a9y United States

US 20190331510A1

12y Patent Application Publication o) Pub. No.: US 2019/0331510 A1

PHAN

43) Pub. Date: Oct. 31, 2019

(54) WIND NOISE ANALYZER AND WIND NOISE
ANALYSIS METHOD

(71) Applicant: TOYOTA JIDOSHA KABUSHIKI
KAISHA, Toyota-shi (JP)
(72) Inventor: Long Vinh PHAN, Aichi-gun (JP)

(73) Assignee: TOYOTA JIDOSHA KABUSHIKI

KAISHA, Toyota-shi (IP)
(21) Appl. No.: 16/390,231

(22) Filed: Apr. 22, 2019
(30) Foreign Application Priority Data
Apr. 27, 2018  (JP) e, 2018-087378

Publication Classification
(51) Int. CL

GO1F 1/32 (2006.01)
GOIF 1720 (2006.01)
GO6l 17/50 (2006.01)

(52) U.S. CL
CPC oo GOIF 1/3281 (2013.01); GOIF 1/206
(2013.01); GO6F 2217/82 (2013.01); GO6F
17/5095 (2013.01); GO6F 17/5009 (2013.01)

(57) ABSTRACT

A wind noise analyzer includes: an unsteady computational
flmmd dynamics calculation unit configured to execute an
unsteady computational fluid dynamics simulation involving
moving a structure model modeled on a structure, and
calculate, for each of spatial nodes, an average tflow velocity
and an average vorticity over a predetermined time 1n a flow
field inside the predetermined region, and then calculate, for
cach of the spatial nodes, a value based on an amplitude of
a turbulent flow velocity inside the predetermined region, 1n
an angular frequency band of interest; and a pressure source
density calculation unit configured to calculate, based on the
average flow velocity, the average vorticity, and the value
based on the amplitude of the turbulent flow velocity, a
pressure source density.
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WIND NOISE ANALYZER AND WIND NOISE
ANALYSIS METHOD

INCORPORATION BY REFERENCE

[0001] The disclosure of Japanese Patent Application No.
2018-087378 filed on Apr. 27, 2018 including the specifi-
cation, drawings and abstract 1s incorporated herein by
reference 1n 1ts entirety.

BACKGROUND

1. Technical Field

[0002] The present disclosure relates to a wind noise
analyzer and a wind noise analysis method.

2. Description of Related Art

[0003] Research and development of a technology for
reducing wind noise 1n a running vehicle are underway. For
example, Japanese Patent Application Publication No. 2017-
0627277 discloses a technology in which “an amplitude of a
pressure fluctuation” and “an average flow velocity” at an
arbitrary position in a surface of a vehicle model are
acquired by simulation involving causing the vehicle model
to run, and based on these values, the intensity of a sound
source of wind noise at the arbitrary position 1s calculated
for each desired frequency band. Hereinafter, an amplitude
ol a pressure fluctuation on a surface of a vehicle model will
also be referred to simply as a “surface pressure tluctuation.”

SUMMARY

[0004] Here, of a surface pressure fluctuation and an
average surface flow velocity, especially the surface pres-
sure fluctuation 1s strongly correlated with the intensity of a
sound source of wind noise. The surface pressure fluctuation
varies under the influence of a flow field (typically, flow
velocity and vorticity) around the vehicle. Therefore, to
reduce wind noise at a certain position in a surface of the
vehicle, 1t 1s necessary to 1dentity which part of (position in)
the flow field around the vehicle has a strong influence on
the surface pressure fluctuation at that certain position, and
to change the 1dentified part of the flow field (1.e., change the
shape of a component of the vehicle) so as to reduce the
surface pressure fluctuation at that certain position. How-
ever, there 1s no standardized technique for “the method of
identifying the part of the flow field that contributes signifi-
cantly to the surface pressure fluctuation”; 1n reality, engi-
neers 1dentify such part of a flow field based on their own
know-how and perception. This leads to a variation in the
results of studies among engineers, which may necessitate a
lot of trial and error.

[0005] The present disclosure provides a technology for
appropriately identifying the position of a flow field around
a structure, such as a vehicle, that contributes significantly to
a surface pressure fluctuation of the structure.

[0006] A first aspect of the present disclosure 1s a wind
noise analyzer including: an unsteady computational fluid
dynamics calculation umit configured to execute an unsteady
computational fluid dynamics simulation 1nvolving moving
a structure model modeled on a structure, and calculate, for
each of spatial nodes that are nodes 1nside a predetermined
region of a flow field around the structure model, an average
flow velocity and an average vorticity over a predetermined
time 1n a flow field inside the predetermined region, and then
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calculate, for each of the spatial nodes, a value based on an
amplitude of a turbulent flow velocity inside the predeter-
mined region, 1n an angular frequency band of interest that
1s a target angular frequency band of a wind noise analysis;
and a pressure source density calculation unit configured to
calculate, based on the average tlow velocity, the average
vorticity, and the value based on the amplitude of the
turbulent flow velocity calculated by the unsteady compu-
tational fluid dynamics calculation unit, a pressure source
density that 1s an indicator of a degree of contribution of a
flow field at a spatial node inside the predetermined region
to a surface pressure fluctuation that 1s an amplitude of a

pressure fluctuation at a target point of the wind noise
analysis 1n a surface of the structure model.

[0007] The wind noise analyzer according to the aspect of
the present disclosure calculates the pressure source density
based on the physical quantities (average flow velocity,
average vorticity, and turbulent flow velocity) calculated by
an unsteady CFD simulation involving moving a structure
model. This pressure source density 1s an indicator of the
degree of contribution of “the flow field at a spatial node
inside the predetermined region” to “the surface pressure
fluctuation at the analysis target point in the surface of the
structure model.” Here, the predetermined region 1s a part of
the tlow field around the structure model, and 1s a region
specified as a region that can influence the surface pressure
fluctuation at the analysis target point. By using the pressure
source density as an indicator, therefore, one can calculate
the degree of contribution of the flow field to the surface
pressure fluctuation for each spatial node. Accordingly, it 1s
possible to appropriately i1dentity the position of the flow
field side the predetermined region that contributes sig-
nificantly to the surface pressure fluctuation of the structure
model at the analysis target point. The surface pressure
fluctuation 1s strongly correlated with wind noise: the larger
the surface pressure fluctuation, the louder the wind noises.
Thus, 1n a broad sense, analyzing the surface pressure
fluctuation 1s synonymous with analyzing the wind noise. A
pressure fluctuation 1s composed of a fluid flow pressure
fluctuation and a sound pressure. The surface pressure
fluctuation 1n this specification 1s synonymous with the fluid
flow pressure fluctuation of the two.

[0008] In the above aspect, a value obtained by spatially
integrating the pressure source density at the analysis target
point 1n the surface of the structure model with respect to the
predetermined region may be an approximate value of a
value obtained by integrating a product of a function of the
surface pressure tluctuation at the analysis target point and
a complex conjugate function of that function with respect
to the angular frequency band of interest.

[0009] According to this aspect, the behavior of the pres-
sure source density matches the behavior of the surface
pressure fluctuation of the structure model with good accu-
racy. This means that the pressure source density 1s highly
reliable as an indicator of the degree of contribution of a
flow field to a surtace pressure fluctuation. Accordingly, the
position of a flow field around a structure that contributes
significantly to a surface pressure fluctuation of the structure
can be identified with good accuracy.

[0010] In the above aspect, the wind noise analyzer may
further include a causal parameter i1dentification unit that
identifies a causal parameter that 1s a parameter contributing
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relatively significantly to the pressure source density among,
a plurality of parameters composing the pressure source
density.

[0011] According to this aspect, a parameter responsible
for the high PSD can be easily ascertained, so that the shape
of the structure model can be studied and changed more
eiliciently.

[0012] In the above aspect, the parameters may be the
average tlow velocity, the average vorticity, and the turbu-
lent flow velocity.

[0013] In the above aspect, the wind noise analyzer may
further include an i1mage processing unit configured to:
extract, from a plurality of spatial nodes for which the
pressure source density has been calculated, a plurality of
spatial nodes corresponding to a pressure source density
having a value mput from outside; create a plane of equiva-
lent values by performing image processing on the extracted
spatial nodes; and visualize the plane of equivalent values.
[0014] According to this aspect, a plane of equivalent PSD
values 1s displayed. Thus, by appropriately setting an input
value, an operator can view a plane of equivalent values
having a desired PSD value. As a result, a spatial node
corresponding to the desired PSD value can be efliciently
selected, and the position of the flow field around the
structure that contributes significantly to the surface pressure
fluctuation of the structure can be etliciently i1dentified.

[0015] In the above aspect, the wind noise analyzer may
turther include a spatial node extraction unit configured to
extract a spatial node corresponding to a maximum value of
a plurality of pressure source densities calculated by the
pressure source density calculation unait.

[0016] According to this aspect, the need for the operator
to select a spatial node corresponding to a maximum PSD
value 1s eliminated, so that the position of the flow field
around the structure that contributes significantly to the
surface pressure fluctuation of the structure can be i1dentified
more eifficiently. In a broad sense, “a maximum value of the
pressure source density” means “a substantially maximum
value of the pressure source density.”

[0017] In the above aspect, the unsteady computational
fluid dynamics calculation unit may be configured to calcu-
late, for each of surface nodes that are nodes on a surface of
the structure model, the surface pressure fluctuation on the
surface 1n the angular frequency band of interest.

[0018] According to this aspect, the analysis target point
can be selected based on the surface pressure fluctuation.
The surface pressure fluctuation 1s strongly correlated with
wind noise. Therefore, wind noise can be analyzed more
approprately.

[0019] In the above aspect, a calculation formula of the
pressure source density may be defined by the following
expression:

PATEZAT 2
U 9??, 7 - ~ —>2
PDS(x, 2) = © ” 9"{(k—) X|TA | +|QAF }VZ,W
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where PDS 1s a pressure source density; X 1s an analysis
target point; z 1s a spatial node; p 1s a tlow field density; [0,
1s a value obtained by integrating a product of a function of
an amplitude of a turbulent flow velocity and a complex
conjugate function of that function with respect to an
angular frequency band of interest; r 1s a distance between
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x and z; k 1s a constant; 0, 1s a center angular frequency of
the angular frequency band of interest; U is an average flow

—> —>

velocity; r=7-X; 5 1 an average vorticity; and V, . 1s a
correlation volume including z.

[0020] A second aspect of the present disclosure 1s a wind
noise analysis method including: executing an unsteady
computational fluid dynamics simulation involving moving
a structure model modeled on a structure, and calculating,
for each of spatial nodes that are nodes inside a predeter-
mined region of a flow field around the structure model, an
average ftlow velocity and an average vorticity over a
predetermined time 1n a flow field inside the predetermined
region, and then calculating, for each of the spatial nodes, a
value based on an amplitude of a turbulent flow velocity
inside the predetermined region, in an angular frequency
band of interest that 1s a target angular frequency band of a
wind noise analysis; and calculating, based on the average
flow velocity, the average vorticity, and the value based on
the amplitude of the turbulent flow wvelocity, a pressure
source density that 1s an indicator of a degree of contribution
of a flow field at a spatial node inside the predetermined
region to a surface pressure fluctuation that 1s an amplitude
ol a pressure fluctuation at a target point of the wind noise
analysis 1n a surface of the structure model.

