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Introduction

In Part 1, the concepts of modal analysis were introduced. In structural vibration analyses,
knowing the resonant frequencies and associated mode shapes a mechanical system’s
response to an arbitrary excitation can be predicted. The vibrating portion of a
loudspeaker, particularly a distributed mass/stiffness acoustic enclosure like a transmission
line, can be considered a mechanical system and modal methods used to understand its
behavior and performance.

An arbitrary excitation will excite all modes to various degrees depending on the frequency
content and the location of excitation. The summation of the individual modal responses
will yield the complete system response. If an excitation is focused at a single frequency, or
a narrow band of frequencies, the nearby modes in the frequency domain will dominate
the summed system response. Also, depending on the location of excitation modes may be
strongly excited or not at all. The intent of this presentation is to study the modes
calculated from a set of mathematical models and use these results to interpret and
understand the measured near field SPL response of a TL loudspeaker.
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The Satori TL Speaker Design

s
!

My recently completed Satori TL will be used as a
test bed for several upcoming presentations.
During the original design and build, a complete
set of nearfield and in room SPL acoustic
measurements as well as electrical impedance
measurements were made. The initial write-up
contained some of these measurements and
correlation with simulation results. Selected
measurements taken during the build and
verification of the TL design will be examined in
more detail in this study.

http://www.quarter-wave.com/Project13/Project13.html
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Raw Near Field Measurements
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Models Used in the Analyses
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The 1D MathCad model can be solved quickly and efficiently. It assumes the oscillating
pressure and velocity are constant for cross-sectional areas normal to the centerline. The
model treats the enclosure geometry as if it were a straight line with local expansions and
contractions representing changes in cross-sectional area at the corners or the restriction
at the terminus. The boundary condition at the terminus can be either a simple zero
pressure and zero velocity slope or a frequency dependent acoustic impedance. This 1D
model was used to represent the enclosure subsystem to calculate resonant frequencies
and mode shapes of the air volume in the TL as well as the complete speaker system
(woofer plus air volume) to calculate the electrical impedance and SPL responses.

The 3D ANSYS FEM takes longer to solve and only calculates the resonant frequencies and
mode shapes of the air volume in the enclosure subsystem. There are no assumptions
made on the oscillating profiles along the length for the pressure distribution in the
enclosure. The boundary condition at the terminus is set to zero pressure. Contour plots of
the pressure profile/distribution for each mode shape are insightful for understanding the
oscillating air velocity behavior along the TL's length including through the folds.

Correlating results of both models with test data needs to be done carefully to ensure an
apples-to-apples comparison and to keep track of the impact of the assumptions on each
model’s results. The air volume displaced by the back of the driver, particularly the large
magnet, is not considered in either analytical model.



Correlation of Measurements and Analyses

The design of the Satori TL was done entirely with the latest MathCad models. As part of
the verification process, small signal electrical impedance and near field SPL measurements
were performed using Praxis to determine how accurate the simulations predicted the
measured responses. The raw measurement data shown on previous slides was exported
from Praxis as text files, imported into the MathCad models, and plotted overlayed on the
predictions for the frequency range 10 to 1000 Hz. The electrical impedance and near field
woofer SPL measurements and calculated results correlated very well. The near field
terminus SPL measurements and calculated results for the empty TL correlated well below
400 Hz but above 400 Hz the correlation was not as clean. The following slides will attempt
to shed some light on the air behavior in the empty TL enclosure that led to the differences
between measurements and the MathCad predictions for the near field terminus SPL
results.



Correlation of the Electrical Impedance and the Near Field Woofer and Terminus SPL Plots
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Correlations are shown for the MathCad model and
Praxis measurements of the empty right TL speaker. Top
left plot shows the electrical impedance, top right plot is
the woofer SPL, and bottom right plot is the terminus
SPL. The electrical impedance and near field woofer
measurements correlate very well. The near field
terminus measurement shows peaks and nulls that
correlate well below 400 Hz, but above 400 Hz things do
not line up as well and there appears to be more peaks
and dips in the measurement
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Correlation of the Electrical Impedance and the Near Field Woofer and Terminus SPL Plots
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Correlations are shown for the MathCad model and
Praxis measurements of the stuffed right TL speaker. Top
left plot shows the electrical impedance, top right plot is
the woofer SPL, and bottom right plot is the terminus
SPL. The electrical impedance and near field woofer
measurements correlate very well. The near field
terminus prediction and measurement shows rolling
peaks and nulls that correlate well below 100 Hz, but
above 100 Hz they do not line up and there still appears
to be extra peaks and dips in the measurement
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Terminus Calculated and Measured SPL Response for the Empty Transmission Line
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The key to understanding the behavior of the TL enclosure is the undamped terminus SPL plot
between 100 Hz and 1000 Hz. The 1D MathCad model results are shown above as the solid red line
while the Praxis measured results are shown as the dashed red line. The peaks and nulls result from
the standing waves at the respective resonant frequencies. Below 400 Hz, the MathCad model and
the measurements correlate well. Above 400 Hz the measured SPL curve exhibits more peaks and
dips and is also about 10 dB lower than the calculated curve. Studying these terminus SPL response
curves will lead to a better understanding of the air’s vibration behavior in the TL enclosure.
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Terminus Calculated SPL Response for the Empty Transmission Line
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The plot above shows the calculated speaker system terminus response from the 1D MathCad
model. The model includes the interaction of the driver on the enclosure resonances and standing
waves. The model also includes an acoustic impedance boundary condition at the terminus which at

low frequencies acts like an additional mass (effectively extending the length of the TL, the often-
referenced end correction).
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Terminus Measured SPL Response for the Empty Transmission Line
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The plot above shows just the measured terminus SPL response. As much as we work with and
believe in simulations, they are only approximations. The plot above displays reality. Compared to
the 1D calculated response there are significantly more peaks and nulls, in particularly above 400
Hz, which is evidence of unaccounted for resonances. Some of the peaks and nulls can and will be
explained, and some are still an open question requiring additional work if they are to be resolve.
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To gain an understanding of the various peaks and dips in the measured near field terminus SPL
response, two analytical models were exercised and correlated with the test data.

1.

