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e Background
— How loudspeakers work
— Waveforms
— Wavelengths
— Speed of sound
— How sound propagates
— Sound pressure level (dB)
— Summation of audio signals
— Phase wheel
— Beamwidth
— 3D directivity “balloons”



How Loudspeakers Work

Speaker Driver
Cross Section

\ Cone

Front Plate

by

Rear Plate
‘-\_\_‘
' Voice Coil
Vvent———__ Pole Piece

Former

e

How Speakers Work JGIETLIEREGY

suspension

basket

spider

dust cap

magnet

E2001 How Stuff Works.

When the electrical current flowing through the voice coil changes direction, the coil’s
polar orientation reverses. This changes the magnetic forces between the voice coil and
the permanent magnet, moving the coil and attached diaphragm back and forth.
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How Loudspeakers Are

PHASE PLUG

SUSPENSION SPIDER & VOICE COIL Not found on all drive units
BASKET The spider holds the voice coil central but designed to avoid phase
This is the chassis of the within the magnet and acts asa changes. Mare commanky
drive unit to which all spring to bring it back after each drive units feature a dust
elements are attached pulse, The speaker cone is attached to cap to stop detritus entering
and which itself bolts the vaice coil which sits in a magnetic the system,

field and moves when a signal passes
through it. Variations in the signal
make the coil vibrate the drive unit in
a pistonic motion which produces
sound by resonating airwaves in the
room much like a drum.

| POLE PIECES into the cabinet.
These focus the magnetic
field so that it is strongest
around the voice coil.

MAGMNET

This is the motor of a
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the energy that causes

the voice coil to move, DRIVE CONE &
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cone drivers for mid and MOUNTING RING

low frequencies. Keviar, This cosmetsc device hides
paper, aluminium, and the raw alloy of the basket
pelypropylene ane very when it's mounted in the
popular choices, cabinet.
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Wavelength Reference Chart

Frequency Period Wavelength (Room temp) Comparable size
(Hz) (ms) (m) (ft)
20 50.00 17.24 56.56
25 40.00 13.79 45.07 Intermodal shipping container
32 31.75 10.94 35.77
40 25.00 8.62 28.17 Band gear truck length
50 20.00 6.90 22.54 1/2 size intermodal container
63 15.87 5.47 17.89 Gas guzzling SUV length
80 12.50 4.31 14.09 Full Size car length
100 10.00 3.45 11.27 Compact car length
125 8.00 2.76 9.01 Too wide for the truck
160 6.25 2.15 7.04 Shaquille O'Neal
200 5.00 1.72 5.63 Average height
250 4.00 1.38 4.51 Shoulder Height
315 3.17 1.09 3.58
400 2.50 0.86 2.82
500 2.00 0.69 2.25 Arm's length
630 1.59 0.55 1.79
800 1.25 0.43 1.41
1,000 1.00 0.34 1.13 Elbow to fist
1,250 0.80 0.28 0.90 Man's foot
1,600 0.63 0.22 0.70 Woman's foot
2,000 0.50 0.17 0.56 Eight fingers
2,500 0.40 0.14 0.45
3,150 0.32 0.11 0.36 CD/DVD
4,000 0.25 0.086 0.28 Four fingers
5,000 0.20 0.069 0.23
6,300 0.16 0.055 0.18
8,000 0.13 0.043 0.14 Two fingers
10,000 0.10 0.034 0.11
12,500 0.08 0.028 0.09
16,000 0.06 0.022 0.07 One finger
20,000 0.05 0.017 0.06

