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SUMMARY

‘Research into the tonal influence of the materials in which organ
pipes are fabricated, far from clarifying the guestion, has contributed
to the confusion. The results of experiments aeppear at variance with the
practices of organ builders and the conclusions of different workers are
often uncorroborative., Due to this, in literature aimed at musicians,
the guestion of the tonal implications of materials is dealt with
superficially and often reflects the prejudices of manufacture aﬁd players.,
‘ This project aims to relats empirical understanding and analytical
study, to demonstrate the tonal implications of Pipe-Metal - aslloys of tin
and lead - on argan pipe tonse, and to‘investigata the possibilities of
fabricating organ pipes in alternative materials. | '

The work includes a survey of relevant literature about othei wind
instruments as well as the organ, from whieh aspects of the controversy
which require further experimental work are identified, It also shows
that the experimental approach should involve the analysis of onset
transient and that physical analysis should be related to the auditory
capacity of humans., A method of analysis, detail of the equipment designed
and the eriteria far relating analysis.amd physiology are presented in
the text.

Experimental work, in which an organ builder was involved,
investigated the influence of resonator material on steady pipe tone, the
extent to which voicing operations modify tene, and the relative effects
of material and wall thickness on pipe onsets. The experimental results
are equated with the ideas reviewed in the initial survey and first~hand
information about pipe making practice.

Conclusions indicate that only in the region c to 02 does wall
material influence tone perceptibly. The extent of wall thickness, 1lip
material znd voicing effects are conjecturally related over the whole
range of open pipe frequencies, and criterion for the choice of materials
for pipes of various nitches are suggested. ' _
finally, consideration is given to the possibilities of using

other materials for pipe resonators and how new wall thickness scales

might overcome tenal deficiences.
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Chapter 1,

INTRODUCTION




1.1 Reasans for the Study

Although it has long attracted the attentions of musical instrument
makers and musicians, with the advent of electronic synthesis of
fraditional instrumenﬁs and the produbtion of some orchestral and band
_instruments in nan—tradltlonal materlals, the effect on the tons of

- musical instruments oF mall materlal has been ‘increasingly discussed and

'"Q'research work carrlsd out. Desplte the exoerlments of StUdlDUS workers,

the questlon is still far from resolved it is nat clear from studies

influence the tone, since the reports of different researchers do not
..corrcborate each‘others findings. Furthermore, the gractlces of organ .
builders are at variance with experimental conclusions. It is not
surprising therefore, that otherwise scholarly literature about
instruments and musical acoustics eimed at musicians, fails to present
a clear picture of this aspect of instrument design, reflecting instead
the prejudices held by musicians and instrument makers alike. The
project is undertaken by a musicizn keen to understand the relationship

hetween emoirical and acoustic reasons for tha choice of materials.

ﬁbf organ. pipe resonator materlals,'whether or not material does in fact fff“*“



Resonator:

! ||| FoOL
i .

Fig. 11 Open Labial  Organ  Pipe.
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1.2 Labial Crgan Pipes and Their Materials

Physical diffefences in.piee design diﬁide'orgen stops into liegual
of reed stops in whieh a vibrating tongue initiates movement of the air
in the resonator, and labial or flue stops wherein the.lip_ie stationary

;add the.air peeeing it excitee the stending wave id'the resnnatnr; It
cis thls tyne of Dlpe which is considered in this project. The parts of
lieia lab1a1 pipe are shouwn in 1gure 1.1 . Lablal stops, whlch daminate f
'Tf the spec1flcatlens of most organs, may be divided into three broad o

,sﬁfclassificatione according to the length/ernss—eectionaluarea ratlo, ‘ar R

:_ scale' of the stop.'_So called strlng tones are elicited from narrow
':~3: scaied;tops,_and from wide ones, flute tone. Between these extremes.is
the dominant organ tone eolour, produced by intermediate scaled labial
pipes, tcalled diapasons,

Cylindrical qegan pines are usually made in allays of lead and
tin referred to as pipe-metal, though large pices are nften made from
zinc sheet. Pipe matal elloys rich in tin have a olain bright anpeeradce,
and those rich in lead, a dull grey finieh. Between about 40 per cent
and 80 per cent tin content however, the metal has a spotted appearance
attributable to the alloys lack af homageneity, The snots, whose cares
are rich in lead ancd outer edges rich in tin, are joined in a net-like
structure of eutectic material which is much stronger than the material
of the spots themselves. The metal has a low melting ooint: _183D C for
70 per cent tin and 30 per cent lead alloys, Shaets are cast and the '
metal is thicknessed by glaning . Rolling softens the allnys which are
already near the limit of so?tness for practical puronses.  The sheets
are easily formed around mandrils into cyiinders and are readily