Results from an ANSYS 3D Finite Element Model are shown in Attachment 1. The model
calculates the resonant frequencies and mode shapes of the air volume inside the TL enclosure,
the natural vibrating motions at the different resonant frequencies. The plots only show the
oscillating pressure profile, remember that the velocity profile is a function of the gradient of
this pressure profile. The limitation in this model is that the mode shapes are normalized, they
tell us the frequency and pressure profile but not the actual pressure magnitude. These
frequencies and mode shapes were correlated and tabulated with the peaks and dips in the
measured terminus SPL data.

Results from a MathCad 1D model were used to calculate the air’s oscillating volume velocity,
pressure, and displacement magnitudes for each of the various axial mode’s peaks and dips in
the terminus SPL response, they are shown in Attachment 2. The limitation in this model is the
missing influences of the non axial resonances in the calculated results (the extra peaks and
nulls in the measurement data).

After reviewing these two sets of comparisons, several observations will be offered. Not often are
the internal air motions and pressures plotted for a speaker enclosure. Many of the statements
made about internal air behavior in a TL speaker enclosure are just speculations that get repeated
enough times they take on some degree of validity. Some of these theories are really good and
insightful observations, while some are just plain old BS.
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MathCad = ANSYS 3D

35
144
242
339
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526
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594
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721
735
757
759
807
360
873
878
910
938
[Hz}

Description
1/4 Wavelength
3/4 Wavelength
5/4 Wavelength
7/4 Wavelength
9/4 Wavelength
11/4 wavelength
13/4 Wavelength
1/4 Side to Side
3/4 side to Side
15/4 Wavelength
5/4 Side to Side
1/4 Front to Back
17/4 Wavelength
7/4 Side to Side
9/4 Side to Side
11/4 side to Side
19/4 Wavelength
3/4 Front to Back
13/4 Side to Side
21/4 Wavelength

Simple BC at the Terminus : p=0and du/dt=0
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The resonant frequencies and mode shapes calculated by the ANSYS 3D finite
element model are contained in Attachment 1. For each mode, the pressure
contour plot is shown from different views on the left side of the page. On the right
side of each page, the pressure profiles along inside (top) and outside (bottom)
paths proceeding from the closed to the open end are also plotted. Looking closely
at the pressure contour and path plots, remembering that velocity is a function of
the pressure gradient, every mode has a component of velocity in the TL path’s
axial direction. Air vibration at the open end produces the measured near field SPL.

The table at the left summarizes the ANSYS model’s calculated resonant
frequencies and mode shapes. The ANSYS 3D model results shown in the table
assume a simple BC at the terminus, an acoustic end correction is not included.
These resonant frequencies should in general be a little higher than the speaker
system’s calculated and test results.

For comparison, the MathCad 1D subsystem model, just the air volume in the TL,
with the same simple BC is also shown in the table. The highlighted rows in the
table are all modes with the potential for producing a null in the terminus SPL
response due to a minimum axial acoustic impedance between the offset woofer
position and the closed end (approximately 3/4, 9/4, 15/4, and 21/4 wavelength
axial pressure profiles).

The correlation between the MathCad 1D model and the ANSYS 3D model is good
up to the frequency where additional modes are calculated from the 3D geometry.
Above 600 Hz, the density of modes in the frequency domain increases significantly
because of the 3D solution.

None of the results in the table include the impact of an offset driver, they strictly
describe the natural vibration behavior of the air column in the TL enclosure.

Part 2 — Measurements and Analyses 17



Reviewing the frequencies tabulated on the previous slide, and the plotted results shown in Attachment 1,
several observations are made.

1.

The resonant frequencies and mode shapes are of the TL air volume subsystem only. This is equivalent to
the center columns shown in the tables in Part 1 Slide 16.

The color contour plots show the pressure profile in the air volume for the various resonant frequencies,
these are the mode shapes. The pressure values are oscillating between positive and negative at the
resonant frequency of the mode shape, picture the color contours flipping colors (red to blue and back to
red at the extremes) during each vibration cycle.

The magnitude of the pressure is a normalized value and not an actual magnitude. Good for picturing the
behavior and distribution but not very useful in assessing the impact on the driver’s cone motion, the
enclosure walls, or the SPL response produced.

Notice that the pressure contours are always normal to the enclosure walls and for the axial modes the
profile is normal to the axial path along the TL's length.

Since the velocity is the gradient of the pressure, the velocity at the boundaries will always be parallel to
the enclosure walls.

Unlike a sealed or ported enclosure, the maximum pressure at resonance is very localized and not a
constant throughout the enclosure volume. Less efficient excitation of the enclosure walls?

For the two plots on the right when the blue pressure profile, the solid line, and the dashed line intersect
a null should be expected in the terminus SPL response. When the dashed line intersects the pressure
profile near a peak, a maximum in the SPL output should be expected.
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1/4 Wavelength
3/4 Wavelength
5/4 Wavelength
7/4 Wavelength
9/4 Wavelength
11/4 Wavelength
13/4 wavelength
1/4 Side to Side
3/4 5ide to Side
15/4 wavelength
5/4 Side to Side
1/4 Front to Back
17/4 wavelength
7/4 Side to Side
9/4 Side to Side
11/4 Side to Side
19/4 Wavelength
3/4 Front to Back
13/4 Side to Side
21/4 wavelength

ANSYS Model w/ Simple BC at the Terminus : p=0and du/dt=0
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The table at the left compares the MathCad 1D model with an offset
driver and acoustic BC at the terminus, the ANSYS 3D model without a
driver and with the simple BC at the terminus, and the measured near
field terminus SPL response (reality).

While it is obvious what each mode shape is in the analytical models,
reviewing the test data and assigning a label was not always so
straightforward. The modes in the table were matched by carefully
looking at the peaks and dips, some judgement (particularly between
modes 8 and 10) was used when correlating the results.

The table does not represent a completely apples to apples set of
comparisons, each of the analytical models is missing a key ingredient
that is present in the measured test data. The driver, the 3D geometry,
and the correct acoustic boundary condition at the terminus are never
all present in either computer simulation. But the results are all close
enough (within about 5% or less) to be considered an accurate
representation of the measured test results, and therefore
demonstrate the air behavior along the length of the TL enclosure.

From the results shown on Slide 13, the 1D model is an accurate
representation of the TL behavior up to the onset of 3D motions. The
peaks and nulls line up well below 400 Hz. Above 400 Hz, the ANSYS 3D
model is a better representation of the various modes but not a good
indicator of the magnitude of the SPL response.

Part 2 — Measurements and Analyses 19



Reviewing the frequencies tabulated on the previous slide, and the plotted results shown in Attachment 2,
several observations are made.