A= C/F

C Is speed
of sound at
ambient
conditions



Temperature Effects on Speed of Sound
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C Speed of sound F Speed of sound
Metric Temperature Speed of Sound English Temperature
Temperature Speed change Change Temperature Speed change
Degrees (C) misec) Degrees (C) (%) Degrees (F) (ft/sec) Degrees (F)
0.0 331.4 -22.2 3.9% 32 1087.2 -40.0
1.1 3321 -21.1 3.7% 34 1089.4 -38.0
2.2 332.7 -20.0 3.5% 36 1091.6 -36.0
33 333.4 -18.9 3.3% 38 1093.8 -34.0
4.4 334.1 -17.8 3.1% 40 1096.0 -32.0
5.6 334.8 -16.7 2.9% 42 1098.2 -30.0
8.7 335.4 -15.6 2.7% 44 1100.4 -28.0
7.8 336.1 -14.4 2.5% 46 1102.6 -26.0
8.9 336.8 -13.3 2.3% 48 1104.8 -24.0
10.0 337.5 -12.2 2.2% 50 1107.0 -22.0
11.1 338.1 -11.1 2.0% 52 1109.2 -20.0
12.2 338.8 -10.0 1.8% 54 1111.4 -18.0
13.3 339.5 -8.9 1.6% 56 1113.6 -16.0
14.4 340.2 -7.8 1.4% 58 1115.8 -14.0
15.6 340.8 -6.7 1.2% 60 1118.0 -12.0
16.7 341.5 -5.6 1.0% 62 1120.2 -10.0
17.8 342.2 -4.4 0.8% 64 1122.4 -8.0
18.9 342.9 -3.3 0.6% 66 1124.6 -6.0
20.0 3435 -2.2 0.4% 68 1126.8 -4.0
211 344.2 -1.1 0.2% 70 1129.0 -2.0
222 344.9 0.0 0.0% 72 1131.2 0.0
23.3 345.6 1.1 -0.2% 74 1133.4 2.0
244 346.2 22 -0.4% 76 1135.6 4.0
256 346.9 3.3 -0.6% 78 1137.8 6.0
26.7 347.6 4.4 -0.8% 80 1140.0 8.0
27.8 348.3 56 -1.0% 82 1142.2 10.0
28.9 348.9 6.7 -1.2% 84 1144 .4 12.0
30.0 349.6 7.8 -1.4% 86 1146.6 14.0
31.1 350.3 8.9 -1.6% 88 1148.8 16.0
32.2 351.0 10.0 -1.8% 90 1151.0 18.0
33.3 351.6 11.1 -2.0% 92 1153.2 20.0
344 352.3 12.2 -2.2% 94 1155.4 22.0
356 353.0 13.3 -2.3% 96 1157.6 24.0
36.7 353.7 14.4 -2.5% 98 1159.8 26.0
37.8 354.3 15.6 -2.7% 100 1162.0 28.0




How Sound Propagates
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In acoustics, the ratios most commonly
encountered are changes In pressure level,
measured in dB-SPL.:

dB-SPL = 20 log 4(p/p,) where p , = 20 UN/m?

As distance from a sound source doubles,
the dB-SPL decreases 6 dB (this is called
the Inverse square law)

Adding/subtracting dB levels:
SPLa £+ SPLb = 10 log ,, [ 10 d°-SPLa/10 + 7(Qdb-SPLb/10]

Doubling acoustic power corresponds to a
3 dB Increase in SPL

Doubling perceived loudness corresponds to
a 10 dB increase in SPL



Acoustic Transmission: Inverse Square Law

6 dB loss per doubling distance is constant in free field omnidirectional and directional propagation

Omnidirectional propagation Directional propagation

Note: 3 dB/color

: Distance unit

Relative level is equal in all directions over distance. Relative level is not equal due to directional control.
Doubling distance loss is equal in all directions. Doubling distance loss is equal in all directions.




Decibel Ratio Reference

20 x log (Level,/Level,)

10 x log (Power,/Power,)

Pressure (SPL)
Voltage (V) Power (P)
Current (l)

Value (dB) Ratio (L,/L,) Value (dB) Ratio (P,/P,)
0.0 1.00 0.0 1.00
1.0 1.12 05 1.12
2.0 1.26 1.0 1.26
3.0 1.41 15 1.41
4.0 1.59 2.0 1.59
5.0 1.78 25 1.78
6.0 2.00 3.0 2.00
7.0 2.24 35 2.24
8.0 2.51 4.0 2.51
9.0 2.82 45 2.82
10 3.16 50 3.16
12 4.00 6.0 4.00
14 5.00 7.0 5.00
15 563 75 5.66
18 8.00 9.0 8.00
20 10 10 10
26 20 13 20
32 40 16 40
38 80 19 80
40 100 20 100
60 1,000 30 1,000
80 10,000 40 10,000
100 100,000 50 100,000




Crest Factor: Peak to RMS Ratio
The relationship of RMS, peak and peak to peak values to the audio waveform

Normalized to Peak Value Crest Factor = 3 dB (1.414:1) Normalized to RMS Value
+ Peak Value 1.0 1.414 + Peak Value