Jained by snft soldering,

1.2 Secone of the ltlork

Sy building an the basis of pertinent acoustical renpnrts abaut
argjan pipes and other instruments, using ideas set nut in musical
literature and collecting first-hand information abaut nrgan building

practice, a comoreshensive sUrvey is made nf research and dsbate about
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materials and musical fnne quality. Those aspects of the cantroversy
which recuire further experimental work for clarificatisn are thus
defined, Further consideration is given to the method of studying thése
and to the experimental techniaues involved, befare a pragramme af
experiments is decided. The fgsultsfof the exhériments are combined
with the ideas revieved initially, and an overall picture of the tonal
-AwlﬂflUEQCE nf mall materlals an open labial plpes, relatlue to the
; ‘1nf1uance of other factors, is formed. i e

‘The study has three objectives: .

»"Wfsﬂ.__To relate empirical undarstanding and practlca to"‘w

analytlcal and expermmental work
2. To demonsirate the tonal implicatinns of pipe metal
. on orgén nipes. '
To investigate the possibilities of.Fabricating

organ pipes in alternative materials,
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;f:passess thalr su1tah111ty For 1nstrument Fabricatlon.j;i;m-,.'

2.1 Introduction

Serinus study and articulate debate ahgut the role the materials
from which musical instruments are made haé in deéermining tane gquality,
is far from new in attractihg the attention af researchers. -Although a
paper hy Biot1 is probébly the first published rebort the question has
been of importance to 1nstrument makers and musicians From Earller tlmes. 
: Organ bu1lders in partlcular,'and also flute and nther woodwlnd ' ‘

xmanufacturers, have 1nuestlgated the prouertles of new materlals tn

The myths surrounding manufacturlng practlce, together wlth the
preJudlces af players and musical writers, have contributed to the
 dsbate by attracting attention to the peints at issue. Whilst p

caontributing valuable knowledge and practical skills, they have often

frustrated attemnts %o resolve the gusstisns, Many of the studies -
relevant here are from recent yéars. 3ince the ssennd world war more

powerful methgds have been available foar the study of tone-quality in

tha form of dedicatéd computers and spectrum analysers. Knowledge from
experimental psychology about subjective judgements has also made new
acousticlgtudies viable,

Although organ pioes figure prominently amang investigatinns ints
the effect of materials on musical instrument tone quaiity,2 and studies
of organ tone contribute considerably to the total body of knowledge
about the acoustics of music, studies of other instruments are relevant
to this study and are included in this review. Other than the effect of.
material on pipe~tone, consideratinon is given tn studies which have
aroduced infnrmation asbout the wnicing prm:ess,’3 transients,d and wall

s ; 5 P .
vibratinns,” as wellas data on the characteristics of particular pine tones;ﬁ

1 Miller (85) 164

Lottermoser & Meyer (72) Lottermoser & Feyer (73) Backus & Hundley (3)
3 Mercer (79) Mercer {(81) Meyer (83) - ~ Danzer (32)

Rakowsi & Richardson (101)

4 Fletcher (40)  Cadcdy & Pollard (20)
Keeler (A1) Molle & Baner (89)

5 Benade (11) . Packus & Hundley (9)

6 fFletcher, Blackmen & Christensen (43)

2 Miller (85) Laottermaser (70)  Boner & Neuman {15)  Glatter—-Gotz (46)
Anner (1&) FTE}’EI“ (8&) Tanner (116) -



Thearetical and experimental. cansideratians qf the niueé' saund nraducing

mechanism,1 studies on theu;etical.aspects of construction,z and external

influences including architecture on orgén 'c<:|r1ea"5 are other areas from

vhich information has been collected. Among studies of other instruments
. considered, wind tone, iﬁcluding transients, has figured prominently.4

- In common. with the organ, "a lot of work has been carried out on the

"ulnFluence of wzll material on wnodwlnd tone.s ' _

’ therature from musical and scientific sources, which reflects

”5'both serious study and also prejudice, is reviewed here, The preU10Us

- -between scund and materlals are con51dered and discussed in relatlon to
_the current work. Also presented is an apuraisal of organ building
'7'pract1ce as it effects the choice of materials and, in the organ bullders
estimation at least, the tane of the instrument. 1In the sectians'
conclusion, the review is used to identify areas where knowledge is
lackihg, deuelnhment pnssible or where approach should differ, 'The
imnlicatinns of each are outlined. The way each has influenced previous

watk and ths role it should have in this and further work considered.

