APRIL 12, 20.

LOUD SPEAKER DE

PROJEC™

MONIQUE OLIVER, AARA NAIR, DEVDASSIKRIAN, JESSICA C
THE UNIVERSITY OEKLAN






Table of Contents

1 EXECULIVE SUIMIMAIY. . cuitiiiiiiiiiiiiiiie et eeee e e e e e e e e e et e e et e s e e s s e e e b e e e e s e e e s ee e e e e e eeeeeaeaaaaaaaeaens 5
2 DESIGN GOAIS.....cci i e e e e e e e a e 5
2.1 DeSign RaAtiONAIE...........cooiiii i er e e e e e e e e e e e e e e e e e 6

3 DESIGN APPIOBCKL. ... .ttt e e e e e 7
3.1  Ported vs Sealed ENCIOSULE..........ooiiiiiiiiii e e 8
3.1.1 Efficiency Bandwidth Product (EBR.).........ccevvieiiiiiiiiiiiii e, 8
3.1.2  ONliNE CAICUIALON........ciiiiiiiiiiiiee e 8
3.1.3  Speaker Cabinet Modelling...........cccouiiiiiiiii e Q

3.2  Ported vs Transmission LiN€ ENCIOSLIE..........coiiiiiiiiiiieeieieee e 14
3.3 Shape and Driver POSITIONING. ........cutiiiiiiiiiiieee e e e e 15
3.4 EVOIULIONAIDESIGNPIOCESS. ....ceiiiiiiiieiiee e a e e 17
34.1 Development of FiNal DESIQN.........uuuiiiiiiiiiiiiiieeeeeeee e 18

4 Bill of Materials and COSt Of DESIG.........uviiiiiieiiiiiiei e 20
4.1  DeViCE SPECITICALIONS. ... .ueeiieeiiiiiiiieiieeee ettt e e e e e e e e e e r e e e s e s r e e e e e e e nnrnees 21

5 Cabinet CONSIIUCTION. .......uiiiiiiiiie ettt e e e s ee e 21
LI =1 1] o TP 22
20 R B T = Tox (0T =1 PP 23
6.2  REW and MINIDSP........ooiiiiiiiiiiiiiie e e e 24
6.3 TeStiNG MEASUIEIMENTS........cuuiiiiiee ettt e e e e e et e e e s s e eeeeeeas 24

T CONCIUSIOM . ...ttt ettt e et e e ek e e e e ek e e e e b e e e e e e e e annes 28
T Y o] o 1=1 g T o =Y 29
8.1 Ported Vs Sealed Cabinet Code SCIHPL..........cciiiiiiiiiiieie e 29
8.2  Material CoStS Of CabINEL..........ueiiiiiiiiiiiiee e 35
8.3  Spe&ker Buildg EXtra HUSIratioNS..........c.uvvviiiieiiiiiieeee e 35
8.4  Frequency Range for Music ReproducCtion.............ccccooi oo 36
8.5  BibliOgrapny... ..o e e e e e e e e e e e ——— 37



Table of Figures

Figure 1: Ranges of frequencies for instruments and VOICES...........ccovvvvieeeieee e, 6

Figure 2: ADi pol ed Effect ofaudio,2@l8)a.t.e.d...Wo.0olf er vs

Figure 3: Common Enclosure types for L/S (Audio Judgement, 2015).........cccccvvvviveiieiiinnnnnennn. 7
Figure 4- Online Calculator Output for Ported ENCIOSUrE.............ccooiiiiiiiiiiiiiiieeeeeee e 9
Figure 5: 2DOF system used to Mogkerted Speaker SYStEM...........uvuviiiiiiiiiieeeeiiieiieeeieeeeeenn. 10
Figure 6: Plot of mobility vs normalised freqQUENCY...........cooiiiiiiiiiiiiiiieeee e 11
Figure 7- Circular Piston/Driver in Baffle Model..............ccciiiiiiiiiiieee e 11
Figure 8: Ratio bveen Sound Pressure and Volume Velocity (Radiation Impedance).......... 12
Figure 9- Sound Pressure per unit Force for Speaker SyStems..........cccvvvveeiiniiiieeee e, 13
Figure 10: Bessel Function J1 Graph (Wolfram Alpha, 2019)..........ccccoiiiiiiiiiieiniiiieeeeeee 14
Figure 11: Polar Plots to Display Lobbing Phenomenon (Acoustic Frontiers, 2013).............. 14
Figure 12: Variation in dB respective to the shape of the enclasure.............cccccvvvvviiiieeeennen. 15
Figure 13- Edge Diffraction Phenomena (heissmasrpustics, 2015)........ccvveviieiiiieiiienneeeeeenn. 16
Figure 14 Conceptual deSIgN.L......cooiiiiiiiiii e e e e e e 17
Figure 15: Conceptual deSIgN.2........cooiiiiiiiiii e e e e e e e 17
Figure 16: Conceptual deSIgN.3..... ... e e e 17
Figure 17: Conceptual deSIgN.A........oooiiiiiiii e a e e e 18
Figure 18 Final design of the speakencClosure.............cccco oo 19
Figure 19: Render Of fiNal deSIgNL.......cooiiiiiiiiiiee e 20
Figure 20: SPEAKET lINING.....uueeiiiiiiiiiii e e e e s e e e e e nanee 22
Figure 21: Testing Of the SPEAKEL...........oiuiiiiiiie e 23

Figure 22- Naked response of the drivers individually: no signal processing has been appliett
Figure 23: The response of both the woailed tweeter drivers combined................occcvvivenernnnn 25
Figure 24: Response of the drivers together with a crossover frequency and inverse filter.agplied.
Figure 25: The parameters for the fine parametric EQ adjustments..............ccccccvvvvvvvvvnrnnnen. 26
Figure 26: The closap response of the drivers together with a crossover frequency and inverse filter
=Y ] 1= o P 26
Figure 27: Response of the drivers together with a crossover frequency, inverse filter, and fine
equaliser adjustments applied, and port blocked using a handkerchief................cuevvieeeeneen. 27
Figure 28: The final frequency response characteristics of our loudspeaker after applying.D&P.
Figure 31: Bessel Function Values with respect to argument..................ooooieiiiiiiiinieiiininnne. 33

Figure 32: Radiation Impedance with respect to Normalised Frequency; Different Angles between


file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958701
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958701
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958702
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958702
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958703
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958703
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958704
file://///uoa.auckland.ac.nz/engdfs/home/anai442/Downloads/Final.docx%23_Toc5958704

Figure 33: Ratio between Sound Pressure and Force vs Normalised Frequency; Different Angles
between MIicrophone and SPEAKEN............ooo oottt e e e e e e e e aaaaaaaeas 34
Figure 34: Building progress of the speaker enclasure.............cooooceccceiiiiiiniiiiniiieeeeeeeeee, 35

Figure 29: A spectrogram for a pop song recordezDil 8 to 320 kbps mp3. Note the shelf at 16kHz.