RMS Value 0.707 ju= = — - — _— e . . - — e - 1.0 RMS Value
+ Pk Pk-Pk

- PK

- Peak Value -1.0 -1.414 - Peak Value

Normalized to Peak Value Crest Factor = 12 dB (4:1) Normalized to RMS Value
+ Peak Value 1.0 4.0 + Peak Value

RMS Value 0.25 RMS Value

0.0 MIaIﬂ|l'l||| A R ﬂmm |H| I|

_Peak Value -1.0 ' 40 - Peak Value




dB SPL Operating Levels

Listening Ear High Medium Low
Level Level Comments Level Level Level
dB SPL dB SPL Pk Range Music Music Music
133.0 145.0 i
130.0 142.0 Pain Threshold
127.0 139.0
1240 136.0 l
121.0 133.0 MNon-Linear region
118.0 130.0
115.0 127.0
112.0 124.0 l
108.0 1210 . )
106.0 1180 High Level Music
103.0 115.0
100.0 112.0 l
gig 1323 Medium Level Music
91.0 103.0
88.0 100.0
850 970 )
820 4.0 Low Level Music
79.0 91.0
76.0 88.0
73.0 85.0
70.0 820
67.0 79.0 Speech at .5 meters
64.0 760
61.0 73.0 Speech at 1 meter
580 700 Noisy HVAC
55.0 67.0 Speech at 2 meters
520 6840
49.0 61.0 Typical HVAC
46.0 58.0
43.0 55.0
40.0 520 Quiet Room
37.0 490
34.0 46.0 VERY quiet room N
310 430 0
280 400 |
250 7.0 s
220 34.0 Recording Studio = N
19.0 31.0 o]
16.0 280 |
13.0 250 Dream on! S
10.0 220 E
7.0 19.0
4.0 16.0 Brownian motion
1.0 13.0 Noise floor of air
-2.0 10.0 and ear
-5.0 7.0
-8.0 4.0
-11.0 1.0




 \When SPL goal at a given listening distance
known, also need.:
— Sensitivity rating of loudspeaker (typically spec
as 1m on-axis with input of 1 electrical watt)
— Acoustic level change/attenuation between
loudspeaker and farthest listening position
 Example: 90 dB program level at listening
distance of 32 m outdoors
— Loudspeaker sensitivity measured as
— Acoustic level change = 20 log (32) L130 dB
— Add 10 dB for peak (program level) headroom
— SPL required at source is 90 + 30 + 10 =130 dB
— Need above 1 watt, or 10 (20/10) = 100 W



Stable Summation Criteria

1. Must have matched origin
2. May contain unlimited multiple inputs
3. May arrive from different directions

4. Must have significant overlap duration



Summation Criteria: Matched Origin

Signal 1

Signal 2

Signal 1

Signal 2

JUUW!

JUUV!

e
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Z Summation

Z Summation

Summed Signal

Summed Signal




Summation Criteria: Matched Origin

Summed Signal

Signal 1

i
Signal 2 w
b
i

Z Summation

Summed Signal

Z Summation 4 >

Signal 1

Signal 2



Summation Criteria: Multiple Input Signals

Summed Signal

il

Signal 2 J\W\/'—

Signal 3 UAVAUAU{\_> Z Summation —

Signal 4 J\[\/\'—

v ¥
Signal n UAUAUAU{\

Multiple Input Summation Level Reference
# of Inputs 2 3 4 5 6 8 10 12 16 24 32

Le;i'g::'?:g’jtm +6dB |+10 dB|+12 dB|+14 dB|+17 dB|+18 dB|+20 dB| +22 dB | +24 dB | +26 dB | +28 dB|+30 dB

Note: This is the maximum addition and will only occur when all inputs at matched level and phase




Summation Criteria: Input Signal Direction

Signal 1

Signal 2 Summed Signal
S T

signal 3 W\ % summation

N 1l

Signal 5

Signal 4



Summation Criteria: Overlap Duration
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No addition/subtraction



Two acoustic sources “a” and “b” of relative phase angles 6, and 6,

ZdB-SPLa+b =
20 log,, [sqrt { (109B-SPLa/20)2 4 (1(QdB-SPL/20)2

+ 2(109B-SPLa/20y (1(QdB-SPLbI20)(cos (6, -6, ))} ]