[0021] This wind noise analysis method can approprately
identify the position of the flow field inside the predeter-
mined region that contributes significantly to the surface
pressure fluctuation of the structure model at the analysis
target point.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Features, advantages, and technical and industrial
significance of exemplary embodiments of the disclosure
will be described below with reference to the accompanying
drawings, 1n which like numerals denote like elements, and
wherein:

[0023] FIG. 1 1s a block diagram showing a calculation
device included 1n a wind noise analyzer according to an
embodiment of the present disclosure (hereimnafter referred to
as “the device of the embodiment™);

[0024] FIG. 2A 1s a schematic view of a vehicle model and
a flow domain that are a target of an unsteady CFD simu-
lation;

[0025] FIG. 2B 1s a view showing pressure fluctuation
time history data at time t1 plotted on the vehicle model;

[0026] FIG. 3A 1s a distribution map of a surface pressure
fluctuation on an analysis surface of the vehicle model;

[0027] FIG. 3B 1s a view showing the position of an
observation point that 1s a target of a surface pressure
fluctuation (wind noise) analysis;

[0028] FIG. 4A 1s a view used to describe how to select an
evaluation point of interest, and 1s a view showing a plane
of equivalent values having a PSD reference value of 10°;

[0029] FIG. 4B 1s a view showing a plane of equivalent
values having a PSD reference value of 10%;

[0030] FIG. 4C 1s a view showing a plane of equivalent
values having a PSD reference value of 10°;

[0031] FIG. 5A 1s a view showing the position of a plane
for which a distribution map of a causal parameter (turbulent
flow velocity) 1s created;

[0032] FIG. 5B 1s a distribution map of a flow velocity
level of a turbulent tlow velocity;



US 2019/0331510 Al

[0033] FIG. 6 1s a view used to describe how to derive a
PSD calculation formula, and 1s a schematic view of a rnigid
body model and a flow domain;

[0034] FIG. 7 1s a schematic view of the rigid body model
and the flow domain;

[0035] FIG. 8 1s a flowchart showing the procedure of a
wind noise analysis method (part 1);

[0036] FIG.9 1s a flowchart showing the procedure of the
wind noise analysis method (part 2);

[0037] FIG. 10A 1s a view used to describe an improve-
ment effect on a surface pressure fluctuation (wind noise)
achieved by changing the shape of the vehicle model, and 1s
a sketch of a right side mirror before the shape change;
[0038] FIG. 10B 1s a sketch of the right side mirror after
the shape change;

[0039] FIG. 11A1s a distribution map of a surface pressure
fluctuation around the rnight side mirror after the shape
change;

[0040] FIG. 11B 1s a distribution map of a surface pressure
fluctuation around the right side mirror before the shape
change;

[0041] FIG. 12A 1s a view used to describe the reliability
and versatility of the PSD as an indicator, and 1s a schematic
view of a vehicle model;

[0042] FIG. 12B 1s a schematic view of a fore-step model;
[0043] FIG. 13A1s a distribution map of a surface pressure
fluctuation estimated by means of the PSD (estimated sur-
face pressure fluctuation) on a right front door glass of the
vehicle model;

[0044] FIG. 13B 1s a distribution map of a surface pressure
fluctuation on the right front door glass of the vehicle model
calculated by an unsteady CFD software simulation;
[0045] FIG. 14 A 1s a distribution map of a surface pressure
fluctuation estimated by means of the PSD (estimated sur-
face pressure fluctuation) on an upper surface of a step of the
fore-step model;

[0046] FIG. 14B 1s a distribution map of a surface pressure
fluctuation on the upper surface of the step of the fore-step
model calculated by an unsteady CFD software simulation;
and

[0047] FIG. 15 1s a graph showing a deviation of the
estimated surface pressure fluctuation from the surface pres-
sure fluctuation for each of the vehicle model and the
fore-step model.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview of Device of Embodiment

[0048] First, an overview of a wind noise analyzer accord-
ing to an embodiment (hereinafter also referred to as “the
device of the embodiment™) will be described. Wind noise
occurring 1n a runmng vehicle 1s strongly correlated with an
amplitude of a pressure fluctuation on a surface of the
vehicle (surface pressure fluctuation). The surface pressure
fluctuation varies under the influence of a tflow field (flow
velocity and vorticity) around the vehicle. In the device of
the embodiment, a formula for calculating an indicator that
quantitatively indicates a relation between the flow field
around the vehicle and the surface pressure fluctuation (in
other words, an 1ndicator of how much “(a state of) the tlow
field at an arbitrary position around the vehicle” contributes
to “the surface pressure tfluctuation at an arbitrary position in
the surface of the vehicle”) 1s stored in advance. A larger
value of the indicator means a higher degree of contribution.
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Using an unsteady CFD (computational fluid dynamics)
calculation, the device of the embodiment calculates the
surface pressure fluctuation of a runming vehicle model at
each position 1n a surface of the vehicle model and 1n each
frequency band. Based on the calculation result, an operator
selects a position at which the surface pressure tluctuation 1s
relatively large (1n other words, a position at which a cause
for loud wind noise lies). Based on the formula for calcu-
lating the aforementioned indicator, the device of the
embodiment calculates, for each position i1n the flow field,
“an 1ndicator of the degree of contribution of the tlow field
to the surface pressure fluctuation at the selected position.”
The vehicle model corresponds to an example of the “struc-
ture model.”

[0049] Based on the calculation result, the operator selects
a position at which the value of the indicator 1s relatively
large (1n other words, a position at which the degree of
contribution to the surface pressure fluctuation at the
selected position 1s relatively high), and 1dentifies a physical
quantity responsible for the large value of the indicator
among physical quantities (typically, average flow velocity,
turbulent flow velocity, and average vorticity) composing
the 1indicator at the selected position of the flow field. Based
on the value of the i1dentified physical quantity, the operator
studies and changes the shape of the vehicle model such that
the indicator value at the selected position of the flow field
decreases. In this configuration, changing the shape of the
vehicle model so as to reduce the indicator value can reduce
“the degree of contribution of the flow field at the position
having that indicator value to the surface pressure fluctua-
tion at the selected position.” Thus, the surface pressure
fluctuation at the selected position can be reduced, and
consequently wind noise reduction can be realized.

Specific Configuration of Device of Embodiment

[0050] Inthe following, the device of the embodiment will
be specifically described with reference to the drawings. As
shown 1n FIG. 1, the device of the embodiment includes a
calculation device 10. The calculation device 10 has an 1nput
umt 12, a computation unit 14, and an output unit 16. The
output unit 16 has a display screen 18 at such a position that
an operator can view the display screen 18. The mput unit 12
1s used to mnput data on a three-dimensional model of a
vehicle that 1s a target of a wind noise analysis, data on a
flow domain representing an analysis range, data required
for an unsteady CFD simulation, etc. The input unmit 12 is
also used to mnput data on coordinates, a reference value of
the indicator, a causal parameter, etc. that are selected by the
operator 1n the course of a process, as will be described later.
[0051] FIG. 2A 1s a view schematically showing a three-
dimensional vehicle model 20 (heremafter referred to simply
as a “vehicle model 20°) and a tlow domain 21. As shown
in FIG. 2A, a spatial coordinate system of the vehicle model
20 1s defined by axes el, €2, and €3, and 1s set such that a
direction toward a front side of the vehicle model 20 1n a
front-rear direction coincides with a +el direction and that
a direction toward a left side of the vehicle model 20 1n a
left-right direction coincides with a +e2 direction. The origin
1s set at a position separated from a reference point (e.g., the
center of gravity) of the vehicle model 20 by a predeter-
mined distance (including the value zero) 1in a predetermined
direction.

[0052] The flow domain 21 1s a region representing a
range which covers a part of a surface of the vehicle model
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20 and a space around the vehicle model 20 and within
which an unsteady CFD calculation 1s executed. In this
embodiment, an evaluation of wind noise occurring in the
vicinity of a right side mirror 22 and a right front pillar 24
of the vehicle model 20 1s performed. Therefore, the tlow
domain 21 1s set as ““a region including surfaces of these
members 22, 24, and also including such a part of the flow
field around the vehicle model 20 that can influence the
surface pressure fluctuation in the vicinity of the members
22, 24.” Specifically, the flow domain 21 has a shape of a
substantially rectangular prism space including the right side
mirror 22, the right front pillar 24, a front door glass, a right
half of a windshield glass, etc., with a portion occupied by
the vehicle model 20 hollowed out from the space. The flow
domain 21 can be freely set according to the position in the
vehicle model 20 at which the wind noise analysis 1s
performed. The flow domain 21 corresponds to an example
of the “predetermined region.”

[0053] Those pieces of data input through the input unit 12
are stored 1in an RAM (to be described later) of the compu-
tation unit 14. Hereinatter, an unsteady CFD calculation waill
also be referred to simply as a “CFD calculation.”

[0054] Turning back to FIG. 1, the description continues.
The computation umt 14 has, as a main component, a
microcomputer composed of a CPU, ROM, RAM, etc. The
computation unit 14 has various interfaces, through which
the computation unit 14 1s connected to the mput umt 12 and
the output unit 16 so as to be able to input and output signals.

[0055] By using the above data stored in the RAM, the
computation unit 14 executes an unsteady CFD simulation
involving causing the vehicle model 20 to run. CFD calcu-
lation processes include a time history data calculation
process, an averaging process, and a fast Fouriler transform
process. These calculation processes are performed within
the range defined by the flow domain 21. A specific descrip-
tion follows.

[0056] CFD Calculation Processes
[0057] 1. Time History Data Calculation Process
[0058] The computation unmt 14 calculates pressure fluc-

tuation time history data p (x, t) (t: time) for a predetermined
time, for each surface node x (hereinafter referred to simply
as a “node x’) 1n a part of a surface of the vehicle model 20
that 1s 1n contact with the flow domain 21 (which part of the
surface will be hereinafter also referred to as an ““analysis
surface”). The analysis surface 1s a surface including the
right side mirror 22, the right front pillar 24, the front door
glass, the right half of the windshield glass, etc. While a part
of a roof 1s also 1n contact with the flow domain 21, this part
1s excluded from the analysis surface. The computation unit
14 stores the pressure fluctuation time history data p (x, t) 1n
the RAM thereof, 1n association with the coordinates of the
node x and the time t.

[0059] FIG. 2B 1s a view showing the pressure fluctuation
time history data p (x, t1) at time t1 (1.e., the amplitude of
the pressure fluctuation at each node x at time t1) plotted on
the vehicle model 20. A darker shade represents a larger
amplitude of the pressure fluctuation. According to FIG. 2B,
at time t1, the pressure fluctuation 1s relatively large at a
vehicle body-side part of the right side mirror 22 and at a
lower central part of the windshield glass. The computation
unit 14 creates, for each time t within the predetermined
time, data 1n which the amplitude of the pressure tfluctuation
at each node x 1s given corresponding color data, and
transmits, to the output umit 16, a display command to
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display the created data as an animation on the display
screen 18 of the output unit 16. Upon receiving the display
command, the output unit 16 displays the data as an anima-
tion on the display screen 18. Thus, the operator can grasp
changes 1n the pressure fluctuation over the predetermined
time.

[0060] Moreover, the computation unit 14 calculates, for
cach spatial node z 1nside the flow domain 21, flow velocity
time history data u (z, t) and vorticity time history data w (z,
t) on the flow field for the predetermined time. Hereinafter,
the spatial node z will be referred to simply as a “node z.”
The position of the node z inside the flow domain 21 1s set
in advance such that the node z 1s not located on the analysis
surface (1.e., such that the node z i1s separated from the
analysis surface). The computation unit 14 stores the flow
velocity time history data u (z, t) and the vorticity time
history data w (z, t) in the RAM thereot, 1n association with
the coordinates of the node z and the time t.

[0061] 2. Averaging Process

[0062] The computation unit 14 calculates, for each node
7z 1nside the flow domain 21, an average tlow velocity U-(z)
and an average vorticity £2-(z) by performing the averaging
process on each of the flow velocity time history data u (z,
t) and the vorticity time history data o (z, t) stored in the
RAM. The sign “-” i both U-(z) and £2-(z) denotes an
average and substitutes for the bar attached over the symbol
U or €2 1n expressions to be described later. The computation
unit 14 stores the average flow velocity U-(z) and the
average vorticity £2-(z) in the RAM thereol, 1n association
with the coordinates of the node z. As will be described later,
the average tlow velocity U-(z) and the average vorticity
(2-(z) are used to calculate the indicator.