................................................................................................................................................ 36
Figure 30: SPL for various genres of music within frequency rangdl0kBz..................cccueeee... 37
Table of Tables

Table 1: Mart Analysis used to determine type of enclosure used in final concept................. 15
Table 2: Mart analysis for determining the final conceptual design............cccccciviiiiiiviivininnee. 18
Table 3: Narrow adjustments Made...........ooooiiiiiiiiiii e e e e e e e e e e e e e 26
Table 4: Bill of materials and cost of each part...........ccooooiiiiii e 35



ExecutivéesSummary

An audio engineering compainas sought after the Product Development T@i) for a 2way
domestidoudspeaker desigiThis design mustxhibitaccurate (flat) sound reproductidravevisual
appeakbndcoverawide range of directionality anddguencyAfter extensive background researah o
different speaker cabinet types, as wehesustiqgerformanceptimisationof speakersoncepts were
drafted for a ported (bass reflex) speaker typenstruction cost considerations, and theoretical
calaulations of speaker parameters (@idine calculatorsMATLAB and acoustic theoyyallowed the
team tonarrow down tavhat was believed to be the optimal desigromthere stepswere takerto
model, manufactureand assemble a workinqoductas proof of concepilThe frequency response
chaacteristics of the loudspeaker were testetthe University Of Auckland anechoic sound chamber
andnecessaradjustmentsvere maddo the output signal via Bigital Signal Pocesser@SP. The
adjustmentsnadeenabledesponse manipulation such thdlat (+3dB) frequency responseuld be
achievedbetween 7€18,000 Hz.In essence, well performing loudspeakawith acousticexcellence
was designed ancbnstructedNot only does it exhibit great functionality, but it is also aesthetically
pleasing, affordable anthost importantlya viable model for the domestic market.

1 Design Goals

A number of performance and manufairtgrequirementdor the loudspaker (L/S)were identified
betweerthePDT and audio engineering compaltywas decided thdaheloudspeakerl(/S) beintended

for recreational domestic use riproducing sound from recordings and broadcasts. The target audience
for the L/Swas to benousehold residents such as adults, kids and teensgeviably,a loudspeaker

that could produceptimalsubjective sound for listeners waise of thekey goas.

The performance requirements for the L/S is such that it must eahibiast60 degree directionality
relative to the centre line of the woofer. It must be tonally flat such that its response isajittin
noticeable difference (jnd) of £3dB. TheS_must also have a dynamic rangsuitmusic of all genres

T particularlypop, as itis the music most listened to by theneral populatiant has been found that

pop generally comebetween 150 Hz and 5,000 Hz (Elowsson & Friberg, 2a@yvever,Figurel
belowidentifies that frequency ranges of instrumenis awices to béetween 30 Hz to 5000 Hz (psb
Speakers, 2005)therefore to make the speaker more versatile, the desired frequency sange i
determined is 70dB to 18000dB



THE FREQUENCIES OF MUSIC
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Figure 1: Ranges of frequencies for instruments and voices

When considering the mode of listening to sound, the speaker must be being designed for narrowband
(or music) mode. This is amportant factor to consideas it is essential to be able to discriminate
between individual notes in a chord. Therefdhe response must be more flat, with loarrhonic
distortion/colouratiori elsethe hearing system will pick up discrepiascin the subjective sound.

When designing the L/S, the enclosure must be built to inhibit a-bpilof resonances and must be
adequately insulated to achieve the same.

The manufactung requirements for the L/S is that it must be made from either or a combination of
8mm acrylic and 18mm MDF. Any features for the L/S should be able to be cut using the laser cutter
(for acrylic) or CNC router (for MDF). The pieces forming the enclosuneedaer be glued or secured

using screwsT he speaker design must also make use of two resources provided to the team: a 6.5 inch
woofer driver (for low frequencies) and 1 inch twedtfer high frequencies)Both must be used,
producing a 2vay speakerystem.

1.1 DesigrRationale
A woofer driver whose backside is not sealed causes sound waves to generate either side of the
diaphragm. The sound waves enmdtfeom the front of the woofeand of interest to the listenaiill be
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of opposite polarity to the wag unintentionally created at the back. This 180 degree difference in phase
can be understood by examining the production of a sound wave. When the diaphragm of the driver
moves outwards, air is compressed at the fromlile a rarefaction occurs at thadk by the same
diaphragm movement. Opposite polarity raises the concern of destructive interference and loss of low
frequency sound. Thus, a cabirmust be produced to prevesaund waves of inverted polaritsom

crossing paths with any sound wasitted from the frontseeFigure 2. It is for this reason that the

team is required to develop a cabinet design to go with the provided drivers.

In open air the sound waves in
frant and back af the driver can mix.

Figure2: A Di pol eo Effect of | sodawib,@@8)Woof er vs in

It is noted that the tweeter has a sealed back, and therefore does not raise a destructive interference
threat. Instead, one must be cautious ofsthart wavelength possessed by the high frequency sound
waves emanated. By being attached to a béifile the front face of the cabinetthe waves are

potentially restricted from travefig to the back of the cabin@reventing the speaker from achiayin

omnikdi rectionality of sound. However, given the t
less of an issudnstead, it can simply be understood during the design process tithtettieonality

rangecan be increasedith a small cabinetvidth in proximity of the tweeter.