If both sources are in phase and only the relative level varies (where
source “a” i1s 0 dB, simplifies to:

ZdB-SPLa+b = 20 log,o [1 + 1098-SPLb/20 ]

If both sources are at 0 dB and phase angle 6, = O (i.e., same level,
only relative phase angle varies), simplifies to :

ZdB-SPLa+b = 20 log,, [ sgrt { 2 + 2cos(-6,) }]



Relative Level Effects on Two Input Summation
(Matched sources with 0 degrees relative phase)

— Signal 1
—Signal 2

— Summation

4 5 6 -7 8 9 10 11 -12 13 -14 -15 -16 -17 -18
dB Relative

-19 -20




Acoustic Addition & Subtraction: The Phase Wheel

-
(90°)

240°
(120°)

(150%)

180°

two identical signals summed at same level



Acoustic Addition & Subtraction: Level vs. Phase

two identical signals summed at same level




Factors Affecting Response at
Summation Point

1.Level offset due to distance offset
(inverse square law)

2.Level offset due to polar response
(frequency dependent)

3.Phase offset due to path length
difference



Summation: Response Ripple

1.Time offsets shift all frequencies by the
same amount of time

2. Time offsets shift all frequencies by a
different amount of phase

3.Result of summation with time offset
(of signals at same frequency) is response

ripple



Summation Zones Defined

e Coupling zone
— Sources within £1/3 wavelength (£120°)

— Amount of addition ranges for 0 to 6 dB
depending on phase/level offset

— Ripple is £3 dB

— Most easily achieved at low frequencies due
to large wavelengths



Summation Zones Defined

e Cancellation zone
— Effects only subtractive
— Phase offset 150° to 180°
— Ripple £50 dB



Summation Zones Defined

« Combing Zone

— Phase offset reaches point where subtraction
pegins (> £120°)

— Less than 4 dB level difference

— Characterized by addition at some
frequencies and dips at others

— Ripple ranges from +6 dB to £50 dB

— To be avoided — highest form of variance over
frequency




Summation Zones Defined

 Combining Zone
— Level offset ranges from 4 dB to 10 dB

— Semi-isolated state relative to sources, which
limits the magnitude of addition/cancellation

— Ripple no more than £6 dB



Summation Zones Defined

e |solation Zone
— 10 dB or more of level offset

— Relative interactions steadily reduced and
eventually become negligible

— At large level offset, relative phase has
nominal effect

— Ripple does not exceed 6 dB



Properties of Summation: Time and level offset over frequency

Effects of 10 ms time offset between two signals that are unmatched in level over frequency

Amplitude
(+/- 18 dB)

Phase
(+/- 180 deg)

Amplitude
(+/- 18 dB)

Phase
(+/- 180 deg)

Amplitude
(+/- 18 dB)

Phase

(+/- 180 deg) |

Phase cycle turns at
100 Hz rate

Summation Zones
LF: Combing
MF: Combining
— HF: Isolated




Acoustic Addition and Subtraction: Level Offset Effects

Max Ripple

******** \ 1 Relative Phase=0 deg




Summation Zones:

Icon Reference Chart

Summation Zone icon library with graphed with level and time offset relationships

Combing
I Zone

Zone Key

0 ms ELFMFHF

Coupling Zone

0.1ms — | LF MF HF

LF MF HF

10 ms LF MF HF

Combing Zone

04dms |~ LF MF HF

1.0 ms —\,\4 LF MF HF

LF MF HF

Combining,
Isolation Zones

Time offset

012dB

Isolation
Zone

I
Combining
Zone ST

Level Offset




* loudspeaker mounted in a rigid (undamped) pipe
3 feet in length, open at one end, observed on-
axis from “speaker end”

X D -

3 feet

A
v



 how does sound propagate at low frequencies?

A

3 feet



Application

 how does sound propagate at low frequencies?




Application

 If operated at 150 Hz, how much phase shift
occurs as the wave traverses the pipe?




Application

 If operated at 150 Hz, how much phase shift
occurs as the wave traverses the pipe?
wavelength = 7.53 feet; phase shift = (360x3)/7.53

= 143 degrees




Application

« what will be level of “combined” signal at
observation point?