1. Coltman (25) Fletcher (39) nrman (99)
Powell {99) Bawtree (8) Sapavia-Hunt (17)
Elder (36) :

2. Fletcher (42) Ingersieu & Frahenius (55)

3, Pollard (77) Rienstra (104)

4, Richardson {192} Ltuce & Clarit (73)

Strong & Clark {113)  freedman (44)
Beauchamn (10)

5. Hall (49) Coltman (26) Backus (2)
-~ miller (85) Parker (94)

Zwork 15 eualuated and aspects whlch appertain directly to the relatlonshlp -:{



“and bégpipeé;' Unfortunately, cchfusion gbout the infiuence.nf‘ﬁaterial

2,2 Musical Literature

The interest of musicians in the historical and tonal development
of instruments is reflected by the number of scholarly books and articles
in journals abgut instruments. This is due partly to an azopetite for

the performance of classical and romantic music as it would have been

'~ played in its composers day, and to a curiosity about the tonal ua;ue

of.traditional materials brcﬁght about by the adoptidn‘of new materials

- for orchestral instruments such as recorders, clarinets and sousaphones,

“:iand alse far reconstructions of ancient instruments such as krumhorns, -7 7"

on tone has been perpetuated by otherwise authorative writers who more

often reflect the prejudices of players and imstrument makers rather

than entering into more complex and less definitive discussions

involving the evidence of these who have seriously set nut te shed light
on the controversy.

The following statement by_Jeans1 illustrates the sart of
unsubstantiated remarks which are madses

" Organ huilders usually specify the precise nature nf the metzl

or wond of which their pipes are to be built, the reasnans heinn that

.the quality of tone depends on the material of the oipe, Far instance,

nines of wood produce a heavier,.but alsg a warmer and mare mellow

tone than pipes of metal, while pines of nearly nure tin produce a
richer tone than pines of cheaper metaly a silver clérinet saunds very
different from ong of wdod, Just as an orchestral flute sounds different
from a penny whistle, " |

Cartainly the absurdity nf the final arqument is sururising from

. this author. It is not untrue that ewxaonents nf the nrchestrélIFlute

elicit from their intruments sounds dissimilar tn thnse usually

produced by a penny whistle, but equally, a flautist will find marked
differences in the timbre nf any twn flutes, even if bath are silver.
Other than this, three significant ooints emerge fram Jeans' statement,
First, ackﬁcwledging the care taken by argan huilders in the choaice nf
materials, he subscribes to the supnmasitinm that pine tnne amd materials

1 Jeans (56) 147
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are inextricably linksd, This is the predominant apininn amangst authnyes,
most of whom alse agree zbout the value aof tin aipes. Barnes1 writes;

T 0f all the materials used.in the coﬁstruéiinn of organ pipes,
that which ranks first in point of excellence is pure tin., It is almns£
indisaensable in the oroductian of keener taoned stsps. For dﬁllef
tonaed alnes..... a Upry large percentage of lead is 1ntroduced "

Sumner2 c1tes as an example uf thls the work a? Silberman and

Cavillé-Call, wha used alloys of nver 95 per cent tin for their narruw R
':'scaled harmonlcally rich flue plpes, though he ls unable ta ' ‘

.eﬂ;substantlate his claim, that s;luer and gold are inFerlor to pine metal :5¥-*‘

for nrgan plDeS. . 7 ‘ _

- Audsley, despite.his st atement fhat, " there are few matters mars
imgmrtant-in an organ than the quality of the metal used in the
construction of tﬁe pines, " writes;

" We have heard tanes in every way satisfactory produced'fram

_pines canstructed of practically a1l classes nf pipe metal and alloys -

from the ponrest alloy of lead and antimony, tn the richest allny of
tin and 1éad. We have heard the mnst perfect imitatieons of the violin
and viglincelln producgd from oines of spntted-metal; such imitative
tones as we have never heard from pioss of tin, nd

Tun examnles are found of musical writers using the results of
experimenters work to suppart the notinns of instrument makers althaugh
the conclusions tn the studies state otﬁerwise. Desoite their findings,
the resUlts nf a naper by Boner and Newméns have heen used tn argque
that wall material doés gffect the tane bath af srgan pioesﬁfand_also
the nboe.7 SumnerB statesy

