗=300).

5 RECOMMENDATIONS
We hypothesize that the difference between the OW and

VPWT data is caused by the location of the propeller shaft —
downstream for the OW tests and upstream for the VPWT test.
A simulation of the OW configuration would be instrumental in
proving this hypothesis.

This paper represents only a nascent attempt at correlating
the flow, pressures and structural response. A more careful study

Figure 44. Predicted bending stress (σ22) contours at varying blade an-
gles for t∗=290 and t∗=300 at J=-1.0 (left-top: face side, t∗=290; right-top:
face side, t∗=300; left-bottom: back side, t∗=290; right-bottom: back side,
t∗=300).

Figure 45. Predicted shear stress (σ12) contours at varying blade an-
gles for t∗=290 and t∗=300 at J=-1.0 (left-top: face side, t∗=290; right-
top: face side, t∗=300; left-bottom: back side, t∗=290; right-bottom: back
side, t∗=300).

with exact correlations between flow and structural responses
would allow us to determine the types of flows responsible for
the highest loadings, thus helping to improve our knowledge of
the optimal simulation methodology.
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