1.

The resonant frequencies and mode shapes in the axial path direction for the TL correlate well between
the MathCad and ANSYS simulations. This is evident by comparing the pressure profiles along the two
paths in Attachment 1 with the pressure profile plotted in Attachment 2 for corresponding modes.

The important results shown in Attachment 2 are the magnitude of the pressure, volume velocity, and
displacement of the oscillating air for a 2.828-volt input (1 watt into 8 ohms). This helps quantify the air
behavior in a TL. After studying the mode shapes shown in Attachment 2, observations can be made
about what postulated air behaviors really exists and what are incorrect speculations.

The non-axial modes calculated by the ANSYS model, shown in Attachment 1, are weakly coupled to the
driver. The driver is centered so it is on a pressure null for the side-to-side modes and in a region of low
oscillating pressure for the front-to-back modes. Also recognize that at these higher frequencies the
oscillating pressure, volume velocity, and displacement will have much lower magnitudes compared to the
first few axial modes.

While the modes below 400 Hz correlate well with the measured results, above 400 Hz the measured SPL
is on average 5-10 dB lower than the MathCad predictions. There are three potential causes that come to
mind. Inaccurate acoustic modeling of the 180-degree bend, the non-axial modes combining with and
diluting (resulting from phase differences between the modes) a portion of the axial mode’s response, or
damping introduced by the foam used to seal the enclosure (not very likely IMO). Since the magnitude of
the peaks for the modes below 400 Hz correlate well, | do not believe there are geometric induced
acoustic losses introduced by the folding of the TL path that would account for this 5-10 dB difference.
The first and second potential causes seem to be the most likely contributors to the reduced SPL output.



Key Take Aways from Part 2

The important standing waves that shape the Satori TL's low frequency response and any ripple in the SPL response are those
below the 9/4 wavelength mode, in this case the modes below 400 Hz. Above 400 Hz the fiber damping and the crossover control
the Satori TL's SPL response.

The mode shapes of the quarter wave resonances are like an accordion, the stretching and compressing of the air produce small
changes in pressure and small axial displacements. Using modal analysis, any pressure and displacement profile in the TL can be
decomposed into a linear combination of these quarter wave mode shapes.

Considering the oscillating pressure profile of each mode, and thinking about summations of multiple modes, a few often claimed
behaviors can be ruled out. There are no laminar or turbulent flows, no vortices produced, no separation of an air layer in the
folds, and no dead zones in the corners. There are just very small local back and forth axial oscillations of the air without any net
flow or other fluid dynamics behaviors.

There are no broad band reflections of sound off the rear wall coming back to the driver and then transmitting through the cone.
The only significant reflection present in a TL is at the terminus boundary condition which is required to generate axial standing
waves. The axial standing waves can produce enough back pressure to impact the driver’s cone motion, but this is at specific
frequencies and is not a broad band reflection as commonly described on the various DIY speaker design forums. Nonparallel
walls do not eliminate enclosure resonances and standing waves, they just change the frequencies of the resonances.

The behavior of the air vibration through the folds in the TL is not handled cleanly by the 1D wave equation used in almost all TL
simulation software. The 1D wave equation is not valid for folded geometries (the more folds the more inaccurate the
simulation). The next study, Part 3, will show the concerns and hopefully produce some recommendation to improve modeling
accuracy. But for right now, the simple 1D models of a single- or two-fold TL can produce accurate enough results so an enclosure
can be designed with reasonable expectations of success.

Adding fiber damping reduces the peaks and nulls in the system SPL response as seen by comparing the plotted terminus results
on slides 11 and 12, which will further reduce the magnitudes of the oscillating air motions shown in Attachment 2 significantly.
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Attachment 1 : ANSYS 3D Model Results

Each page contains a calculated resonant frequency, mode shape
pressure contour plot viewed from different angles (left larger plot),
and the pressure profile along an inner path (top right plot) and an
outer path (bottom right plot) from the closed end to the open end. In
each pressure contour plot, the front view (lower left plot) has the
woofer location outlined by a black circle. In the pressure profile plots,
a dashed vertical line is added to show the offset woofer’s axial
position and a solid horizontal line is placed at zero pressure.
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- 499 . 833 1199.12 : %%;%;425
m  006.444 , \ o
L DIST=.75
I: ggg . ggg @ 899.34 : % :55,
:| ¥ 1 ZF =.5
1166.28 S s 7-BUFFER
. B [}
B 1335089 !
B 1995 o :
0 ' 1 !
o 166.611 -
s Sfen 04 149,59 !
(=] I :
499,833 , 1
Bt el B S G nll
Satorl WO24 L 11 a 5 : l TE - 1499 . 5 Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
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Axial Mode 3 —144.3 Hz

ANSYS 2023 R1 Fuild 23.1
Build 23.1 2%4%2023
NOV 6 2023 1898.195 ' g%g}l
09:29:08 1546.615 ! ?‘Rugoiilél 281
PILOT NO. 3 : EATH EL
NCODAL SCLUTTICHN 195,036 1 NCD2=13411
Oy e ' Bter=.75
SFPUBE ;=2 491.878 : % ::55’
PRES 144 ) 281 140.299 : %EBUEZTEIR
SMN =-1617 .6 1.2 !
SMX =1900.19 a5
= :%S%% : 23 -914.438 :
- : .
: —835 875 ~1266.017 1
_445 -1617.5% 1
E 0 368 .76 1.104 1.472 1.843
[ —o4.1342 Pt 1osed Baa ———'>920pen Erlldzss(m) 16
e 336.731
727 g 597 Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
L] 1118.46 ANSYS 2023 Rl
= X Build 23.1
I 1509.33 W 12623
1900.19 BOTID. 2
-1617.6 192,02 ! STEE-1
= =1226.73 150,449 : E%Bgiﬁzel
—835.865 1 NOD1=17
I: _aa5 1197.877 i NOP—13425
847.305 1/ Zv =1
= -54.1342 ¥ el
] 336.731 ! o
l:l 727 . 597 146.161 1 Z-BUFFER
B 1118.46 i
B 1509.33 :
1900.19 e |
- :%S%% . '?3 ~905.555 :
- . -1256.127 1
—835.865 1606699 == 1
. . (=] %%%g %g . nclloszed'sEs%d :,i‘%%;:s;ééf“(;)‘m I
Satorl WO24 : InRlel L S 5 : l TE - 1900 . 19 Satori Wo24P-4 Woofer in a 5:1 Tapered Transmission Line
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Axial Mode 4 — 242 .3 Hz