" A physical analysis nf the effect of oipe materials an tane
suality has confirmed what artist organ builders haue-Fnund in centuries
nf emoiricism, OCF the varinus allays used in the experiments, a fifty-
Fifty mixture af tin and lead gave the best reinforcement of the first seven
harmonics, with wood secnond and galvanised irnon and nther materials far

behind, Steel anly served tn reinfnrce the eighth ta the eleventh nartiale,

Sunnar {114) 277
fudsley (7) 503
Sumner (114)
sumner (114) 277

farnes (5) 30-32
fudslay (7) 501
Saner & dewman {15)

Bate (58} 131

~ g =
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Boner and Kewman however, used one alloy only which they refer to
as Tegular nipe me’;al1 and which they intimate contains 2 larger oguantity
of lead than tin., They concluded that there was very little difference
in the steady-anaiysis and even listening tests revealed very small
audible ¢ifferences. ‘ .

Anthony Uoodz refers tn this article and states: _

" It has sometimes been held that the sound produced by =

) alr—cau1ty such as. an urgan nipe denpnds only on the gecmetrlc form uf
the cavity. This view has never been popular among muslclans, and has.

_Gnow heen unluersally abandoned. The materlal of whlch a pipe is made__;__ﬁ“ 

T'dues affect the ouallty and for pipes identical in shaoe and size, the
pitch. 1In general terms it is agreed that there is justification fnr
the views oaf organ builders who claim that heavy lead allays emohasize
the lnwer nartiasl tones, where as with zinc the higher partials are
amnlified and the quality of the tone ié brighter and mnre strident., The
results of attemots so far made to confirm this view by ohysical analysis
shaw clearly that the material used does affect the quality, slthouczh the
measurements indicate less decisive differences than might have been
anticipated, " |

Bawsher's revisinn of Dr, Wnod's bonk (1961) contains a foatnote
refarring to 2 contradictory view set nut by Knauss and Yeager3 who
maintain theat waLl material has no effect on the tnone ouality aof ths
carnet, J

The second noint arising from Jeans' statement, cnncerns the
relatiue merits of wond and metal ﬁipes; Those authors whn illustrate
the extent to which pice tone depénds‘nn material by contrasting the tone
nf woad nines with metsl ones (Sumner and wiiliams are amang them) must
nmmte that metal nines are commanly constructinn as vvllndrlcal tube
which have shvsicsl modes of vibration so different tn thass associated
mith the angular tubes of wooden pipes, that tonal comparisnn is quite
imnossible.d ‘

Lastly, Zeans' statsment illustrates the nsycho-ecanamic factar
invalved with 2 musician's bamnrehensinn of musical snunds, Althnugh this
factnr is nf less imoortance for organ nipes than far any other instrument,
it is interesting that rich tone is associated with expensive metal. In a

similar way, visuzl ennsiderations might account for the imnrassive

1 Zaner & “lewman (15) 86 2 Unad {(130) 124
| 3 Knauss & Yeager (63) - 4 tolle & Boner (89)
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burnished tin pipes which form the front screen of many_coﬁtinental
organ facades, - _

. The madification of pipe tone possible by voicing is not commented
upnn by-many‘musical writers, 'Audsley’1 enohasises the impcrtahce of
careful waicing: a point which Sumher2 takes up when discussing the use
cf zinc pipes. He maintains that, " in the hands of any but a skillfui
' voicer it (zinc) tends to producp a hard, d851ccated and hungry tone, "o
. and therefore 1nfers that a varlety of tone 1s pcsslble Frnm any o '
.Dartlcular plDe and that thls can be adJUStEd by uolclng. 0
« <;The large. number of references to organ pipa materlal and tone '
certainly reflects the interest of musxclans in the subjert but '
reflected alsa, in the studies themselves, are the traditinns of instrumenf
makers and the aesthetic orejudices of musicians-and admirers. It is.
correct for instance,‘that the assumptinns about the impnortance of tin
shuuld_be oresznted, substantiated only b7 the practices of srgan |
huilders, but to ignore works vhich attemnt to clarify its raole by
scientific study shows a reserve which borders on prejudice, The
misconstruction of exoerimental results aiso exemnlifies this, The
varisty of tnne.gossible from nipes is not debated to any extent, but
“there is a ce;tain'lack of unanimity abnut the assncistiohnaf particular

tones with snecific metal allavs.