[0063] 3. Fast Fourier Transform Process

[0064] The computation unit 14 calculates, for each node
X 1n the analysis surface, a pressure fluctuation amplitude pq
(x) (1.e., a surface pressure fluctuation p, (X)) at each
frequency (angular frequency) (0: angular frequency;
0=2ni) by performing the fast Fourier transform (FFT)
process on the pressure fluctuation time history data p (x, t)
stored 1n the RAM. The surface pressure fluctuation pg (X)
1s calculated 1n a frequency band that 1s a target of a wind
noise evaluation (which frequency band will be heremafter
also referred to as a “frequency band of interest”). The
frequency band of interest can be selected by the operator,
and for example, a frequency band of which a center
frequency 1 1s 500 Hz, 1 kHz, 2 kHz, or 4 kHz can be
selected. Hereinafter, a frequency band of which the center
frequency 1 1s nHz will be referred to simply as an “nHz
frequency band.”

[0065] For example, when 1 kHz (with a lower limait
frequency 1,=710 Hz and an upper limit frequency 1,=1420
Hz) 1s selected as the frequency band of interest, the surface
pressure fluctuation p, (x) 1s calculated for each node x 1n
the analysis surface within the range from 710 Hz to 1420
Hz. The computation unit 14 stores the surface pressure
fluctuation pg (x) 1n the RAM thereof, 1n association with the
coordinates of the node x and the angular frequency 0. As
will be described later, the surface pressure fluctuation pg (X)
1s used to create a distribution map of the surface pressure
fluctuation p, (X) at the center frequency 1 of the frequency
band of interest.

[0066] Moreover, the computation unit 14 calculates, for
each node 7 inside the flow domain 21, an autocorrelation

function of a turbulent flow velocity (to be exact, the
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amplitude of the turbulent flow velocity) u~g (z) 1n the
frequency band of interest by performing the fast Fourier
transform process on the flow velocity time history data u (z,
t) stored 1in the RAM. The sign “~” 1n u~, (z) denotes a
turbulent component resulting from the averaging process
on the flow velocity u, and substitutes for a tilde attached
over the symbol u 1n expressions to be described later. The
autocorrelation function of an arbitrary function Fg 1s
defined by the following Expression (1):

HF_BH:fezehF ol 5 *d0 (1)

[0067] Here, 0, and 0, 1n the above Expression (1) respec-
tively denote the lower limit angular frequency and the
upper limit angular frequency of the angular frequency band
of interest, and Fg* denotes a complex conjugate of the
function F,. Thus, 1n this specification, the autocorrelation
function 1s defined as “a value obtained by integrating the
product (to be described later) of the arbitrary function Fjg
and the complex conjugate function F,* thereof with respect
to the angular frequency band of interest.”

[0068] The computation unit 14 stores the autocorrelation
function of the turbulent flow velocity u~4 (z) 1n the RAM
thereot, 1n association with the coordinates of the node z. As
will be described later, the autocorrelation function of the
turbulent flow velocity u~g (z) 1s used to calculate the
indicator. The computation unit 14 executes the above-
described processes as the CFD calculation.

[0069] Surface Pressure Fluctuation Display Command

[0070] Upon completing the CFD calculation, the compu-
tation unit 14 extracts “the surface pressure fluctuations pg
(x) at the center frequency 1 _ at the nodes x” from “the
surface pressure fluctuations pg (X) 1n the frequency band of
interest at the nodes x” stored in the RAM. Then, the
computation unit 14 creates, for each node x, “data in which
the extracted surface pressure fluctuation pg (X) 1S given
corresponding color data according to the level of the
fluctuation,” and transmits, to the output unit 16, a display
command to display the created data as an image on the
display screen 18. A larger surface pressure fluctuation pg (X)
1s given corresponding darker color data. Upon receiving the
display command, the output unit 16 displays the data as an
image on the display screen 18.

[0071] FIG. 3A 1s an example of the distribution map of
the surtace pressure fluctuation p, (x) displayed as an image
on the display screen 18 based on the display command. The
frequency band of interest 1s set to 1 kHz (1.e., t =1 kHz).
In this example, only a part of the analysis surface 1n the
vicinity of the right side mirror 22 1s displayed. Based on this
distribution map, the operator selects a node x at which the
surface pressure fluctuation p, (X) 1s relatively large.
According to FIG. 3A, when the frequency band of interest
1s 1 kHz, the surface pressure fluctuation pg (X) 1s remark-
able 1n a region 26 1n the vicinity of the right side mirror 22,
and therefore the operator selects an arbitrary node among
the nodes x 1nside the region 26. Subsequently, the operator
calculates an indicator for this node for the purpose of
reducing the surface pressure fluctuation at this node, as will
be described later, and changes the shape of the vehicle
model 20 and observes the behavior of the surface pressure
fluctuation at this node. Therefore, the selected node will be
hereinafter also referred to as an “observation point X (see
FIG. 3B). The observation point X represents “a position 1n
the analysis surface at which a cause for loud wind noise in
the frequency band of interest lies.” When the observation
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point X has been selected by the operator, coordinate data on
the observation point x 1s mput through the mput unit 12.
The mput coordinate data 1s stored in the RAM of the
computation unit 14. The observation point x corresponds to
an example of the “analysis target point.”

[0072] Calculation of PSD

[0073] In the RAM of the computation unit 14, a formula
for calculating an indicator that quantitatively indicates a
relation between the tflow field inside the flow domain 21 and
the surface pressure fluctuation at the observation point x (in
other words, an 1ndicator of how much *“(a state of) the tlow
field at an arbitrary node z inside the flow domain 217
contributes to “the surface pressure tluctuation pg (X) at the
observation point x”) 1s stored 1n advance. This indicator can
be calculated for each node z 1nside the flow domain 21. As
will be described later, a value obtained by spatially inte-
grating this indicator with respect to all the nodes z inside
the flow domain 21 1s an approximate value of “the auto-
correlation function of the surface pressure tluctuation pg (X)
at the observation point x.”” Thus, the value of the indicator
at each node z can be interpreted as representing a value of
“the autocorrelation function of the surface pressure fluc-
tuation pg (X) at the observation point X per unit volume of
the flow domain 21. Therefore, the 1indicator at each node z
will be hereinafter also referred to as “a pressure source
density (PSD).” The PSD (X, z) 1s an indicator of the degree
of contribution of “the flow field at an arbitrary node z inside
the flow domain 21” to “the surface pressure fluctuation pg
(x) at the observation point x,” and a larger value of the PSD
means a higher degree of contribution. The notation and the
derivation method of the PSD calculation formula will be
described later.

[0074] Based on the PSD calculation formula stored 1n the
RAM, the computation unit 14 calculates the PSD (x, z) for
each node z inside the flow domain 21. Since the value of the
PSD (x, z) 1s evaluated for each node z, the node z will be
hereinafter also referred to as an “evaluation point z.” The
computation unit 14 stores the value of the PSD (x, z) in the
RAM thereof, 1n association with the coordinates of the
observation point x and the coordinates of the evaluation
point z. As will be described later, the PSD 1s used to create
a plane of equivalent PSD values having a value set by the
operator.

[0075] Plane-Of-Equivalent-PSD-Values Display Com-
mand
[0076] Upon completing the PSD calculation, the compu-

tation unit 14 extracts the coordinates of the evaluation
points z associated with the PSD (x, z) having an arbitrary
value (hereinafter also referred to as a “reference value™) set
by the operator, among the PSDs (x, z) stored in the RAM.
Then, the computation unit 14 creates plane-of-equivalent-
values data showing a plane of equivalent values that
connects the extracted evaluation points z to one another,
and transmits, to the output unit 16, a display command to
display the created plane-of-equivalent-values data as an
image on the display screen 18. Upon receiving the display
command, the output unit 16 displays “the data on the plane
of equivalent PSD values having the reference value” as an
image on the display screen 18. Thus, upon completing the
PSD calculation, the computation unit 14 causes a message
indicating the completion to be displayed on the display
screen 18, to let the operator know that the PSD calculation
has been completed. Accordingly, the operator mnputs an
arbitrary reference value. The computation unit 14 repeat-
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edly performs the process of transmitting the display com-
mand, each time the reference value 1s input by the operator.

[0077] FIG. 4Ato FIG. 4C show planes of equivalent PSD
values having different reference values. FIG. 4A shows a
plane of equivalent values 28 having a reference value of
10°; FIG. 4B shows a plane of equivalent values 30 having
a reference value of 10*; and FIG. 4C shows a plane of
equivalent values 32 having a reference value of 10°. In all
these cases, the frequency band of interest 1s set to 1 kHz. As
shown 1n FIG. 4A to FIG. 4C, all the planes of equivalent
values 28, 30, 32 are closed curved planes. In addition, the
planes of equivalent values 28, 30, 32 each have a plurality
ol separate planes of equivalent values. The PSD (x, z) has
the property of increasing as a distance r from the observa-
tion pomnt x (see FIG. 3B) to the evaluation point z
decreases. In other words, the value of the PSD increases as
the evaluation point z 1s moved closer to the observation
point X. Accordingly, as shown 1n FIG. 4A to FIG. 4C, the
surface areas of the planes of equivalent values 28, 30, 32
decrease as the reference value increases. Moreover, the
plane of equivalent values 30 1s included 1n the plane of
equivalent values 28, and the plane of equivalent values 32
1s 1included 1n the plane of equivalent values 30. Thus, one
plane of equivalent values having a certain reference value
includes another plane of equivalent values having a larger
reference value. Therefore, as the reference value increases
gradually, the surface area of the plane of equivalent values
decreases gradually, and so does the number of planes of
equivalent values, which reaches two at some point in time.

[0078] FIG. 4C shows an example of this case. As shown
in FIG. 4C, the plane of equivalent values 32 has two planes
of equivalent values 32a, 32b6. Referring to FIG. 3B, the
plane of equivalent values 32a 1s located closer to (1.e., at a
shorter distance r from) the observation point x than the
plane of equivalent values 3254 1s. Therefore, it can be said
that the PSD of the plane of equivalent values 32a 1s more
strongly influenced by the distance r than the PSD of the
plane of equivalent values 325 1s (1.e., the degree of contri-
bution of the distance r to the PSD value 1s higher in the
plane of equivalent values 32a than 1n the plane of equiva-
lent values 3254). Here, the PSD (x, z) has the following
physical quantities as parameters: the average tlow velocity
U-(z), the turbulent tlow velocity u~, (z), and the average
vorticity £2-(z). The value of the PSD becomes larger as
these physical quantities become larger. Therefore, the rea-
son why “the plane of equivalent values 325 located at a
longer distance r than the plane of equivalent values 32a”
has the same PSD value as the plane of equivalent values
32a, can be interpreted as because the PSD of the plane of
equivalent values 325 1s strongly influenced by at least one
of the above physical quantities (U~(z), u~g (z), and £2-(z))
than the PSD of the plane of equivalent values 32qa 1s (1.e.,
the degree of contribution of the physical quantity to the
PSD value 1s higher in the plane of equivalent values 3254
than 1n the plane of equivalent values 32a).

[0079] Accordingly, the operator selects an arbitrary
evaluation point z 1n the plane of equivalent values 326
having “the PSD more strongly influenced by the physical
quantity than by the distance r” as the evaluation point z at
which the PSD value 1s relatively large (substantially maxi-
mum). Hereinafter, the evaluation point z will also be
referred to as an “evaluation point of interest z” (see FIG.
5A). The evaluation point of interest z represents “the
position of a flow field inside the flow domain 21 that has a
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relatively high (substantially maximum) degree of contri-
bution to the surface pressure fluctuation at the observation
point x.” When the evaluation point of interest z has been
selected by the operator, the input unit 12 inputs coordinate
data on the evaluation point of interest z. The input coordi-
nate data 1s stored 1n the RAM of the computation unit 14.