ENSYS 2023 R1 Bl 23 1
Build 23.1 101425
NOV 6 2023 _ / =hg
09:29:10 2394.486 ! | 42271
FLOT HNO. 4 ' : PAT PLOT
NCDAL SCLUTTICN 1963.984 1 NoD2=13411
STEPZ:I_ 1533.402 1 zZv =1
SUB =3 ! ey
1102.86 1 YF =.5
FEES AL 672.318 : ggBU;ﬁ'ER
SMY =—1492 .67 !
SMX =2830.06 |
= :%%%% i g% -619.308 :
] : X
: _532 2 064 -1049.85 1 ‘
-51.7611 1450, 1
[ 428 542 0 o Ty B, MM LA 1
- 2 "Closed End ——-> Open End (m) :
= 908.845
l:l 1389 . 15 Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
R s gy
— 2349.75 Nov 1 2023
2830.06 E. s
_1492 ’ 67 2828.611 1 ; S'IEEil
= ~1012.37 ! oz
I: —532.064 1964.495 : 1\%%:%;425
—51.7611 -
O 428.542 : Bl
I:l 908 .845 1100.379[™ : g :g
l:l 1389.15 668.321 1 Z-BUFFER
! %ggg & %g 236.263 :
(. : I
. 2830.06 e 1
' ' ~1492.67 !
- = _1012 . 37 -1059.911 3 :
~532.064 s )
— 1869.45 O L, s e 1.477( 1).688 Lagg 2108
o - | _ AL —_— . Closed End ———> Open End (m
Satorli WORAPRM=Woofer in a 5:1 T “the = %g%g gg . . N
" Satori WO24P—4 Woofer in a 5:1 Tapered Transmission Line
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Axial Mode 5 —-339.2 Hz

ANSYS 2023 R1
Build 23.1
MOV 6 2023

PLOT NO. 5
NCDAL SOLUTICH
STEP=1

SUB =4
FREQ=339.216
PRES

SM =—1873.27
oM =1941.18
—1873.27
-1449.44
—-1025.61
—601.786
—177.958
245.869
669,697

Satori WoR24d Toorer in a 5:1 T4

1095 57
151735
1941.18
=1873,27
-1449.44
—-1025.61
—601.786
-177.958
245.869
669.697
1093, 52
151785
1941.18
=187 5,727
—-1449.44
-1025.61
1095 57
1517 .35
1941.18
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1935.843

1566.253

1196.658

827.063

457.468

87.873

—281.722

—651.317

-1020.912

—1390.507

-1760.102
.368 736 1.104 1.472 1.843

184 .552 92 1.288 1.656
Closed End ——> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

1937.121

1556.221

1175.325

794.429

413.533

32.637

—348.259

=729.155

-1110.051

—1490.947

/

-1871.843

.42z .84 1.266 1.688 2.108
.211 633 1.055 1.477 1.899
Closed End ———> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line




Axial Mode 6 —437.2 Hz

ANSYS 2023 R1
Build 23.1
NOV 6 2023
D=2 15

SMY =—2528.09
S =3145.07
—2528.09
—-1897.74
=1 2h Y
—637.041
—6.69025
623.661
1254.01

Satori WOR4PRsd=y

1584.36
2514.71
3145.07
—2528.09
-1897.74
—-1267 .39
—637.041
—6.069025
623.661
1254.01
1584 .36
2514.71
3145.07
—2528.09
-1897.74
—12B7. 39
1884.36
2514.71
3145.07
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3099.329

2539.374

1979.421

1419.468

859.515

= == - -

299.562

—260.391

-820.344

—-1380.297

-1940.25

[ .,

—2500.203

0 .368 RES 1.104 1.472 1.843
o 552 . 1.288 1.656
Closed End -——> Open End (m)

Satori Wo24P—4 Woofer in a 5:1 Tapered Transmission Line

3141.085
2575.602
2010.121
1444.64
879.159 \

313.67[ | |

-251.803 ) /
—817.284
-1382.765

—1948.246
f
/

=2513.72%
422 .844 1.266 1.688
2211 1.477 1

2.108
.633 1.055 9
Closed End ——> Cpen End (m)

.89

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

ANSYS 2023 R1
Build 23.1

NCD1=15

ANSYS 2023 R1
Build 23.1
NOoV 1 2023
10:17:42
PLOT NO.

POSTL
STEP=1

5

SUB =5
FREQ=437.157
PATH PLOT
NCD1=17
NCD2=13425
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Axial Mode 7 —526.2 Hz

ANSYS 2023 R1 Euild 23.1
Build 23.1 %4%%0236
NOV 6 2023 2066.746 ' ~ g%gil ’
09:29:13 T A =
PIOI‘ NO . 7 1663.551 "_«' \’\ 1 gg%%
NCDAL SOLUTICI mosssl | \ N 1311
T ' Beilye
SUB _6 453,966 : | A g :'g
FREQ=526 . 232 ' ! [ ‘ =
S —— 198743 e\ :
SMX =2640,22 bW /)
- :%2%; . %g -1158.814 [ ”,: ‘}‘
L] : / 1 \ J
= —959_065 -1562.003) / N/ \
—444 882 E \Vi
(= e 0 368 .36 1.104 1.472 1.843
| £9.3016 e 52 7”.>920pen Eéazss(m) 1.656
= 583.485
I:l 1097 . 67 Satori Wo24P-4 Woofer in a 5:1 Tapered Transmission Line
1611.85 ANSYS 2023 R1
L] 2126.04 Nov 12023
1] ' 10:17:42
2640.22 OO, 6
—1987 .43 2635.959 ' STRP=1
o —1473.25 : I\ f .
—959.065 1 [ \ NCD1-17
(] —444 .88 st N 1 NCD2=13425
= 69.3016 e [ Bt
583.485 ol [l w5
= I & =3
o 1097.67 ! B
B 1611.85 — ,
B 2126.04 “1 ;
2640 . 22 -536.47 “_: "‘ i
m s |- N
- . -1520.022( o Y,
~959.065 \ .
1611.85 -1981.798
- O g AR B L2 Lees o 2.108
2126 = 04 Closed End ———> Open End (m)
Satorl WO24 rina 5 - 1 TC 2640 & 22 Satori WO24P—4 Woofer in a 5:1 Tapered Transmission Line
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Axial Mode 8 — 604.7 Hz

