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Effect of Plate Thickness on Impedance
of Perforated Plates with Bias Flow

Xiaodong Jing¤ and Xiaofeng Sun†

Beijing University of Aeronautics and Astronautics, 100083 Beijing, People’s Republic of China

A numerical model is presented of the Rayleigh conductivity of a square-edged ori� ce in the presence of � nite
plate thickness and bias � ow. Particular attention is paid to the evaluation of the effect of � nite plate thickness on
its acoustic impedance. In the presence of bias � ow, the acoustic impedance of a kind of perforated plate, which is
constructed with square-edged ori� ces in a plate of � nite thickness, is calculated from the Rayleigh conductivity
on the assumption that the ori� ces are well separated. The numerical analysis shows that, although the acoustic
resistance increases with the increasing bias � ow speed on most occasions, it decreases in a certain range of low
bias � ow speed, and it can even decrease to negative values for certain combinationsof Strouhal number and plate
thickness. When the bias � ow speed is near zero, increasing plate thickness leads to an increase of the acoustic
reactance. However, the acoustic reactance decreases as the bias � ow speed is increasing. As a result, the effect
of plate thickness on the acoustic reactance will disappear at high bias � ow speed. Experimental data are also
presented. Qualitatively, the experimental and theoretical results are in good agreement.

Nomenclature
C = complex Rayleigh conductivity
c0 = sound speed
d = spacing between apertures
H = amplitude of perturbationBernoulli enthalpy, P / q 0

h = perturbationBernoulli enthalpy
i =

p
¡ 1

k = sound wave number, x / c0

k = unit vector in the h direction
M = average bias � ow Mach number through ori� ce
n = normal coordinate of boundary
ns = normal coordinate of free streamline of bias � ow
ns = unit vector in the normal direction of free streamline

of bias � ow
P = amplitude of applied sound pressure
p = applied sound pressure
Q = perturbationvolume � ux through ori� ce
R = aperture radius
r = radial coordinate
r p = normalized speci� c acoustic resistance by q c
Sr = Strouhal number, x R / Uc

s = tangential coordinate along free streamline of bias � ow
T = plate thickness
t = time
Uc = convected speed of shed vortices
U0 = mean � ow velocity
u = perturbationvelocity
x p = normalized acoustic reactance by q c
x1 = axial coordinate
z p = normalized speci� c acoustic impedance by q c; r p + i xp

c = Re(C /2a)
c e = strength of shed vortex sheet at ori� ce inlet edge
d = ¡ Im(C / 2a)
h = circumferential coordinate
q 0 = air density
r = open area ratio
u = perturbationvelocity potential
x = angular frequency
$ = strength of shed vortices
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I. Introduction

P ERFORATED plates are used extensivelyto suppressnoise and
acoustically driven vibrations or instabilities. In some circum-

stances, for example, in the afterburner of a jet engine, there is a
steady cooling air� ow through the perforated plates. As a general
concern, it is very important to know how a perforated plate with
bias � ow interacts with the incident pressure wave for the design
of highly ef� cient absorbent liners. Previous investigations1 ¡ 3 re-
vealed that the presence of steady bias � ow leads to changes of the
acoustic impedance of a perforated plate, due to the energy conver-
sion caused by sound vortex interaction. These � ndings provide a
basis for designing a kind of liner with controllable impedance. In
fact, the early work of Dean and Tester4 showed that the acoustic
impedance of a perforated liner could be controlled by adjusting
� ow speed through it. Recently, Zhao and Sun5 demonstrated that
desired acoustic impedance of a perforated liner could be achieved
by actively controlling both the � ow speed and the cavity depth
when the frequencyof the incident sound wave varies. These works
make evident the potential bene� ts of a perforated liner with bias
� ow. Sun and Kaji6,7 also proposed that some instability phenom-
ena in jet engines, such as � utter, could be suppressed actively by
applying this kind of perforated liner as casing treatments.