[0080] PSD Parameter Display Command

[0081] The computation unit 14 selects the average tlow
velocity U-(z), the turbulent flow velocity u~4 (z), and the
average vorticity €2-(z) from the plurality of parameters
(physical quantities) composing the PSD (x, z) at the evalu-
ation point of interest z stored 1n the RAM, and transmits, to
the output unit 16, a display command to display numerical
data on these parameters on the display screen 18. Upon
rece1ving the display command, the output unit 16 displays
the numerical data on the selected parameters on the display
screen 18. Based on the displayed numerical data, the
operator identifies a parameter that contributes relatively
significantly to the PSD value (i.e., a parameter responsible
for the large PSD value) among these parameters. In this
case, numerical data on the parameters composing the PSD
at another evaluation point z may be displayed as necessary.
The operator may 1dentily the parameter by comparing these
pieces of numerical data. When the parameter has been
identified by the operator, the 1dentified parameter 1s mput
through the mput unit 12. The input parameter 1s stored in
the RAM of the computation unit 14. Hereinafter, this
parameter will also be referred to as a “causal parameter.”

[0082] Physical Quantity Distribution Map Display Com-
mand
[0083] The computation unit 14 extracts a group of evalu-

ation points z located 1n “a plane (see dashed line L in FIG.
5A) that passes through the evaluation point of interest z and
1s parallel to the el-e2 plane (see FIG. 2A)” from the
coordinate data on the group of evaluation points z stored 1n
the RAM. Then, the computation unit 14 creates distribution
map data showing a distribution map of the causal parameter
associated with the extracted group of evaluation points z,
and transmits, to the output unit 16, a display command to
display the created distribution map data as an 1mage on the
display screen 18. Upon receiving the display command, the
output unit 16 displays the data as an 1mage on the display
screen 18.

[0084] FIG. 5B shows a distribution map of a flow veloc-
ity level (dB) of the turbulent flow velocity u~, (z) in the
case where the turbulent tlow velocity u~, (z) has been
identified as the causal parameter. A darker shade represents
a higher flow velocity level. Since in this example the
evaluation point of 1nterest z 1s located 1n the vicinity of the
right side mirror 22 as shown in FIG. SA, only the right side
mirror 22 and a surrounding part are set as the range of the
distribution map. An 1mage of the right side mirror 22 1n a
plan view of the vehicle model 20 1s 1nset at the position of

the right side mirror 22. The evaluation point of interest z 1s
included 1n a region 34 of FIG. 5B.

[0085] Based on the distribution map, the operator ana-
lyzes the cause for the large value of the causal parameter (in
this example, the turbulent flow velocity u~, (z)) at the
evaluation point of interest z. In the example of FIG. 5B, the
turbulent flow velocity u~, (z) in the region 34 1s remarkable
in the vicimity of the right side mirror 22. A possible
explanation for this i1s that an airtlow 1s separated in the
region 34 while the vehicle 1s running. Therefore, the
operator studies and changes the shape of the right side
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mirror 22 so as to be able to reduce the likelihood of
separation of an airflow 1n the region 34. A specific improve-
ment effect on the surface pressure fluctuation pg (X) result-
ing from the shape change will be described later.

[0086] The output unit 16 receives display commands
from the computation unit 14 and displays various types of
data on the display screen 18. The details are as described
above. This concludes the description of the specific con-
figuration of the device of the embodiment.

[0087]

[0088] Next, a method of derniving a formula for calculat-
ing the above-described PSD will be described by using a
rigid body model. The PSD 1s defined based on a formula
obtained by converting “an expression of a relation between
a surface pressure fluctuation of a rigid body model and a
flow field around the rigid body model,” which 1s calculated
based on the publicly known Powell’s formula, from a time
domain 1nto a frequency domain. The Powell’s formula 1s
expressed 1n a form suitable for the derivation of the PSD
calculation formula. In the following, therefore, the rigid
body model and the flow domain will be first described with
reference to FIG. 6, and then the derivation of the Powell’s
formula 1n the form suitable for the derivation of the PSD
calculation formula will be described. Thereafter, the deri-
vation of an expression of a relation between the surface
pressure fluctuation and the flow field in the time domain
will be described, and then the derivation of the PSD
calculation formula will be described.

[0089] Rigid Body Model and Flow Domain

[0090] FIG. 6 shows a schematic view of a rigid body
model 36 and a flow domain 38. The rigid body model 36
(heremafter also referred to simply as a “rigid body 36°°) has
the observation point X on a surface S thereof. The flow
domain 38 i1s a part of a flow field around the rigid body 36
that can influence the surface pressure fluctuation at the
observation point x. There 1s a plurality of evaluation points
7z 1side the flow domain 38. The PSD (x, z) 1s an indicator
of the degree of contribution of the flow field at the evalu-
ation point z to the surface pressure fluctuation at the
observation point x. Other symbols 1 FIG. 6 will be
described later.

[0091]

[0092] The following Expression (2) shows the Navier-
Stokes equation 1n the case where the volume force 1s zero:

Derivation of PSD Calculation Formula

Derivation of Powell’s Formula

o Vo envus IV -
Py =7V PTIYHT VALY H

(2)

Here, p 1s a flow field density; u 1s a flow field flow velocity
(vector quantity); Du/Dt 1s a material derivative; p 1s a
pressure (pressure fluctuation, surface pressure fluctuation)
on the surface of the rigid body 36; and m 1s a flow field
viscosity coellicient.

[0093] When the material derivative 1n the above Expres-
sion (2) 1s rewritten by using partial differentiation and then
transformed by using the following relational expression:

VAV/\4=V(V-4)-V*4

, the following Expression (3) 1s obtained. The symbol A 1n
the above relational expression denotes an arbitrary vector.
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du dp 4 (3)
E+(MV)M=_VIF_V(V /\V /\L{—§V(VM)]

Here, v 1s a kKinematic viscosity coeflicient of the flow field,
and v=n/p.

[0094] Next, when the above Expression (3) i1s trans-
formed by using the following relational expressions:

(v V)u = w/\u+V(%uz]

w=V Au
dp 1
B= | — + =u*
fp+2u

the following Expression (4) 1s obtained. Here, w 1s a flow
field vorticity (vector quantity) and B 1s an enthalpy.

Ju
E'I‘CL)

u+VB=—v(V/\w—§V(V-u)] )

[0095] The flow field 1n this embodiment 1s an 1ncom-

pressible fluid or a slightly compressible fluid. In this case,
the following relational expression:

V-u<<V/\®

holds true, so that the above Expression (4) can be approxi-
mated by the following Expression (5):

du (3)
E-HU u+VE=—-—v(VAw)

[0096] When both sides of the above Expression (5) are
multiplied by the tlow field density p to take the divergence,
the following Expression (6) 1s obtained:

v du N (6)
-(pa]+v-(pVB)=—V-(pa)/\u) (V- (ovXVAw)=0)

The si1gn “x” 1n the above Expression (6) 1s a multiplication
sign. In this specification, multiplication signs are basically
omitted, except when 1ndicating a multiplication sign facili-
tates understanding.

[0097] Here, the relational expression shown 1n the fol-
lowing Expression (7) holds true between the flow field tlow
velocity u and the flow field density p:

1 Dp (7)

When the divergence of the product of “the flow field
density p” and “a partial differential of the flow field tlow
velocity u with respect to time” (1.e., the left side of the
following Expression (8)) 1s transformed by using the above
Expression (7), an expression as on the right side of the
following Expression (8) 1s obtained:
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.
.
dp

Here, ¢ 1s a flow field sound velocity. The following relation
holds true among the surface pressure fluctuation p, the flow
field density p, and the flow field sound velocity c:

s,
dp

[0098] The flow field in this embodiment 1s a high-
Reynolds-number flow (i.e., a flow having a relatively high
flow velocity, e.g., 100 km/h to 140 km/h). The following
relational expression holds true 1n a high-Reynolds-number
flow:

V 1 DB
C—zu-(V N w) & 2 D

The Reynolds number Re 1s defined as Re=ul./v, where L
denotes a characteristic length of the flow field. When the
term 1n the parentheses on the right side of the above
Expression (8) 1s transformed as shown below and the above
relational expression 1s applied, the term 1n the parentheses
on the right side of Expression (8) 1s approximated by the
following Expression (9):

(Expression (3))

____u.

1 dp 19B |1 (au]

pct dc ¢ dr 2 \ Ot
1 dB 1

= EE—C—ZM-(—MAM—V B—v(V Aw))

- 1 DB v v A 1 P

= 2 +C—2u-( ) (VC—2L£-(—CL) u) = ]
1 DB (9)

¢ Dri

[0099] When the above Expression (6) 1s transformed

(approximated) by using the above Expression (8) and
Expression (9), the following Expression (10) 1s obtained:

D(IDBYy 1 .. 1 (10)
5] 5T B =V (pwhw
[0100] Here, the flow field 1n this embodiment 1s a low-

Mach-number flow (1.e., a flow field having a relatively low
ratio of the flow velocity of the fluid to the sound velocity).
The following relational expressions hold true 1 a low-
Mach-number flow:

C~Cp
P~Lo
1D _10 u 19 -
Dot Ve Lru<o
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Therefore, when the above Expression (10) 1s transformed
by using these relational expressions, the Powell’s formula
shown 1n the following Expression (11) 1s obtained. In the
above relational expression, ¢, 1s a tlow field sound velocity
1n a static state and p, 1s a flow field density 1n a static state.

(11)

1 & ViB=V - (wAu
c§ Or* - i

[0101] Denvation of Expression of Relation Between Sur-
face Pressure Fluctuation and Flow Field in Time Domain

[0102] A Green’s function G satisfies the relational
expression of the following Expression (12):

(12)

1 0 5
(c% 57 V ]G(x, 2, I—7)=0(x—2)0(t — 7)(19)

Here, the observation point x and the evaluation point z are
as described above (see FIG. 6), and T 1s past time. The
function 0 (x) 1s the Dirac delta function. The Green’s
function G 1n the above Expression (12) 1s expressed 1n a
free space as in the following Expression (13):

|x-d) (13)
C
dr|x — z|

5@—?—

Gx,z,1—7) =

[0103] When physical body boundary conditions are taken
into account, the Powell’s formula shown in the above

Expression (11) 1s expressed as 1in the following Expression
(14):

(14)

H 1 & V2 B=HVY -(wA
c2 92 B HwAu)

Here, H (z) 1s the Heaviside unit function and defined by the
following Expression (135):

1 (zin V) (15)
H(z) :{

0 (z inside S+)

Here, as shown 1n FIG. 6, V 1s a mass representing the flow
domain 38, and S+ 1s an 1imaginary surface surrounding the
surtace S of the rigid body 36. In the above Expression (13),
“z 1n V7 shows the case where the evaluation point z 1s
located 1nside the flow domain 38, and “z inside S+ shows

the case where the evaluation point z 1s located inside the
imaginary surface S+.

[0104] This Heaviside unit function H (z) satisfies the
integral equation of the following Expression (16):

[/ VHEz=[s,(*)ndS (16)

Here, (*) 1n the above expression denotes an inner product
with an arbitrary value. As shown 1n FIG. 6, the rnigid body
36 has an evaluation point y at a position in the surface S
different from the position of the observation point x. In the
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above expression, n 1s a normal vector n (y) at the evaluation
point y, and dS 1s a surface area dS (y) 1n the vicinity of the
evaluation pointy.