1 pudslev (7)
2  csumner (114)
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2.3 Scientific Studies

~

2.3.7 Uind Instruments in General

Despite experimental work on the influence of wall materials on
various wind instruments, clear answers about the role of materials in
achieving a particular timbre are not found. Instead, a variety of
opinions are expressed reminiscent of the confusion and lack of agréement
found in tha literature from more musically biassd sources.

Perhaps it was the éuccess of Boehm's flutes, made in hard drawn
silver at a time when flutes were only made in wood, which has led to
our guestioning whether material does effect the tone of musical
instruments, sspecially since Boehm also made flutes in wood., He had
little doubt of the influence of material on tone:

" The greater or less hardness and brittleness of the material has
a very great effect upon the quality of tone. Upan this peint much
experience is at hand.s Tubes of pewter give the softest, and at the
same time.tha weakest, tones; those made of very hard and brittle German
silver have, on the contrary, the most brilliant, but also the shrillest,
tones; the silver flute is preferable because of its unsurpassed
brilliancy and sonorousness; compared with these, the tones of flutes
made of wood, sound literally woaden. " -

The eminent professor Carl von Schafhautl, who worked with Boehm
at the University of Munich, in 1879 describsd how he made seven cavalry
trumpets with internal dimensions exactly alike, but different
thicknesses in brass, lead and gypsum sheet as well as three typas of
paper having different thicknesses. They were blown by a professional
trumpet player and the sound carefully assessed by attentive listeners.
He concluded, ™ What a difference in the tone quality! The most
brilliant tone was given by the trumpet of brass 0.85 mm thick. The
tone of the trumpet of lead was heavy and dull, while the tone of the
paper trumpets was papery and excited general 1aughtar. nl

Blaikley's demonstration involving, " a straight horn, or bugle,
of metal; another one of exactly the same proportions, made of broun
paper; and a third of metal of somewhat different proportions, in fact

more like a cornet or bugle, " conflicts with this latter opinion. He

1 Miller (86) 168
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states, " you find it very difficult, or even impossible, to distinguish
between the metal bugle and the paper ons, but'tha glight differsnce in
form between the two metal horns causes unmistakable difference in
quality."1 Thugggimilar expaerimaents produced apparently opposite
conclusions about the role of material in the production of sound
guality, .

Another similar experihent by Victor C. Néhilldn of Brussels, head
of the celebrated musical instrument company and curator of the museum
of instruments of ths;Balgian Royal Conservatory of Music, involving a
cavalry trumpet made wholly of wood, led him to concluda_that, L £
givés ekéctiy the same brilliancy as the instrument of brass, so that
it is impossible to distinguish the one from the other. n?

The essence of the controversy seems to come from the opinion held
by Mahillon and others of his persuasion, that, ™ the sonorod%fbady is
the column of air contained inside the tube, whose metal, wood or other
material, has no office except that of determining the form and
dimensions of the mass of air imprisioned within it, which is itself and
itself alone, the vibrating body. nd Boehm and his followers held that
the column of alr could be to some extent modified by the materisl as
mell as the geomet:ical shape of the tube. -

Miller, writing on flute tone in 1909, stated that the influence
of wall thickness and the condition of the inner surface were well knoun
but he concluded that it was conceivable that, " the presence or absence
of a ferrule or of some support for a key might cause the appearance or
disappearance of a partial tone. nd The effect of loading organ pipes
has however been shoun to havs very little measuresble effect on its
tone. (cf. section 2.2,2) Miller continues, "™ The traditional
influences of the different metals on the Flute are consistent with the
experimental results obtained from the organ pipe. Brass and German
silver are usually too hard, brittle and stiff as to be little influence
on the air column, and the tone is said to be hard and trumpet-like.
Silver is heavier and softer, and adds to the mellowness of the tone.
The much greater softness and density of gold adds still more to the
soFt-ﬁassiVsness of the walls ... permitting a greater influence of the
walls upon the tone, and increasing the richness of tons by augmenting the

fullness of the partials, as is the case with the organ pipe.