ANSYS 2023 R1
Build 23.1
NCWV 6 2023
09:29:14

PLOT NO. g
NCDAL SCOLUTTICN
STEP=1

SUB =7
FREQ=604.655
PRES

SMN =—2415.29
S =3573.42
—2415.29
—-1749.88
—1084 .47
—419.055
246.350
911.768
1577.18

Satori WOrAPREESRSST=r in a 5:1 T4

2242 .59
2908
3573.42
—2415.29
-1749.88
—1084.47
—419.056
246,356
911.768
1577.18
2242.59
2908
3573.42
—2415.29
-1749.88
—-1084 .47
2242.59
2908
3573.42
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1962.233

1525.934

1089.638

653.342

217.046

-219.25
~655.546
-1091.842| /
-1528.138 /

—1964.434

—2400.73

.368 136 1.104 1.472 1.843
.184 552 .92 1.288 1.656
Closed End ———> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

3567.593

2975.909

2384.224

1792.539

1200.854

609.169

17.484[—7
-574.201| /
—1165.886

=138, 511

—_— e - ——— -

—2349.256

.422 7 1.266 1.688 2.108
211 .633 1.055 1.477 1.899
Closed End —-> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

NCD1=15
NCD2=13411
Zv =1
DIST=.75
XF =.5
2 =5
ZF =.5
Z-BUFFER

ANSYS 2023 R1
Build 23.1

NCD1=17
NOD2=13425

Zv =1
DIST=.75
XF =.5
¥F =.5
ZF _=.5
Z-BUFFER
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Side to Side — 680.0 Hz

ANSYS 2023 R1
Build 23.1
NOWV B 2023
09:29:18

PLOT NO. 9
NCDAL SCLUTTCR
STEP=1

SUB =8
FREQ=680.028
PRES

SMY =—2135.82
oM =2137.88
213582
-1660.95
-1186.11
—11.25
—236.395
238.4601
713.316

1188.17
1663.03
2137.88
=2 135,852
-1660.95
-1186.11
—Tiln?s
—2 363495
2358.4601
T13.316
1188.17
1663.03
2137.88
1 ah. 87
—1660.95
-1186.11
1188.17
1663.03
2137.88
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2022.7119

1820.448

1618.176

1415.904

1213.632

1011.36

Pressure (Fa)

809.088

606.816

404.544

202.272

0

368 .136 1.104 1.472 1.843
.184 .552 .92 1.288 1.656
Closed End ———> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

2018.401

1816.56

1614.72

1412.88

1211.04

1009.2

807.36

Pressure (Fa)

605.52

403.68

201.84

0

422 .84 1.266 1.688 2.108
211 .633 1.055 1.477 1.899
Closed End -——> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

ANSYS 2023 R1
Build 23.1

NCD1=17
NOD2=13425
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Side to Side — 694.3 Hz

ANSYS 2023 R1
Build 23.1
NOWV B 2023
09:29:17

SMY =—2724.96
oM =2726.01
—2724.96
—2119.3
-1513.64
-907.972
=302.309
203.355
909.018

Satori wozd

1514.68
2120 .35
2726.01
—2724.956
—2119.3
-1513.64
—907.972
=305k, S
203: 355
909,018
1514.68
2120.35
Delpt L
—2724.96
—2119:3
-1513.64
1514.68
212035
2726.01
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21707725

1696.121

1221.514

746.907

272.3

-202.307

—676.914

=1151.521

-1626.128

-2100.735

S Ry | PR 5 " G I PR [P

—2575.342

.368 136 1.104 1.472 1.843
.184 552 .92 1.288 1.656
Closed End ———> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

2160.092.

1686.429

1212.768

739.107

265.446

—-208.215

—

—681.876

-1155.537

-1629.198

—2102.859

—2576.52

422 .844 1.266 1.688 2.108
2 .633 1.055 1.47 1.899
Closed End ——-> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

1=15

NCD1=
NCD2=13411

-1

ANSYS 2023 R1
Build 23.1
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Axial Mode 9 — 695.5 Hz

ANSYS 2023 R1
Build 23.1
NoV B 2023
09:29:19

SMY =—3339.88
SME =3599.91
—-3339.88
—2568.8
-1797.71
-1026.62
—25h . 032
515.556
1286.64

Satori WoR4p=d= r in a 5:1 T3

2057.73
2828.82
2599.,91
—3339.88
-2568.8
-1797.71
—1026.62
—250.852
515:65A
1286.64
2057.73
2828.82
3599.91
—3339.88
25688
-1797.71
2057.73
2828.82
3599.,91

B0 BN RECCORECNR NRCORDON

Part 2 — Measurements and Analyses

2723.003 '
|
2125.36 1
1527.72 : {
930.08 I
I~ 1
fel
P 332.44
o i | ]
b _ |
E sesof— X1 1
i
o \/ 1
O -se2.84 \
2 1)
-1460.48 1
|
-20858.12 1
i V
-2655.76 1
1
-3253.4 \

.368 136 1.104 1.472 1.843
.184 552 .92 1.288 1.656
Closed End ———> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmissicn Line

3586.373

2901.276

2216.18

1531.084

845.988

160.892

-524.204

=1209.3

—1894.3%

-2579.492

-3264.

.422 844 1.266 1.688 2.108
211 1633 1.055 1.477 1.899
Closed End ———> Open End (m)

Satori Wo24P-4 Woofer in a 5:1 Tapered Transmission Line




Side to Side — 720.9 Hz

ENSYS 2023 Rl Baild 55
Build 23.1 013
MoV 6 2023 2002.102 ' E%Eil '
09:29:20 =
PLOT NO. 12 e ! PATH PLOT
NCDAL SCLUTICN / | No-13411
STEP=1 259.814 1 B A
SUB =11 e i : 1 i s
FREC=720.897 ' ! \ o
PREZ ~901.714 1 Z-BUFFER
SMN :_4 022 3 77 *1482.478/ :
SMY —4024.49 .
—4022.77 1
= *3128 . 63 -2644.006 :
= —2234.49 2471 1
= —1340.35 385,53 L
= -446.212 o oy s T 1 10]43nd88(1)472 L 168
. 447,928 osed "open i
I: 1342 . O'_.'" Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
B 2236.21 s 203
- 3130.35 hfg\?n}ééza
4024 .49 HLOT D, 11
402277 20305713, TSl STEP=1
= . . . /‘,/‘ A R0 697
(] ' 864,612 ! \ NoDA—13425
—1840.35 !
B —446.212 ! mo,
O] %Zlésa%g / ! 7 o3
== § 890,547 1 Z-BUFFER
2236.21 !
o 313035 .
4024 .49 ~2060.653 :
—d022.77 ~2645.706 1
= —3128.63 1
5534 .49 -3230.759 :
- 2236 ~ 21 S 0 .844 1.266 1.688 2.108
Satori Wor4 mooter in a 5:1 T3 [E 2%23 ig “ormd B~ Gl Ly
Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
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Front to Back — 734.7 Hz