Calaulations deliberated in Secti@l.3alsoreveals that the woofer alone cannot produce very high
frequencies due to the acdadobbingandradiation impedance saturation with a finite driver sizes

is the motivation behind seeking an&y loudspeaker witkwo drivers, as it will cover a wider range
andallow higherfrequencies to be reproduced as well.

2 Design Approach

Three common enclosure types for loudspeakers were considered: Sealed, Ported and Transmission
Line. Open baffle speakers were dismissed altogether due to them being inefficient in regards to
mechanicamovement, which is needed in order to provide a given level of sound (Linkwitzlab, 2019).

—

LA
u

Bass Reflex Transmission
Line

Figure 3: Common Enclosure types for L(&udio Judgement, 2015)

b

The sealed design, much like its name, involves a fully enclosed cabinet with holes only for the drivers
to sit in. Commonly known features of a sealed cabinet include impressive transient response (i.e.
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excellent reproduction of quick sounds without érigg resonance), simplicity and insensitivity to
mistuning- albeit a higher power requirement, lack of efficiency and limited bass.

The ported cabinet has an extra vent, in which
refl exohidse sciaghni,nett 6 s e xHkemmaoltziesandtor itk thet cabinet, whiaghisms a
used to extend low frequency range of the response. The ported cabinet, when correctly designed, can
boost low frequenciesbut is larger, requires more constructidfoe, and is more prone to mistuning.

The transmission line design has an acoustical labyrinth within which the rearward acoustic waves
(outlined in Sectiorl.1) travel. The transmission line is also designed to boost low frequencies, and
gradually attenuate unwanted reflections to restrict destructive interference.

2.1 Ported vs Sealed Enclosure

Despite being more expensive than the traditional sealelbsures, the ported cabinet offers certain
performance specifications that make it more suitable for the purpose/context it is being designed for.
Ported speakers increase the sound pressure level (SPL) and extend the base range.

Material andabour costs rise with increased cabinet size, which isoptiopal t o a speaker 6
compleity; a sealed cabinet is the smallest, ported cabinet is relatively larger and transmis$son line

the largest. Although the ported enclosure design is expensive and labour intensive than a sealed
enclosure, this higher initial cost is counteracted by the increased efficiency in the driver usage. The
efficiency of sealed cabinets is lower relative to both ported and transmission line enclosures due to
inward radiating energy not being utilizesiboost output The hi gher SPL of port:
that lessamperageis required to reach a certgiower In turn, this leads to less power usage over time.

The ported design also produces less distortion as there is less movement of the speaker cone. Given
the accuracy that can be achieved in the manufacturing facilities at a standard audio engineering
compaly, the sealed cabinet does not pose much gain despite it being known for its insensitivity to
mistuning from construction errors. In essence, the ported cabinet design is a much more appealing
choice compared to sealadnsidering all theabove

2.1.1 Efficierry Bandwidth Produ¢EBP)

The Efficiency Bandwidth Product (EBP) is another parameter which influenced the decision to select
a ported enclosuras opposed to a sealed enclosure. Given the driver information (woofer), the EBP is
as follows:

0 ™ X
O 1T @ T™Hz
0

060 =
L

vay

Where0 is the quality factor (inversely related to damping) due to electrical component§iand

the resonant frequency dhe woofer | t is to be noted that the twe
contribute to cabinet volume and porting decisions, so was not considemrgdcalculations.

From research, it was found that a ported design is better suited for EBRPclases to 100while a

sealed design is better suited for an EBP value closer to 50. Since 86.9 is closer to 100, this provides
further evidence that a ported enclosure is better suited for the application. Redetiaa2.1.3for

further supporting evidendtewardst he ported speakerds extending fr

2.1.2 Online Calculator

Online calculationthrough HiFi Loudspeaker Design (2019) was used to compute optimal cabinet
volumes for each of the three enclosure types put forward for consideration. The parameters of the
woofer were used as input values;

& 1T@dq bl MWt powMBEApomnili



SeeFiguredforv ar i ab | e s dhe dptinial desirdd votumesfor thd@ ported enclosuretiuas
determined to be 27.54L (0.02754m3). For the sealed enclosure, the optimal volume is less than half:
1228L (0.01228m3). NonethelesSection5.2 illustrates that the volume reduction benefit falls short

in comparison to the extended badfered by ported enclosures.

Dia : cm Diameter across the speaker cone including half of the cone-suspension
fs : Hz Resonant frequency of the driver

Qms * :l Q mechanical - needed to calculate Q¢

Qes : :l Q electrical - needed to calculate Q¢

Qis * Total Q of the driver Calculate Qts

Vas ! liters Equivalent volume of compliance

Calculate Vb
+ Volume and port dimensions are recommended for optimum performance
« Both (Volume and port dimensions) can be changed to calculate performance specifications for different size ports
and enclosures
« Enter volume of internal driver and parts
« Calculate performance specifications before calculating port dimensions

Vdr * liters  Velume of internal driver and parts

|

Vp ! |27.54 liters  Desired volume for the enclosure - You may change the enclosure volume

Calculate Dimensions & Performan

Calculated inside Dimensions of Enclosure

Wwidth = [30.2 cm 11.89 inches

Height = [48.86 cm 19.24 inches

Depth = [18.65 cm 7.35 inches
Volume Vp = |37.54 | liters 1680.5 | in?

The bass reflex port should have at least 1/3 of the driver's diameter!

Diameter of port(s) Dy = |5 cm ( You may change the port diameter)
Calc. Single Port Calc. Dual Port
Portarea = |10.63 |cm? [3.04 in?
Port length(s) = |7.42 cm 2.92 inches

Figure 4 - Online Calculator Output for Ported Enclosure.

2.1.3 Speaker Cabinet Modelling

The ported and sealed speaker systems can be modelled as a circular piston (driver) in a baffle.
Assumptions for this model are that electrical effects, the finite driver size and driver cone resonance
have negligible effect on the derived model.

The paameter of importance is the sourdliation from the speaker drivée. how loudly sound can
be emitted from the loudspeaker. Also termed as the sound pressure per unit force on the driver (P/F),

it is given by the product of radiation impedaneg &nd mobility (—):

CH ca
gl =

gl <

WhereP is the sound pressure, F the force on the driver and Q the volume velocity of air in the cabinet.