1 Blaikley {13) 2 pMiller (85)
3 Lavignac (66) - : 4 mMiller (85) 170
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However, as an example of what is epparently the opposite point of
view, Coltman's statistical analysis of the judgements of listeners and
flaﬁtists - who were allowed to play the keyless flutés made from
silver, copbgr and woad - concludsd, nl

. * No evidence has besnh found that expérienced listeners or trained
players can distinguish between flutes of like mouthpisce material
whose only difference is the nature and thickness of the wall materiajl
of the body, even when the variations in the material and thickness are
very marked.... FMoreover, the results suggest that even careful
attempté to produce identical sounds on the same instrument produce
variations that are more perceptible than any that might be associated
with the material, " _

One is led to surmise, if trying to reconcile these two standpoints,

that Miller's conclusions about the relative merits of the metals
| favoured by flute manufacturers and players, may be due to the associated
modification of the tone brought about by the presence of the keywork
and not to acoustical advantages claimed for tubes made from particular
materials.

Parker's experiments in which metal and wood clarinets were
carefully compared, found that wall material was, among other factors,
an important influence dn tone. Backus' work on the relative importance
of sound radiation from a élarinet's body and end, cencluded thus,2

" although the walls of a woadwind_instrument do vibrate when the
instrument is sounded, these vibrations are insufficient to effect the
steady—staté tone guality either by radiating sound themselves or by
altering the form of the internal air-column vibration.," '

He found that the sound pressurs level radiated from the open end
was 48 to 49'd8 above that radiated from the body and was therefore
nealigible. He also points out that the vibrations in the clarinet body
are dus to the reed beating against the mouthpiece and not to radial
vibrations due to the internal standing wave within the tube.a

Earlier, Knauss and Yeager4 had studied the vibration of the
walls of a cornst and showed that the walls of this instrument also
were unlikely to radiate sufficient sound to affect the quality of
sound, They also, using putty, attempted to dampen the wall vibrations

and found that uibration was reduced when the substance was affixed

1 Coltman (26) 523 2 Backus (2) 1887

3 1Ibid 1883 4 Knauss & Yeager (63)
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inside the bell but, " the sound of the instrument was far from ‘'dead', "
The presence of putty outside the bell made very little difference to

the éound.

2,3.2 QOrgan Pioes
From the number of studies about organ pipes among the literature

reviewed, it would be reasonable to assume that the role of a material
in sound pioduction should be well understood. In fact, whilst organ
pipe making practice'has been guestioned, discussed and experimented upon,
- many studies do not present corroborating material and overall _
understahding of the subject is sfill-largeiy abstract or conjecfural.
The subjsct has four principal facets, Experiments involwving pipes
made in various materials are of course dirsctly relevant, but studies
~ of organ pipe mechanism, wall vibrations and the extent that voicing
alters the tone quality also contribute in important ways to understanding.
Fundamental to studies of the importanba of materials on tone
quality is the guestion whether the instrument as a whole contributes to
the tone, or if the instrument serves only to imprison a peculiarly
shaped air column which, when brought te resanance, produces the
characteristic sound. Our knowledge of the mechanism of the organ pipe
is incomplete, and will develop only as understanding of the motion of
vibrating air in a tube and the jet drive mechanism is gained. Much
work has still to be done on the coupling of pipe and jet. First
explanations of the motion of air in a tube were put forward in 1826 by
weber1 and in 1840 Cawillé-Coll introduced the concept of the air reed
which was developed by Helmholtz, Schaik and uachsmuth.2 The latter's
experiments represent an important advance in the formulation 6? the
'edge tone' theory principally associated with Kéfman.3 Neither his
‘vortex street' theory or the simpler 'air reed! theory were satisfactory
~ and other experimenters, notably Hrown, but alse Nyborg, Burkhard and
Schilling, examined the jet more closely. Brcnun's4 nebulous gqualitative
theory which he called 'waka farmation' ( a compression~rarefaction
effect which trévelled backward from the edge causing the formation of
vortices ) showed that edge-tone producticn is not a simple phencmenon
but & complex effect inmvolving both alir reed and vortex formation, A

physical model for the mechanism of edge~tone production was developed

1 weber (18) 2 Mercer (80) 379-80
3 Norman (90) 30 _ 4 Brown (18) 493
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in thes early 1960's by Pomell1 in which he showed that the fluctuating
1ift force at the edge, caused by the impinging jet, sustained the
oscillations. He proposed also that a similar mechanism may be
respansible for the domination of the resonator as the principal factor
in the pipe mebhanism. The coupling between rescnator and sdge-~tones
is the most complex of the three features of the mechanism. The damping
of high partials associated with pipes of largs scale eliminates
harmonics whiﬁh would otherwvise be out of tume due to the sffect of the
well known end-corrsction phenonenon. Thus,2 although the harmonic
structure associated with a simple cylindrical resonator is not
. precisely harmonic, organ pipes produce tones which are more accurately
integer multiples of the fundamental. _