[0105] The first term and the second term on the left side,
and the right side, of the above Expression (14) can be
transformed as in the following Expressions (14-1), (14-2),
and (14-3), respectively:

1 8° 1 8°

. (14-1)
2 0rr" 2 9782

HB

HV*B=V*HB-V -(BVH)-VH-VB (14-2)
HY -(wAu) =V -(HoANu)—VH-(wAu) (14-3)
[0106] When the above Expressions (14-1) to (14-3) are

substituted into the above Expression (14), the following
Expression (17) 1s obtained:

(17)

1 &
( 2 572 —VZ]HB=—V-(BVH)—VH-(VB+a)/\u)+V-(Ha)/\u)
¢

[0107] The second term (the minus sign 1s omitted) on the
right side of the above Expression (17) can be transformed
as 1n the following Expression (17-1):

VH-(VB+wAu) = (17-1)

O u O u
-VH- (E +v(V/\a))] -V H- E—VV (VH A w)

[0108] When the above Expression (17-1) 1s substituted
into the above Expression (17), the following Expression
(18) 1s obtained:

18 (18)
237 -~ V*|HB =

Ou
—V-(BVH)+VH-(—

ar]+vV-(VH/\a))+V-(Hw/\u)

[0109] When the above Expression (13) i1s applied, the
integral expression of the above Expression (18) becomes as
in the following Expression (19):

(19)
HB(x, 1) = ffG(X, 2, I—T)
— 0 V

ou
V- (BVHY+VH- +vW - (VHAW)+
{ ( ) (81] A @) }d3zdr

V- (Hw Au)

[0110] When the first term on the right side of the above
Expression (19) 1s expanded by using the above Expression
(18), the following Expression (19-1) 1s obtained. Herein-
aiter, for the convenience of notation, the time integral will
be omitted when transformation of the terms on the right
side of the above Expression (19) 1s described.
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[,G(x,z,t-T)(-V-(BVH))dz=[,{-V-(GBVH)+

BYG-VHd*z= Eﬁs,, _GBVH#ndS+

[ABVGVH dz= ﬁ,u, BVG-ndS (19-1)

[0111] When the second term and the third term on the
right side of the above Expression (19) are expanded by

using the above Expression (18), the following Expression
(19-2) 1s obtained:

a -
fG(x, Z,I—T)(a—L:-VH+vV-(VH/\w)]d3Z= (19-2)
V

0
-(ﬁG(x, Z,I—T)—u-ndS—fVVG-(VH/\CU)d?’Z=
S+ ot V

5
56 Glx, 2, 1 —T)— - ndS—vaH-(VG/\w)d3z=
S+ or V

d
56 Glx, 2.1 —7) -ndS+56 v AV G)-ndS
S+ ot

S+

[0112] The fourth term on the rnight side of the above

Expression (19) can be transformed as in the following
Expression (19-3):

[G(x,z,t-T)V-(Ho/\u)d’z=[ , A V-(HGo/\u)-V G-

(Ho/\u)}d z ¢5+ G(Hw/\u) ndS+/ VG-
(Ho/\t)dz=—[,NG-(Ho/\u)d’z (19-3)

[0113] When the above Expressions (19-1) to (19-3) are
substituted into the above Expression (19), the following
Expression (20) 1s obtained:

20
B(x, 1) = ﬁ§ BVG- ndeT+f ﬁG(x y, I — T)— -ndSdt + (29)
—co S+ S+
j‘m§ v(w/\VG)-ndeT—f fVG-(Hw/\u)d3zdr
—co S+ —cov ¥V

[0114] When the imaginary surface S+ 1s converged to the
surface S of the rigid body 36, the above Expression (20) can
be rewritten as 1n the following Expression (21):

0o Ou (21)
HB(x, 1) = fm§ BVG-ndeT+f § Gx, v, 1 —7)— -ndSdt +
—co J S+ —coJ S+ af
fu§ v(w/\VG)-nder—ﬁfVG-(Hw/\u)d?’zdr
—co S+ —coV

[0115] Here, 1n a high-Reynolds-number flow, the third
term on the right side of the above Expression (21) 1s
negligibly small compared with the fourth term. In addition,
the second term on the right side 1s equivalent to zero, since
the flow velocity 1s zero when the rigid body 36 1s stationary.
Therefore, the above Expression (21) can be simplified as 1n
the following Expression (22):

HB(x,0)=_." Y§4+ BV GndSdv—[_." [, VG-(w/\u)
d3zdt(-.-fc (15)) (22)
[0116] Since the flow velocity 1s zero on a surface of a

stationary object, the enthalpy B 1s expressed as in the
following expression:
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dp 1
J_L3=]‘—P+—L42=E
p 2 P

[0117] When the rnight side p/p of the above expression 1s
defined as p/p=p™* and the enthalpy B 1s substituted into the
above Expression (22), the relational equation of the fol-
lowing Expression (23) i1s obtained. This relational expres-
sion 1s “the expression of the relation between the surface
pressure fluctuation and the flow field in the time domain.”

PxD=_." IS4 p 0 OVG(x y,t-1)n(y)dSdv-[_" [}

(0 \u)(z5)-VGx,z,1-t)d zdv (23)

[0118] Dernivation of PSD Calculation Formula

[0119] Since the relational expression of the above
Expression (23) includes the value (function) p. (=p/p)
based on the surface pressure fluctuation p on both sides
thereot, this expression does not allow the surface pressure
fluctuation p at the observation point x to be directly
calculated from the flow velocity u and the vorticity w. In the
following, therefore, an expression of a relation between
“the surface pressure fluctuation p at the observation point
x” and “the flow field flow velocity u and vorticity o™ will
be derived by transforming the above expression so as to
climinate the term including p* from the right side.

[0120] As shown in FIG. 7, a region 1n the vicinity of the
observation point x on the surface S of the rigid body 36 i1s
defined as a surface region Sx, and a normal vector of the
surface region Sx 1s defined as n (x). The surface region Sx
1s a sufliciently large plane. Further, two points x+ and x—
equidistant from the observation point x are defined on the
normal vector n (x). The point x+ 1s located outside the rigid
body 36, and the point x— 1s located 1nside the rigid body 36.
The other symbols will be described later. When the points
x+ and x- are substituted as observation points into the
above Expression (22), the following Expressions (22-1)
and (22-2), respectively, are obtained:

HB(x+,0)=_." Y54+ By )VG(x+,y,1—=71)n(y)dSct—| _

o[ A0/ \u)(z,%) VG (x+,z,1=T)d zdT (22-1)

HB(x—,0)=_." ¥4 By 1) VG(x—y,t=t)n(y)dSdt—|_

[ A0/ \et)(z,T)-VG(x-,z,1-1)d zdv (22-2)

[0121] When both sides of Expression (22-1) and both
sides of Expression (22-2) are respectively added up to take
the limit for x and x+ as x— 1s approached, the following
Expression (24) 1s obtained. In the following transformation
of the expression, H (x+)=1 and H (x-)=0 are used (see
Expression (15)).

p.(x, 1) = ( lin} HB(x +,1) = ( lin;_ (HB(x+, 1)+ HB(x —, 1)) = (24)
X+, x—)—x X+,x—)ox
( lin} fméb’(y, DVGx+, v, 1—D)+V Gx—, y, 1—17))-
x+x—)x f_ S
n(y)dSdr — lim ﬁf(a)/\u)
(x+x—)ox f_ Sy
(2, ) (VGx+,2, 1 -7 +VG(x—, z, t —1)d°zdT

[0122] The first term and the second term on the right side

of the above Expression (24) can be transformed as in the
following Expressions (24-1) and (24-2), respectively. In the

10
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following expression, S\Sx 1s a part of the surface S of the
rigid body 36 that does not include the surface region Sx (see

FIG. 7).

lirn(x+,x— )X ]m §B (y . T)
—co S

(VGx+, v, 1—-T)+V Gx—, y, 1 — 7)) -r(y)dSdT =

ffﬁ Blx, D(VGx+, x, 1—-T)+VGx—,x,1—T))-
—co Sx

p(x)dSdt + lim f Eﬁ B(y, 1)
(x+.x=)=x J_ S s\sx
(VGx+, vy, =)+ VGx—, y, 1 —7))-n(y)dSdt =

ﬁ§ 2p. (v, DOVG(x, v, t —1)-n(y)dSdr
—oo o SWx

w A\ u
(x+,x—)—>x j:: ﬁ( )

lim
(2, ) - (VG(x+,2, -+ V Glx—, z, 1 — T))d°zd7 =

foof2(a) Au)z, T)-VGx, z, 1 — T)d° zdT
—co ¥V

(24-1)

lim
(x+,x—)—x

(24-2)

[0123] When the above Expressions (24-1) and (24-2) are
substituted into the above Expression (24), the following
Expression (25) 1s obtained:

p(x,0)=_." ¥§4 \Sx2p(¥,;T)VG(x,y,1-1)n(y)dSdt—|_

o ®[2(0/\ut)(z,;T) VG (x,2,1-T)d>z dv (25)

[0124] Fourier transform 1s defined by the following
Expression:

Ag(x)=—f_FA(x,1)e ™dt

Here, Ay (X) 1n the above expression i1s the magnitude
(amplitude) of the function A (x, t) at an angular frequency
0. Ag (X) 1s a complex number, and a complex conjugate Ag*
(x) thereoft satisfies the relational expression of the following
Expression (26):

Ag*(xX)=A_g(x)=—[_ " A(x,0)e™dt

[0125] When Fourier transform 1s applied to the above
Expression (24) and the result of Fourier transform of a
convolution integral 1s used, the following Expression (27)
1s obtained:

(26)

Peo3)=F5 4 \SX2p w0 (1) VGo(x3) 1 () dS=2(00 \a)o(2)

VGq(x,2)d’z (27)

[0126] Here, G, (X, z) resulting {from Fourier transform of
the Green’s function G 1s expressed as in the following
Expression (28) and satisfies the relational expression of the
following Expression (29) (so-called Helmholtz equation):

(28)

Go(x, 2) = =

(A +k2)Gy(x, 2) = 6(x — 2) (29)

Here, k, 1s a wavenumber (so-called acoustic wavenumber)
of the component of the angular frequency 0, and k,=0/c,.
The symbol r denotes the distance between the observation
point X and the evaluation point z.

[0127] The gradient of G4 (X, z) can be expressed as 1n the
following Expression (30) by using the above Expression
(28). Under a compact acoustic condition (k. r<<1), the
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gradient of Gy (X, Z) 1s not dependent on the angular
frequency 0, and only the function of the distance r can be
approximated. The vector r 1n the following expression 1s a
vector oriented from the observation point x toward the
evaluation point Z.

—e k0T (ikor + De o7 (ikor + De~*or 3 (30)
= XVr = X -

VG =V
(%, 2) 4y Ay drrr? y

[0128] The autocorrelation function (see the above
Expression (1)) of “the function P.4 (X) based on the surface
pressure fluctuation pg (X) at the observation point X that 1s
the left side of the above Expression (27) 1s expressed as in
the following Expression (31):

I ezehp gX)D g™ (X)d0 =/ eseh S+ \SX2pg(¥)P<g* (X)V Gy
(x,) 1 (P)ASAO—[o;”"[ 12D e™* (¥) (00 \11)g(2)'V Gy,
2)d>zd0 (31)

[0129] The above Expression (31) 1s expressed as in the
following Expression (32) by using the compact acoustic
condition of the gradient of G4 (X, z) (see Expression (30)):

o2 w505 (5)d0=F5 4 155 ([ 2p ()0 (3)0)
VGo(x,y)n(1)dS=[o; " [32p ™ () (0/\tt)g(2)-V Gy
(x,2)d>zd0 (32)

[0130] Here, a correlation distance 1, a correlation area
S.. o (see FIG. 7), and a correlation volume V_ _, that are
physical quantities at an arbitrary observation point X 1n an
angular frequency band of interest [0,, 0, ] are defined by the
following Expressions (33-1), (33-2), and (33-3), respec-
tively. The symbol 0  1n the following expression denotes
the center angular frequency of the angular frequency band

of interest (0 =2mt ).

Ulx) (33-1)
lx cr A
, Qm
Sxer ~ L oy (33-2)
Veer ~ b o (33-3)

[0131] Thus, the correlation area S, _, 1s proportional to
the square of the average tflow velocity, and the correlation
volume V_ _, 1s proportional to the cube of the average tlow
velocity.

[0132] Since the angular frequency band of interest 1n this
embodiment is relatively wide, the correlation distance 1,
is relatively small. Accordingly, the correlation area S, _,
and the correlation volume V_ _ are also relatively small.
Theretore, as shown 1n FIG. 7, the correlation area S, 1s
included in the surface region Sx (S, _,<Sx). Here, the
integrated term of the first term on the right side of the above
Expression (32) includes the evaluation point y on the
surface S of the rigid body 36, and 1s integrated with respect
to the region (S\Sx) of the surface S not including the surface
region Sx. Thus, the physical quantities at the observation
point x are uncorrelated with the physical quantities at the
evaluation point y, and consequently the first term on the

right side of the above Expression (32) 1s equivalent to zero.