Application

« what will be level of “combined” signal at

observation point? total “round trip” phase shift =

180+143+143=466 degrees (106 degrees net);
combined level will be 1.7 dB




Application

 If frequency changed to 100 Hz, what will be
combined level? wavelength is 11.3 feet; phase
shift traversing pipe 96 degrees; round trip phase
shift is 371 degrees (nearly “in phase”); combined
level Is +5.95 dB




Coverage / Beamwidth

-6 dB

»| 0dB

-6 dB



Coverage angle C_ (H/V) = 6 dB Beamwidth
Polar pattern

Equal level (isobaric) contours (“isobars™)
Directivity factor (Q)

Directivity index (D,) = 10 log Q (also known as
“front to back ratio”)

Beamwidth vs. frequency
3D “balloons”



Speaker Directivity: Coverage Pattern Renderings

Comparing protractor, equal level contour and polar plots for two different "90 degree" speakers

Radial horn pattern as equal level contours Front loaded cone driver pattern as equal level contours
/

90 deg between - 6 dB pts.

- 45 deg

3 dB/color 3 dB/color

Front loaded cone driver pattern as a polar plot Front loaded cone driver pattern as a polar plot




Example: Piston radiation into half-space (e.g., a cone-type
loudspeaker mounted in an “infinite” baffle

think of piston as
consisting of a large
number of very small
elements of size AS

AN

Z




integrating over the entire piston surface yields

Po®U, S 2J,(ka sinﬂj}

p(rt,B) = ——sin{mt—kr}{

2T ka sinf

where S is the piston area na’ and J4 is a Bessel function of first

order
|::«,:,m;uuma2
p(r,t,8) =- 5 sin{wt—kr)
r

2J,(ka sinB}}
ka sin®

plot of 2 J,(x)/x

In general, want ka < 3.83 for a cone radiator,

where k = 271d/c

Examples: For 12” woofer, want f < 1378 Hz
For 4” midrange, want f < 4134 Hz

2J1i{H1/R

1* 3.83

—— _H““-\
V Lo
— —) < P> & —

pair of out-of-phase additional pair of

central lobe only o '\ c. in-phase side lobes



o directivity pattern of a flat piston for three different frequencies

(a)

+10




Single 4-inch Loudspeaker



Single 4-inch Loudspeaker @ 500 Hz
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Single 4-inch Loudspeaker @ 1000 Hz
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Single 4-inch Loudspeaker @ 2000 Hz




Single 4-inch Loudspeaker @ 4000 Hz




32-Element Array of 4-inch Drivers




32-Element Array @ 500 Hz




32-Element Array @ 1000 Hz




32-Element Array @ 2000 Hz




32-Element Array @ 4000 Hz




“Home Stereo” Multi-way System




“Home Stereo” Multi-way System

LOG PLOT LOG PLOT
VERTICAL DIREGTIVITY HORTZONTEL DIRECTIVITY
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HBHELE OFF Y-£ = @ DESREES AMNGLE DOFF X-Z = B DEGREES




“Home Stereo” Multi-way System

LOG PLOT LOG PLOT
VERTICAL DIREGTIVITY HORTZONTEL DIRECTIVITY
& 0B BEAM WIOTH = (42 DEGREES & D2 BERM WIOTH = 180 DEGREES
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@ DB
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FREDQ = BBE. HZ FREGQ = EBB. HZ
SF = @445 DA &F = .B44E DB
HBHELE OFF Y-£ = @ DESREES AMNGLE DOFF X-Z = B DEGREES




“Home Stereo” Multi-way System

-28

~GE

-8

& DB BEAM WIDTH =

u]=]

LOG PLOT '
YERTICAL DIRECTIVITY
18d DEGREES

G - 2.527

DR

DB

OB

oe

(] -
e NELM = 4
FRED = 1008, HZ
gF = .BIES DB
AMGLE OFF ¥=-Z = @ DEGREES

28
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HORTZOMTAL DIRECTIVITY

& D8 BEAM WIODTH = 1898 DEGREES
ag DI = 4.026 DB
DB—-

DE

D

DE

i

D

e
L&
)
-9@ HELM = 4
FREQ = 1088, HZ
&F - .EESS 03
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“Home Stereo” Multi-way System

LOG PLOT LOG PLOT
VERTICAL DIRECTIVITY HORIZONTAL DIRECTIVITY
& OF BEAM WIDTH = 18® DEGREES & OB BEAK WIDTH = 188 DERREES
SE o - 4.4¥ a2 0l - 6.202 OB
B DE— A DE——
,_._,_‘_:_r__‘-‘