By analysing these enclosures as vibration systems, it can be proven with theory that the ported cabinet
indeed is able to extend the low frequency response if implemented correctly.

2.1.3.1 Mobility
The mobility can be calculated by taking the réagtween volume velocity Q and force F, as given by
the following equation:



YD YO
Qo

o O
Which can be computed by analysing a 2DOF vibratimtiem Figure5) givenby:
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Whered is the massp displacement damping coefficient] air spring stiffnessY area the
displacement amplitude af@the force. The subscrifi2represents the driver andhe port.
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Figure 5: 2DOF system uskto Model Ported Speaker System.

The sealed cabinet was modelled in the same way, only with the poiY atefined as infinitesimally
small.

Figure6is a plotof mobility with respect to normalised frequency, using the cabinet volumes computed
from online calculators in Sectich1.2 Resonance is seen to be shifted to the left for the ported
enclosure. In other words, peak mobility is achieved at a lower normalised frequency for the ported
enclosure than for sealed. Becawo$ this shift, the ported enclosure is theoretically expected to provide
an extra 55Hz extension to the low frequenciesAggendix7.1for assisting code
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Figure 6: Plot of mobility vs normalised frequency
2.1.3.2 Radiation Impedance
For a circular piston in baffle (Figure7), thesound pressure withithe speaker system is givert by
. 0" cI)Q“Q L QB EF
L S QR ES

. e oo QIO EF
Q® mho QD E+O

Wheren i hd is the sound pressuriethe distance betweehe loudspeaker and a microphone or
listener,cothe speed of sount,air density0 angular frequencyQthe wave number), ®the

piston (driver) radiuand0 the volume velocity (surface aremts surface velocity). The exponential
section is the timglependency of the sound pressute only amplitudes ofariablesare of key
interest, all timedependent terms were omitted from the computation.

microphone
/ p(r)
ZaI | ----- —

driver

Figure 7 - Circular Piston/Driver in Baffle Model
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Figure8 depictsthe radiation impedance of the speaker system, ignoring the effect of the driver being

of finite size. 1.2m was taken as the distance from the microphone/listener and speaker system, and 30
degrees was taken as an arbitrary angle between the two. k c&ef that the impedance exhibits a
steady linear increase with rise in frequency, regardless of the angle chosen for measurement, see
Appendix7.1for a range of thetvalue experimentations. It can also be observed from line congruence

in Figure8 thatthis impedance is independent of whether or not a port is present in the cabinet.

theta = 30 deg; S Pressure/Vol. Velocity [Bessel] vs w/wn
™ BDDDE ey - =5 ey - -

7000
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4000 |

- Bessel. Theta = 30 de
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=

=
=
1
!
|

0 2 4 6 B 10
wiwn
Figure 8: Ratio between Sound Pressure and Volume VelRégliation Impedance)

2.1.3.3 Sound PressupeerUnit Force

While radiation impedance increases with frequency, mobility decreases, givingsh fiesponse for

sound pressure per unit force on the driver. Having a flat response is key to undistorted sound
reproduction, and the aim is to have the largest possible range of frequency about which the flat response
holds.

Multiplying the increasing radiation impedance with decreasing mobility, sound pressure per unit force

is producedFigure9 plotsthe sound pressure per unit force on the driverafoarbitrary 30 degrees

(= that the microphone or listener is positioned relative to the speaker. In all angles of positioning, it

is clear that the ported cabinet reaches a flat respassequired at a much lower frequency than for

seal ed. This c¢clear extension in |l ow frequencies
sealed.
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theta = 30 deg; Sound Pressure/Force [Bessel] vs w/wn
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Figure 9 - Sound Pressure per unit Force for Speaker Systems

It was found from computation of resonances in driver mobility that a 55 Hz frequency extension can
be achieved with a ported design. This is because a lower frequendy peaiility corresponds to an
earlier flat response; a lower limit of 126 Hz was calculated for the sealed design, while a 71 Hz limit
was calculated for the ported design, see Appendifor assisting code output

Nevertheless, is it worth mentioning that neither enclosure type can reach optimality with the woofer
alone. If finite driver size was considered, the radiation impedance would, in fact, saturate at higher
frequencies making for a sound pressure (per unit force on the driver) response that fails to stay flat

in the upper range. It is for this reason that the woofer cannot operate at higher frequencies than its
specifications. In fact, for any given driverpaf | atti shé response can only
range in frequency.

Another way of viewing the incompatibility between the woofer and very high frequencies is by
revisiting the sound pressure equatioéction2.1.3.2 The fractior—————including0 (termed

the Bessel function) is the directivity teqseeFigure 10), while the remaindef@— is the simple

source term. It can be seen that the Bessel function is a decaying sinusoidal function, with certain
arguments at which it is zero. Given that the argument is defined with respect to the angle a listener is
situatedrelative to the speakermtee line, there will subsequently be positions where no sound will be
heardseeFigurell This6 | obi ng6é ef fect means ahigheofeefuenciesdr i ver
(i.e. higher k or wavenumber) across a consistent angular range. In addition, its finite size (a) is very

| arge, causing the Bessel Function and these 061l o0
the tweeter to deal with ¢thigher frequencies.
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Figure 11: Polar Plots to Display Lobbing Phenomenon (Acoustic Frontiers, 2013).

FRICK FORGOT TO TALK ABOUT OMNE GEIDEYarying cabinet volume and port length around
ideal Worst case scenario just explain the ppt

2.2 Ported vs Transmission Line Enclosure

Computationusing online calculatorsuggests thahe transmission line desigaquires at minimum,

a29.6L cabinet for classic tuning and 39.79L for low tunBgth values are much higher in comparison

to the ported and sealed cabinet volume computations. Needless to say, a transmission line design will
demand substantially more material and labour deoto be constructed. In addition, although the
transmission line is known to assist in removing unwanted sound reflediiwoagh its gradual
attenuation within the acoustical labyrinth, sound absorbing material lining any other speaker design
interior is expected to have the same effect. This posed advantage of transmission line over ported is
therefore not considered to be of great significance.
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Despite the transmission line design offering certain advantages such as better driver control, less
sendivity to positioning and removal of undesired resonances, decision was made to choose a ported
design over transmission line for the final concept due t r ans mi ssi olmgh | i ne
material/labour cost and complexity. The advantages did nottseagrcrucial to the given application

of a domestic L/S; driver control only neetb stay withirthe jnd, and the speaker is generally placed

at the edge of any room in which case positioning does not have great significance. With its complexities
in geametry, it is also difficult to predict the performance of transmission line speakers through
theoretical calculations; more physical alterations are likely required in order to achieve the desired
sound output. In essence, the benefits of a transmisemepeaker do not appear critical for the given
application, and strict time restraints further emphasise this.