In view of the practical applications,it is a crucial step to develop
a reliable model for the acoustic impedance of a perforated liner
with bias � ow. Howe1 presented an analyticalmethod to obtain the
Rayleigh conductivityof an ori� ce in a plate of in� nitesimal thick-
ness in the presence of bias � ow. Howe’s model gives good predic-
tion of the experimental results obtained by Hughes and Dowling.3

However, in most practical situations, a perforated plate has thick-
ness comparable to the ori� ce radius, and so a problem arises in
determining how plate thickness in� uences the acoustic properties
of a perforated plate. Some investigations8,9 have been carried out
on this aspect recently. After studying on the effect of grazing � ow
over one or two sides of a perforated plate, Howe8 concluded that
increasing plate thickness could make a perforated plate change its
property from absorbing to amplifying sound energy.Tan9 reported
that plate thickness has considerable in� uence on the resonant fre-
quency of a perforated plate with bias � ow when it is backed by a
cavity. However, in the situation where there is bias � ow through a
perforatedplate, further investigationsin both theoreticaland exper-
imental respects are needed to clarify the effect of plate thickness
on its acoustic impedance.

The main purposeof this paper is to presenta model to take the ef-
fect of plate thicknessinto considerationwhen studying the acoustic
properties of a perforated plate with bias � ow through it. Previous
experimentaland theoreticalworks1 ¡ 3,8 show that unsteadyvortices

1573



1574 JING AND SUN

are generateddue to the viscouseffectwhena soundwave is incident
on a sharp edge and the shed vortices are subsequently convected
away from the sharp edge in the presence of a steady � ow. Based
on this interactionmechanism, this paper presents a model to study
the acoustic properties of a square-edgedori� ce in a plate of small,
but � nite thickness with steady � ow through it. The steady � ow is
assumed to separate from the inlet edge of the ori� ce, and the Kutta
condition is applied at the inlet edge to determine the strengthof the
unsteady shed vortices.To consider the effect of the tube wall of the
ori� ce, the governing equation derived by Howe1 is solved numer-
ically by the boundary element method. To validate the theoretical
results, an experiment is designed in the present investigations, in
which the acoustic impedanceof a perforatedplate with bias � ow is
measured by the two-microphone method. Qualitatively, the theo-
retical predictionsare in good agreementwith the experimentaldata
presented in this paper.

II. Basic Equations
As shown in Fig. 1, an ori� ce is located in a plate of small, but

� nite thickness, and there is a low Mach number, high Reynolds
number steady � ow through the ori� ce. The � ow separates from
the inlet edge of the ori� ce and forms a jet. A cylindrical coordi-
nate system (x1, h , r ) is introduced. Consider a uniform sinusoidal
pressure perturbation in the region x1 < 0:

p = P exp( ¡ i x t ) (1)

This pressure perturbation can be produced by a low-frequency
sound wave incidenton the plate. The pressureperturbationleads to
the unsteady vortices shed from the inlet edge of the ori� ce, and the
shed vortices are convected away along the mean streamline. Be-
cause the Mach number of the mean � ow is low and the wavelength
of the incident sound wave greatly exceeds the ori� ce radius at low
frequency, it is reasonable to consider the � ow as incompressible
in the vicinity of the ori� ce. The � ow� eld is also assumed to be
inviscid, and the viscous effect is only taken into consideration by
applying the Kutta condition at the inlet edge. Based on the pre-
ceding assumption, the governingequations are the incompressible
Euler equations. If we introduce the hypothesis that the convection
of the unsteady vortex plays dominant role and the perturbationof
the mean shear layer is ignored, the linearized Euler equation can
be rewritten, according to Howe,1 as follows:

r 2h = ¡ r ¢ ($ £ U0) (2)

where perturbationBernoulli enthalpy h is de� ned by the following
relation:

h =
p

q 0

+ U0 ¢ u = ¡
@u

@t
+ cc (3)

where cc is a constant that takes different values in the two regions
of potential � ow separated by the free shear layer of the bias � ow.

Fig. 1 Ori� ce in a thick plate with steady bias � ow.

Fig. 2 Arrangement of the integration domains and the integration
surfaces.