[0133] Hereinatter, the product of an arbitrary function Fg
and a complex conjugate function Fg* thereof will be
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referred to as “a norm of the function Fg,” and 1s defined as
in the following Expression (34):

|Fgl[=F o o (34)

Thus, the autocorrelation function (see Expression (1)) 1s a
value obtained by integrating the norm of an arbitrary
function Fy with respect to the angular frequency band of
interest.

[0134] Therefore, the above Expression (32) can be
expressed as in the following Expression (35):

efek‘h?*e(x)”de =/, ezehp «g(X)Pxg™ (¥)dO=— egehp gt (X)) 72
(0 \1t)g(2)V Gg(x,2)d>zd0 (35)

[0135] According to the above Expression (35), the sur-
face pressure fluctuation pg (X) at the observation point X 1n
the angular frequency band of interest 1s dependent on the
outer product of the flow field vorticity w and flow velocity
u 1nside the flow domain 38. Focusing on this point, the
inventor of the present application considered that the sur-
face pressure fluctuation p, (x) at the observation point x
could be reduced by reducing the value of the autocorrela-
tion function of the spatial integral on the right side of the
above Expression (35). This autocorrelation function can be
transformed as shown in the following Expression (36):

Fh
64

oh
fff4[(w/\u)9(Z1)-VG9(x,Zl)][(w/\u)g(@).vge(x’Zz)]*
o JV Iy

36
10 — (36)

f2(a) ANu)g(2)-V Golx, 2)d°z
v

P 71d’72d0) =

h
f f fg M(w A wg(z0)- Y Golx, 211 A wp(z2) - T Calx, 22)]
VJV JOE

d0d>z,d’ 7

[0136] Here, z1 and z2 1in the above expression are arbi-
trary evaluation points iside the flow domain 38, and
z1=z2. When the evaluation point z1 1s not included 1n a
correlation volume V_, _, at the evaluation point z2, the
correlation between the physical quantities at the evaluation
point z1 and the physical quantities at the evaluation point
72 1n the angular frequency band of interest can be disre-
garded. Theretfore, the above Expression (36) can be further

transformed as 1n the following Expression (37):

J e;ekMVz ((D/\“)B(Z)'VGe(x:Z)d3Z |dO=[7] ezeh||2 (w/\ut)g
(25) VGg(x,25)||dOx V.. . d°z, (37)

2,CF

[0137] On the night side of the above Expression (37), “the
part integrated with respect to the angular frequency band of
interest” can be transformed as 1n the following Expression
(38) by using the above Expression (30):

" (38)
fg 1200 A 1)g(22) -V Go(x, 22)]| 6 =
a1

2(w A : X —(|d8 =
{ (CL) M)Q(ZZ) 4.7”’2 ¥

f% (ikor + 1)e k0" 7
g

¥

h 1 -
jj HwAu)y(z2)- T2 X . dao
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[0138] As shown in the following Expressions (39-1) and
(39-2), the flow velocity u 1n the above Expression (38) can
be decomposed into the average flow velocity U- as an
average component and the turbulence flow velocity u~ as a
turbulent component, and the vorticity w can be decomposed
into the average vorticity €2- as an average component and
the turbulent vorticity w~ as a turbulent component.

u=T+il (39-1)

0=0+ (39-2)

[0139] The vector r 1n a spatial coordinate system of the

rigid body model 36 1s specified by the following Expression
(40):

F=(rl #2,3) (40)

[0140] Here, rl, r2, and r3 are el, €2, and €3 components
of the vector r, with the observation point x being the origin.
[0141] When Expressions (39-1), (39-2), and (40) are
substituted into the right side of the above Expression (38),
the right side thereof can be transformed as in the following
Expression (41). Since the product of the turbulent compo-
nents 1s negligibly small, this product 1s omitted in the
following Expression (41):

Ay ¥

h 1 7 (41)
ﬁ 20w AN u)g(zp) - — X - dd =
o1

-3

1 ol| ;P
16yr2r4j9; 2(9/\“9)(2:2)';+(CU9/\U)(Z2)' a6 =

~ 1 =l

o

a6 | 022 Xiesp)r] — (Ldes Xiterg)rl + (Ldes X ikero)r2 —
72r6 ),

(Qe1 X Ue30)r2 + (Qep Xitero)r3 — (Qep X ile19)r3 +

(U ez X De20)rl = (U e X 039 1L + (U o1 X 3912 —

(U o3 X@e19)12 + (U gp X De19)13 — (U o1 X De29)r3||dO

[0142] Here, the correlation function of two arbitrary
functions E, and F, 1s defined 1n the angular frequency band
of interest as 1n the following Expression (42):

Eol'y=), ezehEeF g do (42)

[0143] When the above Expressions (1) and (42) are

applied, the relational expressions shown in the following
Expressions (43-1) to (43-6) are obtained based on the
hypothesis that vortices have uniform isotropy:

ﬁiga)jg + Caf)jgﬁig = 0V i, ] L, jE (e 1, e2, 83) (43- 1)
ity =0Vizxji je(el,e2, e3) (43-2)
i =0Vixji, je(el, e, e3) (43-3)
_ _ _ I|2z]| (43-4)
|Zte16ll = llEe20ll = l|Zte30ll = ——
~ - - || (43-5)
”welQ” — ”wc’29” — ”we39” — T
———  Qiig Jilg Oty il O\ — 43-6
el ~ < 2 (k) 40
dx dx  Udr Udrt U
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Here, k 1s a constant specifying the relation between the tlow
velocity ug and the vorticity ms,.

[0144] When the night side of the above Expression (41) 1s
arranged by using the above Expressions (43-1) to (43-6),
the left side of the above Expression (38) 1s finally expressed
as 1n the following Expression (44):

’ (44)
fg 12 A w)g(z2) -V Ga(x, 22)lld0 =
61

1 = Qm Sy 2
12ﬂ2r6||u9||(k5) (U xrl =T, xr2)" +

(U X113 =T axr) +(U,axr2 =T, % r3)2} +

[ell{(Qez X r1 = Dy x72)° + (Qoy X 73 = Qs xr1)” +

127210
(ﬁgg —_ng XF3)2} =
2

||zz9||(k%”‘) T AH +

127250

[0145] The right side of the above Expression (44) corre-
sponds to “the part integrated with respect to the angular
frequency band of interest” on the right side of the above
Expression (37). Thus, when the right side of the above
Expression (44) 1s substituted into this part of Expression
(37), the following Expression (45) 1s obtained:

" 3 (45)
f f||2(a) Au)g(z2) -V Go(x, 22)||d” 22 d8 =
ot Jy

il (7 6mN2 2 2 .
fvuﬂm (kg) [T A + QA IV, od2

[0146] When the integrated term on the right side of the
above Expression (45) is multiplied by “the square p” of the
flow field density” and the evaluation point z2 1s rewritten
into a general symbol z, the PSD calculation formula defined
by the following Expression (46) 1s obtained. In this speci-
fication, Expression (46) thus denived 1s defined as an
indicator of the degree of contribution of “the flow field at
the evaluation point z inside the tlow domain 38” to “the
surface pressure fluctuation at the observation point x in the
rigid body 36.” The reason for multiplying by p~ is because
p*=p/p 1s used 1n the process of der1ving the PSD calculation
formula.

27 2 (46)
iU gm 5 - e =
PDS5S(x, z) = f23”r2i|6| {(kﬁ) X|U A r|2 + |2 A rlz}vz,cr

[0147] The approximation formula shown 1n the following
Expression (47) holds true between the surface pressure

fluctuation pg (X) and the PSD (x, z) at the observation point
X (see Expressions (35), (45), and (46)).

h (47)
fg | pex)lld6 =
G
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-continued
i i
ﬁ Po(X)pg+ (X)dO = sz P (X) gt (X)dO = p*

6t 61 6L

oh
| pso(x)]|d0 =

2
szﬁ 1200 A )g(2) - V Golx, 22)|dOX V,epd” 7 =
v Jol

211~ 2
fvlzﬂzw{(kﬁ) X |TAH +QAA IV, dz =

f PDS(x, 2)d°z
V

[0148] Thus, the integrated value of “the norm of the
surface pressure fluctuation pg (X) at the observation point x™
in the angular frequency band of interest (1in other words, the
autocorrelation function of the surface pressure fluctuation
Pe (X) at the observation point x) can be approximated as “a
value obtained by spatially integrating the PSD for the
observation point x with respect to the flow domain.”
Therefore, the PSD functions with high accuracy as an
indicator of the degree of contribution of the flow field at the
evaluation point z to the surface pressure fluctuation pg (X)
at the observation point x. This concludes the description
about the derivation of the PSD calculation formula.

[0149] Wind Noise Analysis Method

[0150] Next, a method of analyzing wind noise in the
running vehicle model 20 will be specifically described. The
CPU of the computation unit 14 of the calculation device 10
1s configured to execute the routine shown by the tlowchart
of FIG. 8. Starting the process from step 800 of FIG. 8, the
CPU sequentially performs processes 1n step 802 to step 808
to be described below.

[0151] Step 802: The CPU starts an unsteady CFD simu-
lation mvolving causing the vehicle model 20 to run, and
calculates the pressure fluctuation time history data p (x, t),
the flow velocity time history data u (z, t), and the vorticity
time history data o (z, t) within the analysis range (inside the
analysis surface and the flow domain 21) for a predeter-
mined time. The time history data p (X, t) 1s calculated for
cach node x, while the time history data u (z, t) and o (z, t)
are calculated for each node z. Step 804: Based on the
pressure fluctuation time history data p (x, t) calculated in
step 802, the CPU creates data showing changes over time
in the amplitude of the pressure fluctuation on the analysis
surface, and transmits, to the output unit 16, a command to
display this data. Accordingly, the changes over time 1n the
amplitude of the pressure fluctuation are displayed as an
anmimation on the display screen 18 (see FIG. 2B).

[0152] Step 806: The CPU calculates the average flow
velocity U-(z) and the average vorticity €2-(z) for each node
7z by performing the averaging process on each of the flow
velocity time history data u (z, t) and the vorticity time
history data w (z, t) calculated in step 802. Step 808: The
CPU calculates the surface pressure fluctuation pg (X) 1n the
angular frequency band of interest by performing the fast
Fourier transform process on the pressure fluctuation time
history data p (x, t) calculated 1n step 802. The surface
pressure fluctuation pg (X) 1s calculated for each node x.
Moreover, the CPU calculates the autocorrelation function
of the turbulent flow velocity u~4 (z) 1n the angular fre-
quency band of interest by performing the fast Fourier
transform process on the flow velocity time history data u (z,
t) calculated in step 802. This autocorrelation function 1s
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calculated for each node z. The processes 1n step 802 to step
808 correspond to the unsteady CFD calculation processes.
[0153] Step 810: Based on the surface pressure fluctuation
Pe (X) calculated 1n step 808, the CPU creates “data showing
a distribution map of the surface pressure fluctuation pg (X)
at the center angular frequency 0 of the angular frequency
band of interest,” and transmits, to the output unit 16, a
command to display this data. Accordingly, the distribution
map of the surface pressure fluctuation pg (x) 1s displayed as
an 1mage on the display screen 18 (see FIG. 3A). Thereatter,
the CPU moves to step 812.

[0154] In step 812, the CPU determines whether the
observation point X has been selected by the operator. The
observation point x 1s selected by the operator based on the
distribution map of the surface pressure fluctuation pg (X)
(see step 810). When 1t 1s determined that the observation
point X has been selected, the CPU determines “Yes™ in step
812 and performs a process in step 814 to be described later.
On the other hand, when 1t 1s determined that the observation
point X has not been selected, the CPU determines “No” in
step 812 and makes the determination 1n step 812 again. The
CPU repeats this process each time a predetermined com-
putation time elapses, until 1t 1s determined that the obser-
vation point X has been selected.