ANSYS 2023 R1 SRR
Build 23.1 101431
HNOV & 2023 o , BT '
0929221 1 SUB =12
PLOT 1NO. 13 4266.355 : I%i“?:%% 698
NCDAL SCLUTICI 3743.583 1 NCD2=13411
g%Pi%Z L 3220.811 : g‘I]ST;%S
FREQ=734.698 [ ! -
S —4289.74 | i
SMX =4797.22 i |
-4289.74 !
= —3280.08 606.951 :
—2270.42 84.179 } /\\\ PRESSURE
] ‘ N
mm 1260.76 o I
- _251 . 095 s P sy T gy M g TR o TP
758 . 568 Closed End —--> Open End (m)
|
I: 17 68 . 23 Satori WOR4P-4 Woofer in a 5:1 Tapered Transmission Line
4 27T .89 ANSYS 2023 R1
- 3787 55 Build 23.1
[ ' Bh7ia™
4797 .22 FLOT MO, 12
mm  2289.74 ; S
-3280.08 ! / FREn734..698
= oz I /) e | B FOR
—2270.42 ] S| noo1-17
(. —1260.76 ~206.761 ! / X \/ NOD2=13425
- —25] [.)95 -714.648 /\: zv =1
5 DIST=.75
== 758.568 . ! i
= 1766.23 o ]
mm 2/77-89 1]
— 3787 .55 s f |
4797 .22 ~2746.196 !
mm 1289.74 e !
B 3280.08 . |
—2270.42 e :
| | | w557 cs e
Satori WORAPTHeMEEERE i 4 5:1 Tapered Tran e .
) Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line
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Axial Mode 10— 757.5 Hz

ANSYS 2023 R1
Build 23.1
NCWV 6 2023
09:29:27

PLOT NO. 14
NCDAL SCOLUTTICN
STEP=1

sUB =13
FREQ=757 .457
PRES

SMN =—2473.85
S =3553.79
—2473.85
—-1804.11
-1134.37
—464.635
205.103
874.84
1544 .58

Satori WORARSE=wooT=r in a 5:1 T4

2214.32
2884 .05
.5 B1G
—2473.85
-1804.11
—1134.37
—464.635
205.103
874.84

1544 .58
2214 .32
2884 .05
2555.09
—2473.85
-1804.11
—-1134.37
2214.32
2884.05
255309
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1930.768

1507.552

1084.334

—
__ﬂﬂw’“’:‘

-185.32 |

661.116

237.898 \
i

—608.538

—1031.756

L

—1454.974

-1878.192

=
~

T
—

= =

=

—2301.41

1368 2
.184 /552,
Closed End

136

Satori Wo24P—4 Woofer in a 5:1 Tapered Transmissicn Line

3549.87
3003.959
2458045

1912.131 fx\

1366.217

|
\
|

274.389

=271 525

]
f f! i ] =
AR IRV J
[

«1363.35% 1
i

-1909.267
422 .844 1.266 1.688 2.108

211 .633 1.055 1.477 1.899
Closed End ——> Open End (m)

Satori WC24P—4 Woofer in a 5:1 Tapered Transmission Line

ANSYS 2023 RL
Build 23.1
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Side to Side — 759.5 Hz

ANSYS 2023 R1
Build 23.1
NOV 6 2023
09129 123

PICT MO. 15
NCDAL SOLUTICI
STEP=1

sUB =14
FREC=7/29.514
PRES

MY =—2758.36
oMY =2766.45
—2758.36
—2144 .49
—-1530.62
-916.753
=302.885
310.982
924.85

Satori wWoz4 2r in a 5:1 T4

1538.72

2152 .59

2766.45

—2758.36
—2144 .49
-1530.62
—216.753
-302.885
310.982

924 .85

1538.72
21875y
2766.45
—2758.36
—2144 .49
-1530.62
153872
2152 .59
2766.45
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2623.104

2124.783

1626. 464

1128.145

629.826

131.507

—366.812

—865.131

—1363.45

)
R O R [ A

—1861.769 I
/

—2360.088

368 136 1.104 1.472 1.843
.184 /552, .92 1.288 1.656
Closed End ——> Open End (m)

Satori Wo24P—4 Woofer in a 5:1 Tapered Transmissicn Line

2613.41

2101.478

1589.544

1077.61

565.676

53.742

-458.192
—970.126
—1482.06

-1993.994| /

R S g ') | R ) e

-2505.928

422 .844 1.266 1.688 2.108
.211 .633 1.055 1.477 1.899
Closed End ——> Open End (m)

Satori Wo24P—4 Woofer in a 5:1 Tapered Transmissicn Line

ANSYS 2023 RL
Build 23.1
NoV. 1 2023
10:17:43
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Satori WoR4APSs=Hoofer in a 5:1 T4

Side to Side — 807.3 Hz

ANSYS 2023 R1
Build 23.1
NOV 6 2023
09:29:25

FREC=807.269

FRES

S =—4477 .73
S =4496.16

—4477 .73
—3480.63
—2483.53
-1486.43
—489,333
507.766

1504 .87

2501.97

3499.06

4496.16

—4477.73
—3480.63
—2483.53
—1486.43
—489,333
507,766

1504.87

2501.97

3499.06

4496.16

=447 .73
—3480.63
—2483.53
2501.97

3499.06

4496.16
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4220.545

3460.825

2701.107

1941.389

1181.671

421.953

—337.765

—1097.483

—-1857.201

—2616.919

—3376.637

\ /
) Y |
 e——
\ /i
\\.J/ 1
1
1
I \
1 N/
368 136 1.104 1.472 1.843
.184 /552, .92 1.288 1.656
Closed End ——> Open End (m)
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4254 .677