To formally determine the appropriate final desigriMat analysis was created as shown, Bagel.
The Mart analysigurther emphasisethat aportedenclosure would match h et cateriandiueh
more closely than either a Sealed or Transmission Line enclosure.

Tablel: Mart Analysis used to determine type of enclosure used in final concept

Total 0.275 0.45 0.28
Rank Criteria Sealed Ported Transmission Line
Ease of
0.3 manufacturing 0.5 0.5 0.1
0.2 Ease of assembly 0.5 0.5 0.1
0.25 Efficiency 0.05 0.7 0.6
0.02 Cost 0.5 0.5 0.2
0.05 Deep, defined bass 0.05 0.3 1
Total 0.275 0.45 0.28

2.3 Shape and Driver Positioning

Once the enclosure type for the L/S was confirmed, the optimal shape for the L/S was designed for
(given itsapplication. As cited from DIY Audio &Video (n.d.),internalreflections within a box are
mandated byhe shape of the enclosu&hen these reflections are combined with vibrations of the
box itself, spike distortions in frequency response can occur. These spikes, or fluctuations, in sound
pressure level can be tolerated up to thejnal A)'before a listener will noticdzigure 12 outlinesthe
variatiors in dB relative tothe shape of the enclosure, and illustrates the bepéfitsernal bevelling

and norequivalent dimensions.

Shape Variation
Cube +-5.0db
Rectangle +-3.0db
Cylinder +-2.0db
Beveled Cube +-1.5db
Beveled Rectangle | +-1.5db
Sphere +0.5 db

Figure 12: Variation in dB respective to the shape of the enclosure
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It can be takerfrom Figure 12 that, in order to meet thgnd specification any shape apart from a

perfect cube would suffice. It is seen that a spherical design is the optimail shagrren the materials

and manufacturing techniquathand, the sphere would bme-consuming andnnecessarilgifficult

to constructGeometrieshat closely resembldakvelled rectangbor cubes seemednostideal for the

application]l n addition, as demonstrated at t,lhavinddni ver s
nonparallel faces reduces the resonameiésin anenclosureHowever, the front and back faces must

be ideally placed parallel and perfectly vertical so that the waves propagate exactly hoArmpitad)

the front baffle would affect the directionality of thaves éspecially from théweeter)

An outgoing sound wave experiences diffraction at the edges of the (hadflee 13). When these
diffracted waves coincide with the outgoimgves, an interference pattern is produced. A speaker
becomes directional because of this effect. This can be mitigated somewhat by way of rounding or
bevelling the s pBRalueingdhe effecks ofenteifecence, ghe djrecsonality range
can be widened.

Figure 13- Edge Diffraction Phenomer(@eissmansacoustics 2015)

Regarding the relative placement of the woofer and tweeter, offsetting the tweeter from the centre line
of the baffleis believed to redudievariations in amplitudeasponse caused Hiffraction phenomena

in Figure13(DIY Audio, 2011) and reduce clashing of natural frequendiEsvever,when testing the
subjective sound for the L/$he microphone is placedt a point in far field thereforethe relative
distance between the tweeter and woofer should have negligible &ffe@ssumed that a subjective
listener will generallybe in far field also, andxperience equivalent sound from this testing scenario.
Thus,this offset was not consideradthe final design.

Higher frequencies from the tweeter, given their short wavelength, diffract less around the enclosure.
In fact, the optimal width of the cabinet (where the tweeter is located) must be ~2cm fer omni
directionality:
& EEI O o1b¥0 g A
¢ £ ¢mE( i
Such avalue is less than the diameter of the tweeter itself, pdsels ludicroudimension suggestions
for the cabinet Nonet hel es s, g i v asrfor & diveetionalesgeakétbis isnptearc | f i c at

issue. The key aim ismaply to minimisethe distance between the edge of the tweeter and the edge of
the speaker baffle. That way, the directional range of the speaker can be maximised.

The decision was made to implement a circular port as opposed to a rectangular portngutacta
(flat) portwould restrict the directional range on the design as the waves are radiaiad asapposed
to from a point (Roemer, 2005)he diameterof the port wasalsochosen specifically such that it is
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small compared to theavelength, allowing for the wave to travel up and down the port like a plane
wave.In addition,it wasfound that horns/flaring the port helps to reduce the noise of air rushing out,
minimising distortion (Audio Judgement, 2016)

2.4 EvolutionaDesignProces

A number ofconceptaveredrafted and analysed lblye PDT before coming up with the final design.
Advantages and disadvantages of esete determinedind weigledup againsbne anotherto obtain
the best possible final design. Desdgvelopment the speaker enclosure design is as follows.

1. Figurel4consistof a standard rectangular shaped enclosure. Tt /
is no variation in width specifically surrounding the Tweete — tweeter
making for a speakerthat covers a limited directionaity range A i
design is implemented on the ftdraffle for aesthetic purposes, ar §— wooler
to minimise edge diffraction and interference effects. Nofl— port

Figure 14: Conceptual
design 1

2. The first concept Kigure 14) was further developed to a mor
complex design as shovimFigurel5. In this new desigrthewidth
of the enclosure is significantly less around the tweeter, allowing
speaker to have a wider angle of directionality relative to the in
concept. This concephowever, is not as aesthetically pleasing
one would want in a recreationabursehold area. It appears bulk tweeter-
and fairly simplistic.

port

woofer

Figure 15: Conceptual
design 2
3. The next developed concepd to goato improve the aesthetics o

the conceptin Figure 15. It maintains the mall width around the
tweeter to obtain a larger degree of directionality. Although
angles provide an improvement in the aesthetics of the enclo
difficulty is likely to arise during the assembly process. The ant /
may also result in internaéflections which will affect the quality tweeter )
of the subjedte sound from the speaker. \

port

woofer

Figure 16: Conceptual
design 3



4. In concept showin Figurel?, the tweeter was placed at the top of t
enclosurewith the top cross section being significantly smaller th
other areas of the enclosufkhis is,again to obtain a largeangeof
directionality.The idea gave rise topyramid shaped enclosure. Th
concept appears to be relatively easy to manufacod assemble
and isalso relatively aesthetic and different to other speaker des
currently on the market.