[0155] Step 814: Using the PSD calculation formula (see
Expression (46)) stored in the RAM of the computation unit
14, the CPU calculates, for each node z, the PSD (x, z) for
the observation point x selected in step 812. The average
flow velocity U-(z) and the average vorticity £2-(z) calcu-
lated 1n step 806, the autocorrelation function of the turbu-
lent flow velocity u~g (z) calculated 1n step 808, etc. are
substituted into this calculation formula. Thereafter, the
CPU performs the following process in step 816.

[0156] Step 816: The CPU transmits, to the output unit 16,
a command to display a message indicating that the PSD
calculation has been completed. Accordingly, this message
1s displayed on the display screen 18, letting the operator
know that the calculation process has been completed.
Thereatter, the CPU moves to step 818.

[0157] In step 818, the CPU determines whether the

reference value of the PSD has been input by the operator.
When it 1s determined that the reference value has been
input, the CPU determines “Yes” in step 818 and performs
the following process in step 820.

[0158] Step 820: The CPU creates data showing a plane of
equivalent PSD values having the reference value input 1n
step 818, and transmits, to the output unit 16, a command to
display this data. Accordingly, the plane of equivalent PSD
values having the reference value iput by the operator 1s
displayed as an image on the display screen 18 (see FIG. 4A

to FIG. 4C). Thereafter, the CPU moves to step 822.

[0159] In step 822, the CPU determines whether the
evaluation point of interest z has been selected by the
operator. The evaluation point of interest z 1s selected by the
operator based on the plane of equivalent PSD values (see
step 820). When it 1s determined that the evaluation point of
interest z has been selected, the CPU determines “Yes” 1n
step 822 and performs a process in step 824 (FIG. 9) to be
described later.

[0160] On the other hand, when 1t 1s determined that the
evaluation point of 1nterest z has not been selected (specifi-
cally, when the operator cannot select the evaluation point of
interest z from the current plane of equivalent PSD values,
or when the operator 1s currently selecting the evaluation
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point of interest z), the CPU determines “No” 1n step 822
and makes the determination in step 818 again.

[0161] When 1t 1s determined 1n step 818 that the reference
value has been 1put (1.e., the reference value of the PSD has
been re-mnput by the operator), the CPU determines “Yes” in
step 818 and performs the process in step 820, and deter-
mines 1 step 822 again whether the evaluation point of
interest z has been selected. On the other hand, when 1t 1s
determined that the reference value has not been input 1n
step 818, the CPU determines “No” 1n step 818 and moves
to step 822, and determines 1n step 822 again whether the
evaluation point of interest z has been selected. The CPU
repeats the processes in step 818 to step 822 until it 1s
determined that the evaluation point of interest z has been
selected.

[0162] On the other hand, when the CPU moves from step
816 directly to step 818 and determines that the reference
value has not been 1put (i.e., an initial reference value has
not been 1nput), the CPU determines “No” 1n step 818 and
moves to step 822. Since the evaluation point of interest z 1s
selected based on the plane of equivalent PSD values (i.e.,
selected through step 820), when the initial reference value
has not been 1nput (1.e., when the CPU has not gone through

step 820), the CPU determines “No” 1n step 822.

[0163] Step 824 (FIG.9): The CPU transmiuts, to the output
unit 16, a command to display numerical data on the
parameters composing the PSD (x, z) at the evaluation point
of interest z selected 1n step 822 among the PSDs calculated
in step 814. These parameters are specifically the average
flow velocity U-(z), the turbulent flow velocity u~4 (z), and
the average vorticity £2-(z) at the evaluation point of interest
7 (see steps 806 and 808). Accordingly, the numerical data
on the parameters composing the PSD (x, z) 1s displayed on

the display screen 18. Thereafter, the CPU moves to step
826.

[0164] In step 826, the CPU determines whether the causal
parameter has been identified. The causal parameter i1s
identified by the operator based on the numerical data on the
parameters composing the PSD (X, z) (see step 824). When
it 1s determined that the causal parameter has been 1dentified,
the CPU determines “Yes” in step 826 and performs a
process 1n step 828 to be described later. On the other hand,
when 1t 1s determined that the causal parameter has not been
1identified, the CPU determines “No” 1n step 826 and makes
the determination 1n step 826 again. The CPU repeats this
process each time a predetermined computation time

clapses, until 1t 1s determined that the causal parameter has
been 1dentified.

[0165] Step 828: The CPU creates data showing a distri-
bution map of the causal parameter 1n a predetermined plane
passing through the evaluation point of interest z selected in
step 822 (typically, a plane parallel to the el-e2 plane). The
CPU ftransmits, to the output unit 16, a command to display
this data. Accordingly, the distribution map of the causal
parameter 1s displayed on the display screen 18 (see FIG.
5B). Thereafter, the CPU moves to step 830 and ends the
current routine.

[0166] Improvement Effect on Surface Pressure Fluctua-
tion (Wind Noise) Achieved by Device of Embodiment

[0167] Next, the improvement eflect on the surface pres-
sure fluctuation pg (X) resulting from changing the shape in
the analysis range of the vehicle model 20 by means of the
device of the embodiment will be specifically described with

reference to FIG. 10A to FIG. 11B. In the example of FIG.
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5A and FIG. 3B, such a shape of the right side mirror 22 as
can reduce the likelihood of separation of an airtlow 1n the
region 34 1s studied. FIG. 10A shows a sketch of the right
side mirror 22 of the vehicle model 20. As shown 1n FIG.
10A, the right side mirror 22 has a mirror part 22a 1n which
a mirror 1s provided, a base part 225 fixed to the vehicle
body, and a connection part 22¢ connecting the mirror part
22a and the base part 225 to each other. The region 34 is
located 1n the vicinity of the connection part 22¢. The
connection part 22¢ 1s relatively thin, and a step 1s formed
at the border between the connection part 22¢ and the mirror
part 22a. The mventor of the present application considered
that this step caused separation of an airflow 1n the region 34,
and studied a shape that could reduce the step. FIG. 10B
shows a right side mirror 122 of a vehicle model having the
shape changed based on the study. As shown in FIG. 10B,
a connection part 122¢ of the right side mirror 122 1s thicker
than the connection part 22¢. As a result, the border between
the connection part 122¢ and a mirror part 122a 1s smoothed
and the step 1s reduced.

[0168] 'To verity the improvement effect on the surface
pressure fluctuation pg (X) resulting from the shape change,
the inventor of the present application compared distribution
maps of the surface pressure fluctuations pg (X) on analysis
surfaces of the respective models. FIG. 11A shows a distri-
bution map of the vehicle model 20, and FIG. 11B shows a
distribution map of the vehicle model after the shape change.
A comparison between FIG. 11A and FIG. 11B shows that
changing the shape of the right side mirror 22 results 1n a
significant reduction of the surface pressure tluctuation pg
(x) 1n the vicinity of the right side mirror 122. Thus, it has
been proven that the device of the embodiment can efli-
ciently and reliably reduce the surface pressure fluctuation
(1.e., wind noise) 1n the vehicle model by identifying the
position of the flow field that contributes significantly to the

surtface pressure fluctuation in the vehicle model by means
of the PSD.

[0169] Reliability and Versatility of PSD as Indicator

[0170] As described above, “the value obtained by spa-
tially integrating the PSD for the node x with respect to the
flow domain™ 1s an approximate value of “the autocorrela-
tion function of the surface pressure fluctuation pg (X) at the
node x” (see Expression (47)). In the following, the reli-
ability of the PSD as an indicator will be studied by
verilying the accuracy of this approximation. Specifically, a
surface pressure fluctuation calculated (estimated) based on
“the value obtained by spatially integrating the PSD with
respect to the flow domain™ (hereinafter also referred to as
an “estimated surface pressure fluctuation™) 1s compared
with a surface pressure fluctuation p, calculated by unsteady
CFD calculation software, to thereby verify the accuracy of
the approximation of the estimated surface pressure fluctua-
tion. While Power FLOW 1s used as the software in this
embodiment, the type of software 1s not limited to this
example.

[0171] Moreover, 1n the following, the versatility of the
PSD as an indicator will also be studied by veritying the
accuracy of the approximation not only for a vehicle model
but also for a fore-step model having a different shape from
the vehicle model.

[0172] FIG. 12A 1s the vehicle model 20 used 1n the above

description. FIG. 12B 1s a schematic view of a fore-step
model 40. The fore-step model 40 has a reference surface 42,
a rectangular prism-shaped step 44 disposed on the reference
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surface 42, and a nozzle 46 disposed on the reference surface
42 at a distance from the step 44. An upper surface 44a of
the step 44 1s parallel to the reference surface 42. A step 1s

formed between a side surface 44b of the step 44 (a surface
on the side of the nozzle 46) and the reference surface 42.
The nozzle 46 has an air blow opening 46a parallel to and

facing the side surface 445 of the step 44. Through the air
blow opening 46a, air 1s sent toward the step 44. When a
direction orthogonal to the air blow direction is specified as
a “width direction,” a length a of the step 44 1n the width
direction 1s larger than a length b of the nozzle 46 1n the
width direction. The height of the step 44 1s smaller than the
height of the nozzle 46. The center of the nozzle 46 1n the
width direction coincides in the width direction with the
center of the step 44 in the width direction. In this verifi-
cation, a right front door glass 25 of the vehicle model 20

and the upper surface 44a of the step 44 of the fore-step
model 40 are analysis targets.

[0173] FIG. 13A and FIG. 13B are distribution maps
respectively of the estimated surface pressure fluctuation
and the surface pressure tluctuation pg on the right front door
glass 25 of the vehicle model 20. The frequency band of
interest 1s set to 1 kHz. FIG. 14A and FIG. 14B are
distribution maps respectively of the estimated surface pres-
sure fluctuation and the surface pressure fluctuation pg on
the upper surface 44a of the step 44 of the fore-step model
40. The frequency band of interest 1s set to S00 Hz. A darker
shade represents a larger estimated surface pressure fluctua-
tion or a larger surface pressure fluctuation p,. A comparison
between FIG. 13A and FIG. 13B shows that the magnitude
and position of the estimated surface pressure fluctuation
match the magnitude and position of the surface pressure
fluctuation p, with good accuracy. Similarly, a comparison
between FIG. 14A and FIG. 14B shows that the magnmitude
and position of the estimated surface pressure fluctuation
match the magnitude and position of the surface pressure
fluctuation pg with good accuracy. Thus, 1t has been proven
that the surface pressure fluctuation calculated based on the
PSD (estimated surface pressure fluctuation) has high accu-
racy of approximation relative to the surface pressure fluc-
tuation calculated by the software performing the CFD
calculation. This means that the PSD 1s highly reliable as an
indicator.

[0174] FIG. 15 1s a graph showing “a deviation of the
estimated surface pressure fluctuation from the surface pres-
sure fluctuation pg” for each of the vehicle model 20 and the
fore-step model 40. The deviation for the vehicle model 20
1s a value obtained by converting an average of “differences
of the estimated surface pressure fluctuations from the
surface pressure fluctuations p,~ at the corresponding nodes
X 1n the two distribution maps shown 1n FIG. 13A and FIG.
13B 1nto a pressure fluctuation level (dB). The deviation for
the fore-step model 40 1s a value obtained by converting an
average of “differences of the estimated surface pressure
fluctuations from the surface pressure fluctuations pg” at the
corresponding nodes x in the two distribution maps shown
in FIG. 14A and FIG. 14B 1nto a pressure fluctuation level
(dB). A comparison between the deviation for the vehicle
model 20 and the deviation for the fore-step model 40 shows
that both are roughly equal at a level slightly higher than 3
dB. Thus, 1t has been proven that the deviation of the
estimated surface pressure fluctuation from the surface pres-
sure fluctuation pg 1s substantially constant regardless of the
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shape of the analysis target model. This means that the PSD
1s highly versatile as an indicator.