Powell's feedback notion was deueloped by Cremer, Ising and Bachert.
The 1968 Cramer—lsing4 theory accounted gualitively for this distinctive
featurs of organ pipe oscillation, the association of blown frequency
and pipe modes, and other features too, such as the tendency of the
fundamental pipe frequency to vary with blowing pressure., Coltmants
work, approaching the subject from a slightly different stance, produced
a second explanation of the coupling mechanism involving the formation of
an oscillatory pressure gradient due to the incompressible forces
associated with its own decay. This, and the Cremer—ising_theory, were
comprehended by a more general apprbach initiated by Elder.5 In his
paper of 1972, " the action of the air jet on the air in the pipe is
almost completely explained Y wrote Fletcher,6 whe extended Elder's |
work and, using ths approach for fhe calculation of harmonic development
initiated by Benade and Gans,7_predicted the bshaviour of several
harmonics of a pipe which agree well with observations. This paper8
also highlights the shortcomings of the present thenry about the
accoustically disturhed jet.

Theoretical studies of the mechanism of organ pipes, whilst

facilitating an understanding of the observable traits of the pipe and

Norman (90) 27
Cremer-Ising (29)
Fletcher {4Q)
Flstcher (41)

1 Powell (98)

% Boner & Neuman (15)
5 Elder (36)

7 Benade & Gans (12)
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including among the variables for which good predictions of the effect
on tene can be made, several of which are regarded highly by organ pipe
volcers such as mouth width and cut up, have not yet refined a
conceptual hodel in which the properties of materials can be evaluated
according to their effect on tone., It would seem that this area will
continue to be neglected until the jet-pipe interaction is understood
more fully.

The effect on tone due to the vibrations of the pipe bady and the
radiation of sound through the walls has been studied to agcertain the
extent that the damping qualities associated with the wall material
effects.the tone quality. A. He 30nes1 concludes that wall material
‘has little effect so long as the walls are hard, smooth and fairly
rigid. He explains that only if the walls are thin and flexible does
the material become important, influencing both pitech and quality. This
is borne out by the very early investigators such as Savart (1825) and
tiskovious (1842} who found that the pitch of a pipe made from pérchment
could be lowered by impregnating the material with water vapour,

Lattermoser however, suggested that organ pipe timbre is effscted
by periodic medulation of certain farmants whose frequencies lis near
weakly damped resonance modes of the tube, These modes are excited by
the column of air but are dependent on the naturs of the material from
which the tube is constructed. :lones1 and Boner and Newman3 refute
this theory. They point out that the modulating fregquencies necessary
to produce the lines found in his specfra are far lower than any modes
of the pipe wall, | _

Extending their work on clarinets to organ pipes, Backus and

Hundsley conclude that,4

" the wall vibrations in organ pipes as commanly constructad have
negligible influence on the steady pipe tons, and probably little on
the transient buildup as wsll., " Barely detectable effects were found
in very few pipes; if important, vibration effects should be seen
predominently in most pipes. The tone structure of a pipe is determined
by its geometry, and the importance of this factor is demonstrated by
one sxperiment in which it was found that lining the inside of the tin
pipe at its open end with paper and thus reducing its diameter by a feu
mils over a distance of a few inches, the level of the 4th harmonic of

the pipe tone was reduced 15 dB, "

1 Jones (57) 2 Llottermoser (7Q)
3 Boner & Newman (15) 4 Backus & Hundley (3) 944
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The authors, by comparing the acceleration levels of the wall
vibratiog when the pipe was speaking normally with those measured when
it was driven by vibrating the upper lip, were able to assert that wall
vibrations are produced by the air stream from the flue striking'the |
lip, Ffurther analysis of the harmonic spectrum showed that, " thess
vibrations produce a negligible SPL as compared to that radiated by
the vibrating air celumn of the.pipe. n

He{mdltz1 attempted to explain the tonal difference between pipes
‘made in diffsrent materials by the effect of friction. Other writers,
though égreeing with his observations about the range of harmonic
develapment possible, do not attribute the phenomenon as Helmholtz did.
In Barnes'2 opinion, " the thickness of the metal has much’to do with
the development of harmonics, or the reverse, Thick metal causes the
tone of pipes made with it to be more foundational. Pipes made with
thin walls have greater harmonic development. " Glatter~Gotz" however,
found that, "™ the variation in harmonic structure among pipes of different
materials was the same as the variation amghg pipes of the same
material, " and concluded that the only important factor affecting
pipe tone is the resonator's shaps,