On the condition of high Reynolds number based on the mean � ow
speed and ori� ce radius, the shear layer is very thin. The strength
of the unsteady vortices can be written as

$ = c e exp[ ¡ i x (t ¡ s / Uc)]d (ns)k (4)

SubstitutingEq. (4) into Eq. (2) and suppressingthe time-dependent
part, exp( ¡ i x t), we obtain the following axisymmetric Possion
equation:

1
r

@

@r
r

@h

@r
+

@2h

@x2
1

= ¡ r ¢ c eUc exp
i x s

Uc
d (ns)ns (5)

By the application of the half-space Green function, Eq. (5) can be
convertedinto integralequations.As shown in Fig. 2, the integration
space is divided into two domains that are separated by boundary
R 0. The surfaces in Fig. 2 are explained as follows: R 0 is where
x1 =0 and r < R, R 1 is where 0 ·x1 ·T and r = R, R 2 is where
x1 = T and r > R, R 3 is the freestream surface, R 4 is where x1 < 0
and x2

1 + r 2 ! 1 , R 5 is where x1 > 0 and x2
1 + r 2 ! 1 , and R 6 is

where x1 = 0 and r > R.
To solve Eq. (5), the following boundary conditions are applied:

@h

@n
= 0, on the solid wall

h = H,
@h

@n
= 0, on R 4

h = 0,
@h

@n
= 0, on R 5 (6)

The half-spaceGreen Gh function satis� es

r 2Gh = d (x ¡ y),
@Gh

@y1 y1 = 0

= 0 (7)

In a cylindrical coordinate system, it is expressed as follows:

Gh (x1, h , r ; y1 , } , q )

= ¡
1

4 p

1

(x1 ¡ y1)2 + r 2 + q 2 ¡ 2q r cos(h ¡ } )

+
1

(x1 + y1)2 + r 2 + q 2 ¡ 2q r cos(h ¡ } )
(8)

Finally, the expressionsof h are obtained. In the domain x1 < 0,

h = H ¡
R 0

@h

@y1
Gh dS (9)

In the domain x1 > 0,

ch =
R 0

@h

@y1
Gh dS +

R 1

h
@Gh

@q
dS ¡

R 2

h
@Gh

@y1
dS

¡ r ¢ c eUc exp
i x s

Uc
d (ns )ns Gh dV (10)
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where c = 1
2 on the boundary and c = 1 in the domain. After inte-

grating the last integral in Eq. (10) by parts and carrying out the
integration of d function, the volume integral can be converted to
surface integral, so that Eq. (10) is simpli� ed as follows:

ch =
R 0

@h

@y1

Gh dS +
R 1

h
@Gh

@q
dS ¡

R 2

h
@Gh

@y1
dS

¡
R 3

c eUc exp
i x s

Uc

@Gh

@ns
dS (11)

In the inlet cross section of the ori� ce, the perturbation Bernoulli
enthalpy and its normal derivative are continuous,

@h

@x1
(x1 = 0+ , r ) =

@h

@x1
(x1 = 0 ¡ , r)

h(x1 = 0+ , r ) = h(x1 = 0 ¡ , r ) (12)

Equations (9) and (11) are related to each other by the continu-
ous condition (12), and so the following integral equations can be
derived:

H ¡ 2
R 0

@h

@y1
Gh dS ¡

R 1

h
@Gh

@q
dS +

R 2

h
@Gh

@y1
dS

+
R 3

c eUc exp
i sSr

R
@Gh

@n
dS = 0 (on R 0) (13)

1
2

h ¡
R 0

@h

@y1
Gh dS ¡

R 1

h
@Gh

@q
dS +

R 2

h
@Gh

@y1
dS

+
R 3

c eUc exp
i sSr

R

@Gh

@n
dS = 0 (on R 1 or R 2) (14)

where Sr = x R / Uc is the Strouhalnumber.The strengthof the shed-
ding vortex sheet c e is determined by applying the Kutta condition,
which requires the normal derivativeof the Bernoulli enthalpy to be
zero at the inlet edge of the ori� ce; that is,

@h

@x1
(x1 = 0, r = R ¡ ) = 0 (15)

It is equivalent to requiring the normal velocity to be zero there.

III. Numerical Implementation and Numerical Results
Equations (13–15) are solved numerically by the boundary ele-

ment method. The variables are normalized as

x̄1 = x1 / R, r̄ = r / R, T̄ = T / R, h̄ = h / q 0 x
2 R2

¯c e = c e / x R, Ūc = Uc / x R = 1/Sr

By the advantage of the axisymmetry, the surface integrals in
Eqs. (13) and (14) can be reduced to the line integrals. The
line integrals are evaluated by 10-point Gaussian quadrature. On
R 0, the unknown variable is @h̄ / @x̄1, and on R 1 and R 2 the un-
known variable is h̄. The upper limit on R 2 is truncated at 200R.
The number of the control points on R 0 , R 1 , and R 2 are N0 , N1 , and
N2 and respectively, and the total number of the control points are
N = N0 + N1 + N2 . The last term of both Eqs. (13) and (14) is the
contributionof the unsteady vortex sheet, and the only unknown is
the vortex sheet strength ¯c e at the leading edge.The geometry of the
free streamline is obtained from the interpolationof the experimen-
tal data in Ref. 10. The upper length of the streamline is truncated
at 100R. Equations (13) and (14) are discretized into the following
linear equations:

N

j = 1

ai j k j ¡ bi Ūc ¯c e = H (1 · i · N0)

N

j = 1

ai j k j ¡
1
2

k i ¡ bi Ūc ¯c e = 0 (N0 + 1 · i · N )

k i =

@h̄

@x̄1

x1i , ri (1 · i · N0)

h̄ x1i , ri (N0 + 1 · i · N ) (16)

P(x1i , ri ) are the control points on the integral surfaces. The in� u-
ence coef� cientsai j and bi are evaluatedusing the methoddescribed
in Ref. 11. The Kutta condition (15) is approximately given by

k i = 0 (i = N0) (17)

The linear equations in Eq. (16) together with Eq. (17) are solved
by the Gauss elimination method. Particular care is taken around
the geometrical singularity at edges of the ori� ce by decreasing the
distances between the control points near to the edges.

The Rayleigh conductivityC is de� ned by the relation

C =
i x q 0 Q

p+ ¡ p ¡
(18)

where p+ ¡ p ¡ is the applied pressure difference across the ori� ce
and the volume � ux Q is given by

Q =
1

i x R 0

@h

@x1
dS (19)

The Rayleigh conductivityof an ori� ce in a thin plate is equal to 2R
when there is nomean � ow throughit. Thus,C and Q arenormalized
as

C̄ = C / 2R, Q̄ = Q / p x R3

Then

C̄ = c ¡ i d = ¡ (i p Q̄ / 2H̄ ) (20)

where c and d are the functions of two parameters, the Strouhal
number Sr and the nondimensional thickness T̄ . When T̄ ! 0 and
the shape of the vortex sheet is selected to be cylindrical, the present
numerical results of the normalizedRayleigh conductivityare com-
pared with the analytical results of Howe.1 The consistency is vali-
dated by the good agreement between them, as shown in Fig. 3. In
Fig. 4, the normalized Rayleigh conductivity is plotted as a func-
tion of the Strouhal number for different nondimensional thick-
ness. As shown in Fig. 4b, when T̄ =2.0, d is negative in range of

Fig. 3 Comparison between numerical and analytical results of the
normalized Rayleigh conductivity.
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1.08 < Sr < 1.48. Further numerical tests show that, when T̄ > 1.5,
there exists a certain range of Strouhal number where d is negative.
Contrary to this result, the analytical results of Ref. 1 show that d is
always positive in the situation of an in� nitely thin plate.

IV. Experiment
The experimental setup is shown in Fig. 5. A two-microphone

technique developed by Johnston and Schmidt12 is employed to
measure the impedance of perforated plates with bias � ow. The
impedance tube is 1 m (39.37 in.) long, and its cross section is a
100 £ 100 mm (3.94 in.) square. The � rst cutoff frequency of the
impedance tube is 1715 Hz. At one end of the impedance tube is the
sound source, which consists of four loudspeakers; at the other end
is the test perforated plate. Two 1

4
-in. (6.35-mm) microphones are

mounted � ush with the inner surface of the impedance tube, and the
spacing between them is 100 mm (3.94 in.). The distance between
the test perforated plate and the nearest microphone is 300 mm
(11.32 in.) An anechoic chamber is connected to the impedance
tube just behind the test perforatedplate, and its cross section is the

Fig. 4 Normalized Rayleigh conductivity as a function of Strouhal
number for different nondimentional plate thickness.