Figure 17: Conceptual
design 4

Another Martanalysis(Table 2) wasperformed by the team to discover which concept matched the
criteria the most and, in turn, taletermine the final concept for the speaker enclosure. The concepts
used were 1, 3 and 4.

Table2: Mart analysis for determining the final conceptual design

Rank Criteria Conceptl  Concept 2 Concept 3

0.4 Wide-Range Directionality 0.1 0.8 0.9
Aesthetically pleasing to the

0.35 consumer 0.4 0.6 0.7
0.1 Ease ofmanufacturing 0.8 0.5 0.7
0.1 Innovative 0.2 0.5 0.7
0.05 Ease of assembly 0.8 0.3 0.5
Total 0.32 0.645 0.77

It is clearfrom the designs explored duringgltonceptual design phasigatthe trapezium shaped
enclosure met all the points describaddhadthe closest fit tahet e a anifeisa for arecreational
householdspeaker Concept 4 thusbecame the chosen concefprr development and further
improvements were made to arrivetta final concept.

2.4.1 Development of Final Design

Figure 18 devdops Concept4 (Figure17) with featureson the front baffle inConcept 1(Figure 14).

Not only does thisenderthe speakewith more aesthetic appeal for tbensumerwhich is necessary

for recreational household uséut it also helps to mitigate edge diffraction and interference effects,
which would affect the quality of subjective sound for the listeArother development included the
addition offour rubber stoppetts the bottom faceThis would servéo absorb sound waves and prevent
any surface the speaker is sitting on from reson&imgtural occurrence whidouldadverselyaffect

the overall acoustics of the speaker enclgsdi® degree fillets were alsocorporated in the internal
joints within the enclosure. The rationale behind this that it will reduce internal reflections and the
severity of spikes in frequency response (as mentioned in S2djonhis increases the overall quality

of subjectivesound astonal qualitycould be deemed unacceptable if sound pressure fluctuations
exceed the jnd rangein which case it would instigate a perceptibld o o my 6 subj ecti ve
speaker enclosure whie lined with sound absorbing matefblyester}o further suppresanysound
reflectionswithin the cabinevia dissipation.

It is common to seek asymmetry in a speaker system, so that nadqradricies do not clash. The
tean considered thiby way of avoiding cabinet dimensions that are clean multiples of each other
such that builelip of resonances could be mitigaéaot fullyremoved. Al t hough t he 0Gol
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is often usedh speaker dimensioning, it was not implemented into this design despite it being contrary
to popular beliefWhile the volume of the cabinet closely followed online calculat{@7s54L) the
dimensions themselvesticking to a fixed ratiovere notdeeme to beof huge concern; a cabinet
interior fully lined with sound absorbing materie expected to removeemaining unwanted
resonances and coinciding natural frequendibs. main drivers for dimensioning were, instead, the
minimisation of cabinet widthy the tweeter ansearch foratios that yieldedesthetic appeal.

A well braced cabinet must be designed to avoid acoustic and structural resonances. MDF thus serves

as a bettemsulatingmaterial than the acrylic alternative because it is thickberefore stiffer and

more suited to preventirgpundtransmissiorout of the cabinetFrom an aesthetics point of view, the

team also went after a more matte finish that would blend welinnatfnather vintagejurniture setting

-a Il ook that acrylic (shiny if spray painted) wo
morebirittle, which would make construction and transport of the speaker less deditadrkfore of

the twoavailable materialghe decision was made to use MDF as opposed to acrylic.

The final concept hasebate in the front baffle, suchthat he tweeter and woofer sit flushrom a
sound performance point of view, recessing drivers flush irb#ffe helps to widen the range of
directionality the speaker can achieveis also visually more attractive than having the drivers stick
out.

The enclosure baffle will be varnishauhile the rest of the faces will fminted in blackFigure19is
a CAD render of the final design.

tweeter

woofer

Port

=\

Figure 18 - Final design of the speaker enclosure

N
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Figure 19: Render of final design

During the detailed design phase, when the enclosure dimensions were determined, minimum
dimensions were calculated initiallypased on the tweeter, woofer and port dimens@ainsady
calculated. These we thenaltered such that the voluré27.54Lwas kept the same.

3 Bill of Materials and Cost of Design
The aproximate price of a sheet of 18mm MR¥given as below

pUctnmpceni Aydpnn ABinmninTfpipu

The totalprice of MDFrequired for thecabinetdesign comes t818.86- refer to Appendixfor full
details.

The ptal price of Wofer/Midrange Speaker Drives.6 Inch is$41.9Q and the 25mm Titanium Dome
Tweeter$24.90

Therefore, the overall cost to build the speaketosoee is $85.66Under$ 100 t o make, t he
design isclearlyaffordablei especially for the target markett recreational household user
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3.1 Device Specifications

At home recreational use

Sound direCtion. ...
Placement .

OO

Cross-over frequency.. ...
Optimal frequency FanNge ..o

Helght. .
[T £ TR
UM e

Tweeter

Distance from bottom.
Distance tosideedge. ...
Distance between woofer. ...
Cut out diameter. ..o
Outside diameter. ..o

Woofer

Distance from bottom. ...
Distance tosideedae. .. ..
Distance to port. ...
Cut out diameter. ..o
Outside diameter. ..o

Port

Distance from bottom.
Distance tosideedge. ...
DA T e

The height of the woofer centerline relative to ground (mic height)
The distance from the speaker to microphone..............c.occoooeeeo

PBEEIIAL oo
Approx. material cost ..
Total costof speaker ...