3490.989

2727.303

1963.617

1199931

436.245

—327.441

-1091.127

—1854.813

—2618.499

—3382.185
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Satori WOR4P= r in a 5:1 T4

Side to Side — 859.9 Hz

ANSYS 2023 R1
Build 23.1
NCWV 6 2023
09:29:26

PLOT NO. 17
NCDAL SCOLUTTICH
STEP=1

sUB =16
FREC=859.872
PRES

SMN =—3732.1

—2902.41
—2072.72
-1243.03
—413.342
416,348
1246.04
2075.73
2905.42
alab, 11
—3732.1
=2902 .41
—2072.72
-1243.03
—413.342
416,348
1246.04
2075.73
2905.42
Fiah. Al
—3732.1
—2902.41
—2072.72
2075003
2905.42
3735.11

B0 BN RECCRECNN NRCORDEEN

Part 2 — Measurements and Analyses

2782.592 1
1
2238.394 / 1 X
[\ \
1694.199 f v
I /
1150.004 f 1 f \
1
605.809 1
Bl —
61.614 { i FRESSU
/ \' ] [
-482.581 f
L
~1026.776 \I /
! /
-1570.971 \\l \ /
-2115.166 \/
1
-2659.361
0 1368 736 1.104 1.472 1.843
.184 /552, .92 1.288
Closed End ——-> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line

3565.483 \
2940.812 / ‘\
2316.139 /
& \ /\ |
/ /

1691. 466 i
1066.793 /
442.12
|
\

s2.553( |
-807.226 / {

\ \
~1431.899 / \ f
~2086.572 /

—2681.245
0

™
\
N
—

422 .844 1.266 1.688 2.108
211 .633 1.055 1.477 1.899
Closed End —-—> Open End (m)

Satori WO24P-4 Woofer in a 5:1 Tapered Transmission Line




Axial Mode 11 —872.8 Hz
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Front to Back — 878.4 Hz

ANSYS 2023 R1
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Side to Side —909.7 Hz
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Axial Mode 12 —937.6 Hz
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Attachment 2 : Air Displacement Inside the TL
Enclosure

The 1D MathCad model was used to calculate the magnitude of the oscillating air motion
inside the Satori TL enclosure.

* The woofer was offset from the closed end. The amount of excitation to each standing
wave resonance will be different depending on the axial mode shape.

* No fiber stuffing was used in the simulation and an acoustic BC at the open end was
applied minimizing any damping of the resonances. A very small loss is included along
the length to maintain solution stability, this was empirically derived for the first
MathCad TL models over 20 years ago.

* The responses represent an undamped highly resonant enclosure, a configuration that
would never be considered high fidelity.

These results should be considered worst case. For a TL with an offset woofer, fiber
stuffing, and an acoustic BC at the open end the response will be much more controlled.

These results are directly comparable with the calculated and measured terminus SPL
response curves on Slide 13.



Impedance Magnitude

Impedance Magnitude

Acoustic Impedances of the Empty TL Model

Acoustic Impedance for the Transmission Line without an Offset Driver
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Without an offset driver, the TL's acoustic impedance
peaks at every standing wave resonance. The deep
nulls between the peaks result from the 180-degree
phase difference between the mode directly above
and below the null. Every time you pass through a
resonance peak the acoustic impedance’s phase
swings from +90 degrees to -90 degrees.

When the driver is offset, the intent is to remove the
3/4,9/4, 15/4, and 21/4 standing waves. The acoustic
impedance at left shows this was successful for the
9/4, 15/4, and 21/4 modes since a peak in the upper
plot has been replaced by a deeper null in the lower
plot. Unfortunately, the offset was not perfectly
placed so the 3/4 mode can still be seen as a peak
rising out of the slightly misaligned null.
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Acoustic Responses of the Empty TL— 2 Pi Space

Transmission Line System and Woofer Infinite Baffle Sound Pressure Level Responses

Transmission Line System and Infinite Baffle Impedance
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Volume Velocity and Pressure Profiles in the TL - First Impedance Peak (21 Hz)
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Mode 1 - First Electrical Impedance Peak

Dashed curves are for the driver to the closed end,
solid curves are for the driver to the open end. The
driver is located at zero on the x-axis.

Pressure profile is continuous, maximum at the
closed end and minimum at the terminus.

The Step change in the plotted volume velocity and
displacement curves is due to the woofer’s motion,
summing the three motions (multiplied by the
associated areas) with appropriate sign convention
nets to zero.

Maximum oscillating displacement is ¥8.5 mm at
the terminus, ~3.0 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.

Part 2 — Measurements and Analyses 47



Volume Velocity and Pressure Profiles in the TL - First Null (32 Hz)
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First Impedance Null — 1/4 Wave Response

Pressure profile is continuous, maximum at the
closed end and minimum at the terminus. Like a
BR, this response produces the TL's bass output.

No step change in the plotted volume velocity and
displacement curves due to the woofer’s motion
being significantly attenuated, like a bass reflex
enclosure’s behavior at the tuning frequency. This
is seen in the driver displacement plot as a deep
null.

Maximum oscillating displacement is ~7.5 mm at
the terminus, ~2.0 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.
Even though the displacement looks significant, the
air velocity is below the limit used in BR design to
avoid chuffing or other unintended port noises.
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Volume Velocity and Pressure Profiles in the TL - Second Impedance Peak (49 Hz)
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Mode 2 - Second Electrical Impedance Peak

Pressure profile is continuous, still maximum at the
closed end and minimum at the terminus.

The step change in the plotted volume velocity and
displacement curves is due to the woofer’s motion,
summing the three motions (multiplied by the
associated areas) with appropriate sign convention
nets to zero.

Maximum oscillating displacement is ~1.75 mm at
the terminus, ~0.25 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.