Fig. 5 Schematic of the experimental setup; dashed arrows indicate the path of the air� ow.

same as that of the impedance tube. The inner wall of the anechoic
chamber is lined with sound absorbing materials. A sound absorb-
ing wedge made of foam is installed inside the anechoic chamber,
and there is a cavity beween the wedge and the back wall of the
anechoicchamber.The absorptioncoef� cient of the anechoiccham-
ber is over 0.99 above 200 Hz. There are four air� ow inlets in the
back wall of the chamber, through which steady, but adjustable,air-
� ow enters the anechoic chamber. The volume � ux of the air� ow
is measured by a rotameter. The air� ow goes through the test per-
forated plate and the impedance tube, then � ows into the air at the
end of the loudspeakers. In the present experiment, an harmonic
sound source is used. According to Ref. 12, the acoustic impedance
of the test perforated plate can be calculated from the amplitudes
of the sound pressures at two locations along the impedance tube
and the phase difference between the sound pressures, which are
measured by the two microphones.The sound pressure level (SPL)
in the impedancetube is keptwithin the range90–120dB. It hasbeen
checked that over this range the measured acoustic impedance is
independentof the SPL. Four differentperforatedplates are selected
to test their acoustic impedancein thepresenceof bias � ow. For all of
the test perforated plates, the ori� ces are arranged in square arrays.
The geometry of a typical perforatedplate constructedwith square-
edged ori� ces is shown in Fig. 6. The geometricalparametersof the
test perforated plates are shown in Table 1.

Table 1 Geometrical parameters of the test perforated plates

Number R, mm (in.) D, mm (in.) T , mm (in.) r , %

1 1.6 (0.0630) 20 (0.787) 2.0 (0.0787) 1.29
2 2.0 (0.0787) 30 (1.181) 2.0 (0.0787) 1.13
3 2.5 (0.0984) 30 (1.181) 2.0 (0.0787) 1.77
4 2.5 (0.0984) 30 (1.181) 3.0 (0.1181) 1.77

Fig. 6 Perforated plate geometry.
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V. Results and Discussion
Provided that the spacingbetweenthe ori� ces is far larger than the

ori� ce radius,the normalizespeci� c acoustic impedance z p of a per-
forated plate is related to the RayleighconductivityC = 2R( c ¡ i d )
as follows:

z p =
p ¡ ¡ p+

q 0c0u
=

p k R

2 r

d

c 2 + d 2
¡ i

c

c 2 + d 2
(21)

where u is the normal acoustic particle velocity on the surface of
the perforatedplate. We also try to calculate the normalizedspeci� c
acoustic impedance of a thick perforated plate with bias � ow by
an analytical model. The analytical results of Howe1 are employed
to calculate the normalized speci� c acoustic impedance of a thin
perforated plate with bias � ow. If the normalized speci� c acoustic
impedance of a thin perforated plate is considered as the end cor-
rection ze , that of the corresponding thick one can be tentatively
written as

z p = ze ¡ ikT / r (22)

The last term of Eq. (22) is due to the thickness of the perforated
plate. In both the numerical and the analyticalcalculations,the con-
vected speed of the shed vortices Uc is taken as average bias � ow
speed through the ori� ce. The Strouhal number Sr = x R / Uc can
be rewritten as

Sr = k R / M (23)

Thus, the acoustic impedancegivenboth by Eqs. (21) and (22) is the
function of three nondimensional parameters: the bias � ow Mach
number M , theHelmholtznumberk R, and thenondimensionalplate
thickness T / R.

In Figs. 7–10, the numerical results of Eq. (21) and the analytical
results of Eq. (22) are compared with the experimental data. The
normalized speci� c acoustic resistance r p and normalized speci� c
acoustic reactance x p are plotted as the functions of the bias � ow
Mach number M at given Helmoholtz number k R. The obvious
discrepancy between the results of Eq. (22) and the experiment, es-
pecially for the normalized speci� c acoustic reactance, shows that
the normalized speci� c acoustic impedance of a thick perforated
plate with bias � ow is more complicated than a simple combination
of the thickness term ¡ ikT / r with the end correction. The com-
plexity arises from the separationof the mean stream from the inlet
edge of an ori� ce. The present numerical model takes this factor
into consideration,and so the numerical results qualitativelygive a
good prediction of the experimental data.

The results of Figs. 7–10 show that, in the presence of bias � ow,
plate thickness in� uences the normalized speci� c acoustic reac-
tance in a completely different way from the situation without bias

Fig. 7 Normalized acoustic impedance zp plotted as a function of
bias � ow Mach number M for perforated plate 1; T/R = 1:25 and kR =
8:87 £ £ 10 ¡ 3.