4 Cabinet Construction

effect

ceeeeeeeeeee 1400HZ
...T0Hz-16kHz

_..B66.3mm
...262mm
...0.0275m*

. 410mm

_.87.9mm
161 mm
. f0mm

= 104mm

....294mm
.. 70.0mm
. 1489mm
- 145mm
L A78mm

e 50mm

.. 100.6mm
150 7mm

. 1570mm
... 1200mm

...Omnidirectional
-...On any surface such

as ground or table
.. Black and stained wood

... MDF wood
.....518.86 NZD
....585.66 NZD

Part and assembly drawings were made foldhdspeaker design in PTC Créithe part fileswere
sent to @echnicianfor CNC routing 18mmwas too thickor laser cutting to be utilisedNonetheless,
both being automated processes, this was not considered a constingficrency. The baf f
chamfers were dongy hand using aplan&dral t hough
more quickly on a routerinternal filletsweremodelledin CAD and laser cut witacrylic. MDF was
the initial plan however, given thapolyester lining was going to covétemanyway, the material
choice did not appear portant for these filletsThiscompromisealsohad to be made due to lirad

resources at the chosexternaltechnicalservice

t

coul

d 6 vaedmbck e n

It had seemed thédlerancesvere neglected by thechnicianin the baffle rebatedn order to sit the
drivers flush a significantamount of sanding was dandeverthelesshe team is confident théhis
sanding step can be omitted or sped up had those tolerances beeediodiod/thus does not pose as a
construction difficulty should manufacturers reproduce the design.

The decision was to glue all sides together but thk baffle; that waythe interior could be accessed
for potential performance troubleshootin@or example, if any sound absorbing material had to be
removed/addedb improve sound qualityor if the divers neededeplacing ifthey become faully
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Brackes had to bemodelled and lasesut out of acrylicto enable the effective use ofcBamps in
securing the angle filleted panels correctly wiile glue dried (see Appendix’.3). Despite being an
extra step, little extra time was consunaadlaseicutting is a fast, automated proceEse sides were
painted and the baffle was varnishediatcht h e tca@ocarméheme. Theolyester soundbsorbing
materialwas nailed in place such that it was only on the sides of the englesefégure 20. The
drivers were soldered to the termimahd secured on the baffle.

- 1S

Figure 20: Speaker lining

The intended purpose of lining the enclosure with sound absorbing mat@si@ suppress standing
waves and reflections within the enclosure (Purl, 199%8pirical testing shoedthat completely lining

the enclosure will cause the cabinet to be acoustically laagétalteisthec a b i operatibgsmode

from adiabatic to isothermal (Purl,1999Joo much or too little was said to negatively affect the
acoustic performance of thepeaker.This further reinforces the choice to screw the back baffle;
adjustments to the amount of polyester within the cabinet could be made if necessary to improve the
subjective and objective sound characteristics.

5 Testing

The following lists andrigure21 outlinethe format and parameters for speaker testing and
performancevalidation done.
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Figure 21: Testing of the spea  ker

Testing Parameters:

1 The height of the woofer centreline relative to ground (mic height): 157cm.
1 The distance from the speaker to microphone: 1.2m.

Environment:

T Uni versity Anéchok SaukdlChamided s
Testing Equipment

1 Microphone: miniDSP UMIK1

1 DSP: miniDSP 2x4

5.1 Directionality

To test t he | oud ggngsareasurdments afi subgectivei sounda werettaken at
different angles around the speaker whilst playing musadent sound was captured gndged by

the team based on subjective interests. A variety of music was played, each song beargdegaitih
member of the team sudhat it ould easily be comparetb the performance ofmass produced
loudspeakeréon which theséamiliar songs wouldisually be played

Sufficient clarity of sound along the centerline, normal to the front face of the speaker, with no
noticeabledistortionsor frequency inadequaciegaswithin a 60 degree range from the centerline.
Beyondthis 120 degree rangetheincident sound was slightly mufflesiith high frequencies lacking.
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However, the team still deemed the sowsadisfactory at these anglegiven the directionality
requirement and applicatiasf use It should be noted that it will sound less muffled idamestic
environmentas the sound would be reflected off furniture and the walls of the room.

5.2 REW and miniDSP

To test the frequency response characteristics of the loudspéad&eteam made a visit to the
University of Aucklandcanechoic sound chambethi$ was tasolate the sound of the loudspealerd

prevent any reflections from occurring in the outside environrfveinicth may alter how the sound is

detectedl A digitally programmable Digital Signal Processoalled miniDSP 2x4was utilized to

manipilate the frequency response of theouds peaker, in order to make
possible This will ensurewhilst audio is playingthat no specific frequency stands out relative to any

otheri thus endering the input signal as accurately as possible.

To measure the responsglee team also made useafJMIK-1, an omnidirectional USB calibrated
microphone, together with ROOmMEQ Wiz d 6 s REW sof t war &sefilR&gpheé 5. 20 b
were exported after having conducted the appropriate measurements for the:

1 Naked response of the drivers individually.

Naked response of the drivers together.

Response of the drivers together aétpplying a crossover frequency to the DSP.

Response of the drivers together with a crossover frequency and inverse filter applied.

Response of the drivers together with a crossover frequency, inverse filter, aaquatizer

adjustments applied.

1 Response of the drivers together with a crossover frequency, inverse filter, aaduatizer
adjustments applied, and port blocked using a handkerchief.

= =4 =4 =9

5.3 Testing Measurements

Naked driver frequency responses
dB

. All SPL

80
75 M
70
65
60
55

5“ | )

30 40 50 60 7080 100 200 300 400 500600 800 A1k 2k 3k 4k 5k Bk 7k 8k 10k 22.5kHz

& 1: Naked Woofer _— 53.9 dBNE [ 2: Naked Tweeter _— 39.6 dBNE

Figure 22 - Naked response of the drivers individually: no signal processing has been applied.

As shownby Figure22,Error! Reference source not foundthepoint at which the tweeter and woofer
respose intersect is around 1400 Hz. This was identifieth@srossover frequency.