[0175] The workings and eflects of the device of the
embodiment will be described. The device of the embodi-
ment calculates the PSD based on the physical quantities
(average flow velocity U-, average vorticity €2-, and turbu-
lent flow velocity u~,) calculated by an unsteady CFD
simulation involving causing a vehicle model to run. The
PSD 1s an indicator of the degree of contribution of a flow
field to a surface pressure fluctuation pg (X). By using the
PSD as an indicator, therefore, one can calculate the degree
of contribution of the flow field to the surface pressure
fluctuation pg (X) for each evaluation point z. Accordingly,
it 1s possible to appropriately 1dentify the position of the tlow
field inside the flow domain 21 that contributes significantly
to the surtace pressure fluctuation p, (x) of the vehicle model
20 at the observation point x.

[0176] Moreover, in the device of the embodiment, the
value obtained by spatially integrating the PSD at the
observation point X with respect to the flow domain 21 1s an
approximate value of the autocorrelation function of the
surface pressure fluctuation p, (x) at the observation point x.
Theretore, the behavior of the PSD matches the behavior of
the surface pressure fluctuation p, (X) well. This means that
the PSD 1s highly reliable as an indicator of the degree of
contribution of the flow field to the surface pressure fluc-
tuation pg (X) (see FIG. 12A to FIG. 15). Accordingly, the
position of the flow field that contributes significantly to the
surface pressure fluctuation pg (X) of the vehicle model can
be appropriately 1dentified.

[0177] Specifically, having hitherto no means of quantita-
tively evaluating the relation between a surface pressure
fluctuation and a flow field, engineers have sometimes
differed 1n their interpretation of a flow field. In addition,
since an analysis 1s performed based on a distribution of a
physical quantity 1n a cross-section of a flow field, the lack
of mnformation on a flow field 1n a three-dimensional space
could lead to overlooking of a cause for a large surface
pressure fluctuation. However, the device of the embodi-
ment can quantitatively evaluate the relation between a
surface pressure fluctuation pg (X) and a flow field by means
of the PSD, which can significantly reduce the likelihood
that engineers may differ in their interpretation of a flow
field, and can improve the accuracy of a wind noise analysis.
Moreover, the device of the embodiment identifies the
position of a flow field that makes a high degree of contri-
bution to the surface pressure distribution, and thereafter
evaluates the distribution of a physical quantity 1n a cross-
section at that position. Thus, the likelihood of a lack of
information on the flow field can be significantly reduced,
and consequently a cause for a large surface pressure fluc-
tuation can be reliably found out.

[0178] The device of the embodiment displays a plane of
equivalent PSD values on the display screen 18. Thus, by
appropriately setting the reference value, the operator can
view a plane of equivalent values having a desired PSD
value. As a result, the evaluation point z corresponding to the
desired PSD value can be efliciently selected, and the
position of the flow field that contributes significantly to the
surface pressure fluctuation pg (x) of the vehicle model 20
can be ethiciently identified.

[0179] In the device of the embodiment, the observation
point X 1s selected based on the magnitude of the surface
pressure fluctuation calculated by the unsteady CFD calcu-
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lation. The surface pressure fluctuation 1s strongly correlated
with wind noise. Thus, this configuration allows for a more
appropriate analysis of wind noise.

Modified Example 1

[0180] Next, a wind noise analyzer according to Modified
Example 1 (hereinafter also referred to as a “first modified
device”) will be described. The first modified device 1is
different from the device of the above embodiment 1n that
the causal parameter 1s 1dentified by the device and not by
the operator. Specifically, the first modified device executes
the following processes 1nstead of the processes in steps 824
and 826 of FIG. 9. A computation unit of a calculation
device of the first modified device identifies, as the causal
parameter, a parameter that contributes relatively signifi-
cantly to the PSD value among the three parameters (aver-
age flow velocity U-, average vorticity £2-, and turbulent
flow velocity u~y) composing the PSD at the evaluation
point of interest z selected 1n step 822. Specifically, the
computation unit identifies the causal parameter by compar-
ing the numerical values of the three parameters at the
evaluation point of interest z with the numerical values of
the three parameters at “the evaluation point z corresponding,
to a PSD value lower than the PSD value at the evaluation
point of interest z.”” According to this configuration, the need
for the operator to i1dentify the causal parameter 1s elimi-
nated, so that the parameter responsible for the high PSD can
be easily ascertained, and the shape of the vehicle model can
be studied and changed more efliciently.

Modified Example 2

[0181] Next, a wind noise analyzer according to Modified
Example 2 (hereinafter also referred to as a “second modi-
fied device”) will be described. The second modified device
1s different from the device of the above embodiment 1n that
the evaluation point of interest z 1s selected (extracted) by
the device and not by the operator. Specifically, the second
modified device executes the following processes instead of
the processes 1n step 818 to step 822 of FIG. 8. Upon
completion of the process 1n step 816, a computation unit of
a calculation device of the second modified device creates
data showing a plane of equivalent PSD values having an
arbitrary value, and creates plane-of-equivalent-values data
while changing the value of the PSD until the number of
planes of equivalent values shown by the data becomes two.
(To be exact, even after the number becomes two, the value
of the PSD 1s increased until the surface area of each plane
of equivalent values becomes as small as possible). Then,
the computation umt extracts, as the evaluation point of
interest z, an arbitrary point 1n one of the planes of equiva-
lent values that 1s located at a longer distance to the
observation point X. According to this configuration, the
need for the operator to select the evaluation point of interest
7z 1s eliminated, so that the position of the flow field that
contributes significantly to the surface pressure fluctuation
of the vehicle model can be 1dentified more etliciently. The
second modified device extracts the evaluation point z
corresponding to a maximum (substantially maximum) PSD
value as the evaluation point of interest z. However, the
present disclosure 1s not limited to this configuration, and an
evaluation point of interest z that meets a preset condition
may 1nstead be extracted.
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[0182] While the wind noise analyzers and the wind noise
analysis methods of the embodiment and the modified
examples have been described above, the present disclosure
1s not limited to the above embodiment and modified
examples but can be modified 1n various ways.

[0183] For example, in the embodiment and the modified
examples, a vehicle model 1s used as a structure model that
1s the analysis target. However, the present disclosure 1s not
limited to this configuration, and for example, a structure
model of an airplane, a ship, etc. may instead be used.

[0184] In the above embodiment and modified examples,
an observation point at which the surface pressure fluctua-
tion 1s relatively large 1s used as the analysis target. How-
ever, the present disclosure 1s not limited to this configura-
tion, and for example, a node x having an average value of
the surface pressure fluctuation in a predetermined range
may instead be used as the observation point for an analysis.

[0185] In the above embodiment and modified examples,
the node z 1n a plane of equivalent values can be selected as
the evaluation point of interest z. However, the present
disclosure 1s not limited to this configuration, and for
example, a node z on an 1nner side of a plane of equivalent
values may be selectable as the evaluation point of interest
/4

[0186] In the above embodiment and modified examples,
the observation point x 1s selected by the operator. However,
the present disclosure 1s not limited to this configuration, and
for example, the observation point x may instead be selected
by the wind noise analyzer based on the value of the surface
pressure fluctuation.

[0187] In the above embodiment and modified examples,
the observation point x 1s selected based on the distribution
map of the surface pressure fluctuation. However, the pres-
ent disclosure 1s not limited to this configuration, and for
example, the observation point X may be selected based on
a physical quantity other than the surface pressure fluctua-
tion, or an arbitrary node x may be selected by the operator
as the observation point Xx.

What 1s claimed 1s:
1. A wind noise analyzer comprising:

an unsteady computational fluid dynamics calculation
unit configured to:

execute an unsteady computational fluid dynamics
simulation involving moving a structure model mod-
eled on a structure, and calculate, for each of spatial
nodes that are nodes 1nside a predetermined region of
a flow field around the structure model, an average
flow velocity and an average vorticity over a prede-
termined time 1n a flow field inside the predeter-
mined region; and

calculate, for each of the spatial nodes, a value based on
an amplitude of a turbulent flow velocity 1nside the
predetermined region, 1n an angular frequency band
ol interest that 1s a target angular frequency band of
a wind noise analysis; and

a pressure source density calculation unit configured to
calculate, based on the average flow wvelocity, the
average vorticity, and the value based on the amplitude
of the turbulent flow wvelocity calculated by the
unsteady computational fluud dynamics calculation
unit, a pressure source density that 1s an indicator of a
degree of contribution of a flow field at a spatial node
inside the predetermined region to a surface pressure
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fluctuation that 1s an amplitude of a pressure fluctuation
at an analysis target point of the wind noise 1n a surface
of the structure model.

2. The wind noise analyzer according to claim 1, wherein
a value obtained by spatially integrating the pressure source
density at the analysis target point in the surface of the
structure model with respect to the predetermined region 1s
an approximate value of a value obtained by integrating a
product of a function of the surface pressure fluctuation at
the analysis target point and a complex conjugate function of
that function with respect to the angular frequency band of
interest.

3. The wind noise analyzer according to claim 1, further
comprising a causal parameter 1dentification unit that 1den-
tifies a causal parameter that 1s a parameter contributing
relatively significantly to the pressure source density among
a plurality of parameters composing the pressure source
density.

4. The wind noise analyzer according to claim 3, wherein
the parameters are the average flow velocity, the average
vorticity, and the turbulent flow velocity.

5. The wind noise analyzer according to claim 1, further
comprising an 1mage processing unit configured to:

extract, from a plurality of spatial nodes for which the

pressure source density has been calculated, a plurality
of spatial nodes corresponding to a pressure source
density having a value input from outside;

create a plane of equivalent values by performing image

processing on the spatial nodes extracted; and
visualize the plane of equivalent values.

6. The wind noise analyzer according to claim 1, further
comprising a spatial node extraction unit configured to
extract a spatial node corresponding to a maximum value of
a plurality of pressure source densities calculated by the
pressure source density calculation unit.

7. The wind noise analyzer according to claim 1, wherein
the unsteady computational fluid dynamics calculation unit
1s configured to calculate, for each of surface nodes that are
nodes on a surface of the structure model, the surface
pressure fluctuation on the surface 1n the angular frequency
band of interest.
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8. The wind noise analyzer according to claim 1, wherein
a calculation formula of the pressure source density 1is
defined by a following expression:

211 2
letoll J, Om\" L 7 A2 4 [y A 2
PDS(x, z) = fw; (kﬁ) XIUAA + QA Ve

where PDS 1s the pressure source density; X 1s the analysis
target point; z 1s the spatial node; p 1s a flow field density;
[[0g] 1s a value obtained by integrating a product of a function
of an amplitude of a turbulent flow velocity and a complex
conjugate function of that function with respect to an
angular frequency band of interest; r 1s a distance between
x and z; k 1s a constant; 0  1s a center angular frequency of
the angular frequency band of interest; U is an average flow

—_— > —>

—
velocity, r=z-x; € 1s an average vorticity; and V, _.1s a
correlation volume 1ncluding z.
9. A wind noise analysis method comprising;:
executing an unsteady computational fluild dynamics
simulation involving moving a structure model mod-
eled on a structure, and calculating, for each of spatial
nodes that are nodes 1nside a predetermined region of
a flow field around the structure model, an average tlow
velocity and an average vorticity over a predetermined
time 1n a tlow field inside the predetermined region, and
then calculating, for each of the spatial nodes, a value
based on an amplitude of a turbulent flow velocity
inside the predetermined region, in an angular fre-
quency band of interest that 1s a target angular fre-
quency band of a wind noise analysis; and
calculating, based on the average flow velocity, the aver-
age vorticity, and the value based on the amplitude of
the turbulent tlow velocity, a pressure source density
that 1s an indicator of a degree of contribution of a flow
field at a spatial node 1nside the predetermined region
to a surface pressure fluctuation that 1s an amplitude of
a pressure fluctuation at a target point of the wind noise
analysis 1n a surface of the structure model.
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