Fig. 8 Normalized acoustic impedance zp plotted as a function of
bias � ow Mach number M for perforated plate 2; T/R = 1:0 and kR =
2:22 £ £ 10¡ 2.

Fig. 9 Normalized acoustic impedance zp plotted as a function of
bias � ow Mach number M for perforated plate 3; T/R = 0:8 and kR =
1:39 £ £ 10¡ 2.

Fig. 10 Normalized acoustic impedance zp plotted as a function of
bias � ow Mach number M for perforated plate 4; T/R = 1:2 and kR =
2:77 £ £ 10¡ 2.
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� ow. When the bias � ow Mach number is near zero, the normal-
ized speci� c acoustic reactance is approaching the classical value
¡ k(1.7R + T ) / r . This result is expected because the effect of the
bias � ow gradually diminishes as the bias � ow speed tends to zero.
When the bias � ow speed is increasing,the absolutevalueof the nor-
malized speci� c acoustic reactance decreases. As a result, it loses
all of the value due to the plate thickness at high bias � ow speed.
We try to give an explanation to this phenomenon. When the bias
� ow speed is high, the wavelength of the shed vortex wave is far
larger than the ori� ce radius, and so the � ow in the region down-
stream from the ori� ce inlet is in a quasi-steady state. In such a
state the � ow is almost quiescent outside the jet, so that the effect
of the tube wall is expected to be little. In Figs. 7–10, it is also
shown that plate thickness has a marked in� uence on the normal-
ized speci� c acoustic resistance. As the bias � ow speed increases,
the increasing tendency of the normalized speci� c acoustic resis-
tance is generally unchanged. However, within a certain range of
the bias � ow speed that is near to zero, the normalized speci� c
acoustic resistance decreases with the increasing bias � ow speed.
By contrast, the normalized speci� c acoustic resistance linearly in-
creases with the increase of the bias � ow speed in the case of a thin
plate. Kooi et al.13 observed the decrease of the acoustic resistance
of a thick perforated plate due to bias � ow. However, no theoretical
explanation is given in Ref. 13. Furthermore, the present numerical
results show that, when T / R > 1.5, there exists a certain range of
Strouhal number where d is negative. Therefore, in this range of
Strouhal numbers, the normalized speci� c acoustic resistance can
even decrease to negative values according to Eq. (21). However,
the normalized speci� c acoustic resistance is always positive for a
thin perforated plate with bias � ow. Both the present experimental
and numerical results show that the effect of plate thickness on the
acoustic resistance and acoustic reactance gradually diminishes at
high � ow speed. As a result, the acoustic properties of a thick per-
forated plate are similar to the corresponding thin one at high bias
� ow Mach number.

Note that the separated bias � ow reattaches to the tube wall of an
ori� ce when nondimensionalplate thicknessis large.When the reat-
tachment happens, it is necessary to developa model that takes such
a factor into consideration to give good predictionsof experiments.

VI. Conclusions
Acoustic properties in the presence of steady bias � ow of a kind

of perforatedplate, which is constructedwith square-edgedori� ces
in a plate of small, but � nite thickness, are studied. It is shown
that plate thickness,which is characteristicof the real structure, has
marked in� uence on both the acoustic resistance and the acoustic
reactance.

1) When the bias � ow speed is near zero, the acoustic reactance
approaches the sum of the values due to the plate thickness and the
end correction. As the � ow speed increases, the acoustic reactance
decreases. As a result, all of the value due to the plate thickness is
lost at high � ow speed.

2) As the bias � ow speed increases, the increasing tendency of
the acoustic resistance is generally unchanged. However, within a

certain range of the bias � ow speed that is near to zero, the acoustic
resistance decreases with the increase of the bias � ow speed. Fur-
thermore, the present numerical results show that the acoustic resis-
tance can even decrease to negative values provided that the ratio
between the plate thickness and the ori� ce radius is larger than
1.5.

3) At high � ow speed, the effect of plate thicknesson the acoustic
resistance and acoustic reactance gradually diminishes. Therefore,
the acoustic properties of a thick perforatedplate with bias � ow are
similar to the corresponding thin one.

4) The separationof the mean streamat the inletedgeof the ori� ce
accounts for the described acoustic properties of a perforated plate
with bias � ow, which are by no means explained by the simple
combination of the values due to the plate thickness with the end
correction.
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