& DB -5 DB

-12 DR {-12 DA

28 08

=E@ OB

-0 OBk

=28 DB

-12 oBl-

-6 DBp=

2 oal_. o oal
=50 MNELM = 4 -5 HELHM = 4
FREQ = 2008. HZ FRED = 2B, HZ
&F = @552 DB 5F = 5552 DB
AMGLE OFF ¥-Z = B DEGREES ANGLE OFF ¥-7 = & DEEREES




“Home Stereo” Multi-way System

LOG PLOT LOG FPLOT

VERTICAL DIRECTIVITY HORIZOMTAL GIRECTIVITY
& OB BEAM WIDTH - 485 DEGREES & OB BEAM WIDTH = 3@ DEGREES
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2 o8 0 08—
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“Home Stereo” Multi-way System

LOE PLOT Lo PLOT

VERTICAL DIRECTIVITY HOR I ZONTAL OIRECTIVITY
& 08 BEAM WIDTH = |89 DEGREES & DB BEAM WIDTH - L2 DEGREES
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@ De g 08
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Outline

e Overview of enclosure types
— Infinite baffle
— Sealed box
— Bass reflex (vented/ported)
— Passive radiator
— Horn (front and rear loaded)
— Transmission line (labyrinth)
— Tapered tube (damped pipe/“waveguide”)



Infinite Baffle




Sealed Box
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Bass Reflex
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Measurement of Loudspeaker Free-Air Resonance

~L Woofer Tester 2 [WT2.CFG] - [WT2 [Sine,LoZP->0Q/Fs,85pt]]
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Passive Radiator

Fassive
radiator

Comment: primarily applicable to subwoofer design



Compound / Band-pass

Comment: primarily applicable to subwoofer design



Front-loaded Horn

| Driver enclosure
Harn ar flare oF casing

Comment: primarily applicable to mid/high frequencies



Rear-loaded Horn

C

Rear
Loaded
Horn

Comment: physically large!



Transmission Line / Labyrinth

Length of transmission line
has to be long enough to
provide at least 90° of
phase shift (1/4 of longest
wavelength of interest)

Phase shift (degrees) =
360 x L/ (C/F)
where L is effective length
of labyrinth, C is speed of
sound, and F is frequency

of operation (note — add
180 due to rear radiation)




Transmission Line / Labyrinth

e Transmission line — typically “heavily
damped” (stuffed with acoustic material) to
absorb energy from rear vibrating surface
(or limit radiation from vent to low
frequencies)

« Labyrinth — typically “lined” (with acoustic
absorption material) but otherwise
“substantially open” (radiation from vent
limited to low frequencies)



Damped Pipe

* Pipe driven at one end and open at the
other will resonate at a frequency of
F... = C /4L, where C Is the speed of
sound (1130 ft/sec at 72° F) and L Is the
effective length of the pipe (F,..Is called its
“guarter-wavelength tuning” frequency)

* The effective (or “acoustic”) length of the
pipe may be longer than its

o Use of tapering and/or acoustic absorption
material can increase the effective length



Damped Pipe / Tapered Tube
(a) :[]

|
(b)
Il -
(c) - :l] .
S
1
(d) |
(e) H

Fig. 9. Alternate pipe geﬂmﬂtrlﬂs (a) Tapered. (b) ?Enter.l
(c) Chamber. (d) Stepped. (e) Offset loudspeaker.

lllustration from: G. L. Augspurger, “Loudspeakers on Damped Pipes,”
J. Audio Eng. Soc., vol. 48, pp. 424-436 (2000 May).



Bose AWR1 “Waveguide”
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lllustration from: Fig. 4 of U.S. Patent 6,278,789
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Bose WRII “Waveguide”
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[llustration from: Fig. 6B of U.S. Patent 7,565,948



Bose WRII “Waveguide”

lllustration from: Fig. 9 of U.S. Patent 7,584,820



Summary

* Viable enclosure types for project
— sealed box
— bass reflex / tuned port
— transmission line / labyrinth
— coupling chamber + (tapered) damped pipe
« Materials supplied
— half sheet (4'x4’) of 3/4” MDF (cut per your specs)
— acoustic lining/stuffing material
— PVC pipe and couplers (per your specs)
— glue (carpenter’s yellow, PVC cleaner/cement)
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