Crossover frequency:400 Hz
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5 All"SPL

80
75
70
65
60
55

50

30 40 50 60 7080 100 200 300 400 500600 800 A1k 2k 3k 4k 5k Bk Tk 8k 10k 22.5kt
@ 3: Together (no Xover) —_— 53.5 dBNF @ 4: Together (Xover) _— 54.9 dBNE

Figure 23: The response of both the woofer and tweeter drizensbined.

Theredline of Figure23indicatesthe response of the loudspeaker when there is no crossover
frequency specified within the miniDSP parameters. giieenline indicates the frequency response
of the loudspeaker aftercrossover frequency of 1400 Wasprogramed intothe DSP.&f | at t er 6
responsevas recorded aftethis crossover frequency applicatidie amplitude of the peak and
trough fluctuationsvithin the response hawvidentlyreduced fronwhat was recordegrior to
applying the crossover parameter.

dB

All SPL

a0
78
76
74
72
70

it}

66

41 50 60 7080 100 200 300 400 500 600 800 1k 2k 3k 4k 5k Bk Tk 8k 10k 22.5kHz
¥ 5: Together (with Auto-EQl — 708 dBvw [V B: Auto-EQ + Fine tuning _— 70.9 dgnew

Figure 24: Response of the drivers together with a crossover frequency and inverse filter applied.

An inverse filtercan beautomatically generated using the REW softwHris. used to counteract the

effects of unwanted environmental filtering of sign@lter applying the filter, one wilhotice even
further Oofl attening6 dlelihemdigure@dsHoweves the frequencyi c at e d
response beyontlé kHz deviates significantly from the neutral axis (~73dBin that region the

response is hidgivaried. The amplitude of fluctuationstheresponse around X8z was undeniably
unfavourable. To address this issue, after the inverse filter is applied, fine parametric EQ adjustments
were madé¢o a narrow bandwidth across these troublesome fregpseacljacent to 1i8Hz (seeFigure

25). High Q values were used at the risk of the
listening, this did not seem to be ttese Having those adjustments madesath high frequencies is

a much smaller risk than if they were done at the lower end.
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EQ BAND SELECTION PARAMETRIC EQ BAND 1
© EQ1  Freq:17300 O Basic
EQ2 Freq:16600 Fiter type m
EQ3  Freq:10
EQ4 Freq:10 Frequency 17300 B Gain 4 B

EQS  Freq:10 | | [ | S

Copy to Output 4

|
¥

" BYPASS

ARAMETRIC EQ BAND 2
EQ BAND SELECTION PARAMETRIC EQ BAND 2 .

|
1

EQ1  Freq:17300 © Basic
0 EQ2 Freq:16600 Filter type m
EQ3  Freq:10
EQ4  Freg:10 Frequency 16600 B Gain -6 B Q il B
EQ5  Freq:10 N —ll— —l—

" BYPASS

Figure 25: The parameters for the fine parametric EQ adjustments.

A further summary of thearrow adjustmentsiade ares shown imable3. As reiteration, they were
donein orderto target the sharp peaklt.3 KHzand trough al6.6 KHz

Table3: Narrow adjustments made

EQ Band Frequency Gain Q
EQ1 17,300 4 5
EQ2 16,600 -6 8.2

These fine tuning adjustments were only applied to the twemsdenuse the high frequencies of
concernwere beyond the effective range of the woofer. These adjustments helped to reduce the
amplitude of t h d&onrthe squttainasise This effdceiselliillastraited loy theurple

line in the graph$igure24 andFigure26.

dB

82 All-SPL

g0

78

76

74

72

70

68

66

1223k 20.0k 22.06kHz

M) 5 Together (with Auto-EQl — T3.1dBNe [V &: Auto-EQ + Fine tuning _— 73.1 dgnew
Figure 26: The closeup response of the drivers together with a crossover frequency and inverse filter
applied.
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Figure 27: Response of the drivers together with a crossover frequency, iritersend fine
equaliser adjustments applied, and port blocked using a handkerchief.

The effect theport had on théoudspeakewasalso of interestA temporarymodification tothe port

was made by stuffing it with a handkerchighis wasan attemptd r educe the 61 oudn
Helmholtzresonator which the port actsiaer, in other words, simulathe performance ai sealed

speaker cabineT he response of the loudspeakesmeasured and is illustrated by tieeenline in

the Figure27. A repeat measurement of the initial respowitbout the handkerchig$ indicated by

theyellow line. As expecteda significant boost in the low end frequencies, roughly betweetv@0

Hz, occurs wherthe port is utilisedThis boost increases the lowest frequency able to be accurately
reproduced by our loudspeaker frortO0Hz down to~70 Hz.It also seems to increashe gradient

of the plot in the lowirequencieseffectively increasing the overall bandwidthtiog loudspeaker.

Physical testing of the speaker illustrates a flat response that begins at a frequency of ~70 Hz for the
ported design, whilblocking the port with a handkerchief to imitate a sealed cabinet design had the
flat response come closer to001Hz. These values were as expected from theoretical computations
earlier inSection2.1.3 The lowest frequency that theudspeaker can acceptably reproduce is ~70Hz,
which is less than 1Hz from the predicted theoretical result of 70.Thizlowest frequencythe
loudspeaker can acceptably reproduce with the port blocked is ~100Hz. This is close to the calculated
value of a sealed system, 102.1Hz (which yields a negligible difference of 2.1Hz).

It is noted that thealue of 102.1 Hz was +ealculated using theolume oft h e  tpert@dsy&tem.

In Section2.1.3 the 126 Hz limit for sealed was found using the optimal sealed cabinet volume
acquired trough online calculatiorActually, this observatioshows that a sealed cabinet is able to
achieve a lower frequency with cabinet enlargement. Nonetheless, the improvised sealed cabinet tested
with the ported cabinet volume still exhibited a frequency limit (~10Qiieater than the limit for

ported (~70Hz) by ~30Hz. In essence, for the same frequency range, the sealed cabiretwedold

be much larger in size thahone just incorporated a port into the design. Triegaésthe initial

concern that the ported gabt tends to bear greater material and labour costs.
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