Notice in the series of plots that the oscillating air
displacement is decreasing with increasing
frequency.
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Volume Velocity and Pressure Profiles in the TL - First Stub Null (126 Hz)

40
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First Acoustic Null — 1/4 Wave to Closed End

Pressure profile is maximum at the closed end and
minimum at the woofer, minimum for the entire

d open end to the terminus.
— 10
s I All the response is directed towards the closed
Ty w1510 -5 0 5 10 15 0 235 30 35 4 45 5 end. The acoustic impedance of the closed end,
LI:L“P:M:L”: the stub, is essentially zero so it acoustically shorts
g the open end of the TL
0.1
Maximum oscillating displacement is “0 mm at the
_ terminus, ~0 mm at the 180-degree fold, and ~0.1
v mm at the woofer position for the TL producing 90
: dB at 1 meter into 2 Pi space.
e
This is a form of the 3/4 wave resonance and mode
TS 0 -15-10 -5 0 5 10 15 20 25 30 35 4 45 50 shape of the speaker system.
Letnsed anznqﬂ
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Volume Velocity and Pressure Profiles in the TL - 3/4 Wavelength Mode (131 Hz)
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Mode 3 — 3/4 Wave Response

Pressure profile is continuous, maximum at
approximately 3/4 of the TL length. Mode is not
strongly excited; pressure magnitude is lower
compared to quarter wave resonances above and
below this mode.

Smaller step change in the plotted volume velocity
and displacement curves due to the woofer’s cone
motion.

Maximum oscillating displacement is ~¥0.3 mm at
the terminus, ~0.2 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.

Again, the oscillating air displacement is still
decreasing with increasing frequency.
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Volume Velocity and Pressure Profiles in the TL - 5/4 Wavelength Mode (222 Hz)
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Mode 4 — 5/4 Wave Response

Pressure profile is continuous, maximum at
approximately one wavelength along the TL length.
Mode is strongly excited; pressure magnitude is
typical of the quarter wave resonances below this
mode.

Very smaller step change in the plotted volume
velocity and displacement curves due to the
woofer’s cone motion. The standing wave is near a
peak pressure behind the woofer cone attenuating
its motion.

Maximum oscillating displacement is ~0.75 mm at
the terminus, ~0.4 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.

Part 2 — Measurements and Analyses 52



Volume Velocity and Pressure Profiles in the TL - 7/4 Wavelength Mode (315 Hz)
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Mode 5 — 7/4 Wave Response

Pressure profile is continuous, maximum at
approximately 1.5 wavelengths along the TL length.
Mode is strongly excited; pressure magnitude is
typical of the quarter wave resonances below this
mode.

Very smaller step change in the plotted volume
velocity and displacement curves due to the
woofer’s cone motion. The standing wave is near a
peak pressure behind the woofer cone attenuating
its motion.

Maximum oscillating displacement is ~0.3 mm at
the terminus, ~0.2 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.
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Volume Velocity and Pressure Profiles in the TL - Second Stub Null (402 Hz)
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Second Acoustic Null — 3/4 Wave to Closed End

Pressure profile maximum at the closed end and
minimum at the woofer, minimum for the entire
open end to the terminus.

All the response is directed towards the closed
end. The acoustic impedance of the closed end,
the stub, is essentially zero so it acoustically shorts
the open end of the TL

Maximum oscillating displacement is “0 mm at the
terminus, ~0 mm at the 180-degree fold, and ~0.01
mm at the woofer position for the TL producing 90
dB at 1 meter into 2 Pi space.

This is a form of the 9/4 wave resonance and mode
shape of the speaker system.
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Volume Velocity and Pressure Profiles in the TL - 11/4 Wavelength Mode (494 Hz)
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Mode 7 — 11/4 Wave Response

Pressure profile is continuous, maximum at
approximately 2.5 wavelengths along the TL length.
Mode is strongly excited; pressure magnitude is
decreasing compared to the quarter wave
resonances below this mode.

Very smaller step change in the plotted volume
velocity and displacement curves due to the
woofer’s cone motion. The standing wave is
halfway to a peak pressure behind the woofer cone
attenuating its motion.

Maximum oscillating displacement is ~0.07 mm at
the terminus, ~0.04 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.
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Volume Velocity and Pressure Profiles in the TL - 13/4 Wavelength Mode (582 Hz)
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Mode 8 — 13/4 Wave Response

Pressure profile is continuous, maximum at
approximately 3 wavelengths along the TL length.
Mode is strongly excited; pressure magnitude is
decreasing compared to the quarter wave
resonances below this mode.

Very smaller step change in the plotted volume
velocity and displacement curves due to the
woofer’s cone. The standing wave is halfway to a
peak pressure behind the woofer cone attenuating
its motion.

Maximum oscillating displacement is ~0.04 mm at
the terminus, ~0.02 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.
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Volume Velocity and Pressure Profiles in the TL - Third Stub Null (673 Hz)
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Third Acoustic Null — 5/4 Wave to Closed End

Pressure profile maximum at the closed end and
minimum at the woofer, minimum for the entire
open end to the terminus.

All the response is directed towards the closed
end. The acoustic impedance of the closed end,
the stub, is essentially zero so it acoustically shorts
the open end of the TL

Maximum oscillating displacement is “0 mm at the
terminus, “0 mm at the 180-degree fold, and
~0.00375 mm at the woofer position for the TL
producing 90 dB at 1 meter into 2 Pi space.

This is a form of the 15/4 wave resonance and
mode shape of the speaker system.
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Volume Velocity and Pressure Profiles in the TL - 17/4 Wavelength Mode (765 Hz)
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Mode 10 — 17/4 Wave Response

Pressure profile is continuous, maximum at
approximately 4 wavelengths along the TL length.
Mode is strongly excited; pressure magnitude is
decreasing compared to the quarter wave
resonances below this mode.

Very smaller step change in the plotted volume
velocity and displacement curves due to the
woofer’s cone motion. The standing wave is
halfway to a peak pressure behind the woofer cone
attenuating its motion.

Maximum oscillating displacement is ~0.02 mm at
the terminus, ~0.01 mm at the 180-degree fold, for
the TL producing 90 dB at 1 meter into 2 Pi space.
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Volume Velocity and Pressure Profiles in the TL - 19/4 Wavelength Mode (841 Hz)

Mode 11 — 19/4 Wave Response
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Volume Velocity and Pressure Profiles in the TL - Fourth Stub Null (943 Hz)
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Fourth Acoustic Null — 7/4 Wave to Closed End

Pressure profile maximum at the closed end and
minimum at the woofer, minimum for the entire
open end to the terminus.

All the response is directed towards the closed
end. The acoustic impedance of the closed end,
the stub, is essentially zero so it acoustically shorts
the open end of the TL

Maximum oscillating displacement is “0 mm at the
terminus, “0 mm at the 180-degree fold, and
~0.002 mm at the woofer position for the TL
producing 90 dB at 1 meter into 2 Pi space.

This is a form of the 21/4 wave resonance and
mode shape of the speaker system.
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