Lottgrmoser4 disagreed with this, reasoning that it was impossible
that organ builders could have deceived themselves for so long, but his
experiments on fsur pipes made with interchangable resonators from lead,
zine, tin and copper, reveal that although differences in harmonic
structure wers apparent, the spectrum also varied with the position of
the microphone. He found that the spectrum of a tin pipe could be
changed into that of a zinc pipe simply by observing it from a different
position, Catagorical asertions abgut the QUality af tons radiated'by'
tin pipes should, on the basis of this information, not be made even
by organ huilders. |

Although his hypothesis already mentioned, -that organ tons is
influenced by the intermodulation between the standing wave and the
modes excited within the tube, had been seriously questioned, in 15562
‘Lottermosers produced a further report in which he set out to Justify
from an acoustical standpoint the use of lead and tin alloys in

preference to zinc. From the spectral analysis of six similar pipes

1 Helmholtz (50) 94 2 Barnes (5)

3 Glatter-Gatz (46) 99 4 Llottermoser {69)
5 Lottermoser & Meyer (72)
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made in two types of zinc, copper, pipe~wood and two types of tin/lead
alloy, he again concluded that distinctive effects are related to
particular pipe materials; He does not however, shom that identical
spectra can be produced from pipes made of similar materials, nor is
fhere any indication other than an acknowledgment of an organ buildérg
assistance, that precautions were taken to assure similar veicing of
all six pipes.

In a similar experiment conducted by Harrison and Harrison of
Durham,1 in which argan pipes were constructed in different alloys of
tin and lead, results showed that after skilful wvoicing thers were
characteristic differences in tdﬁe. A latter paper by Lottermoser,2
describing experiments on plastic organ pipes is open ta similar
criticism. In a further statement from this paper, he asserts, from
the musical standpoint that, organ pipes should radiate harmonic sounds
uniformly.in all directions. But since the directional characteristic
inherent in the mechanism due to tha orientation of the mouth is
valuable in enabling organ pipes to speak correctly into buildings as
are rarely, if ever located whers they can be perceived from every
direction, it is doubtful that 2 pipe could better fulfil its musicai
role if it did radiate sound uniformily, | '

In similar experiments to those carried out by Lottermoser,

Boner and‘_Newman3 found that cylinders made from various metals as well
as wood, and one af a single layer of wrapping paper, produced
differences in harmenic spectra which, with the exception of the paper
one, show that material has very little effect on the steady state '
spectrum of the pipe. They also found that listening tasts showed very

small audible differences.

A number of useful studies have qualitively discovered the effects

af the half dozen or so adjustments associated with voicing organ pipes.4

None of the studies is as recent or complete as that of Nolle.5 In this
he compares the sounds from experimental pipes fitted with micromster
adjustment of mouth height and width as well as flue width and languid
thickness, with the theoretical predictions of athers, particularly

Eoltman.6 Thus, tonal changes procduced by certain voicing changes are

1 Richardson (102) 212 2 Lottermeser {73)
3 Boner & Newman (15) 4 See ref, 2 page 7
5 Nolle (88) 6 Coltman (27)
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quite well known. Howsver, the relative effect in comparison with
that contributed by the wall material has not been studied, though
NcNexl suggests that metal percentages are less important than other
facets, including voicing changss, in establishiﬁg the tone of a pipe.
E, G. Richardson was more emphatic stating that,2 " the effect of
material on the quality of organ-pipes seems ta be less important than
some organ builders suppose, for the actions of the voicer can mask
any special effect of the material, "

Finally, an interesting remark, unfortunately unsubstantiated,
~ from the paper by Ingerslev and Frobenius:® v It is likely that the
material used at the mouth, especially for the languid and upper lip,-
has more influence on the quality of the sound than the material of
the bipe body. ¥ '

1 Meeil (77) 10 ' 2 Richardson (102) 216
3 1Ingerslev & Frobéaius (55) 18
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2.4 Qrgan Building and Instrument Making ﬁractice

Material is but one aspect considered when designing the pipe work
for a new instrument, Detailed information 1s required about the size and
shape of the pipes, tha'physical position of pipes in the instrument  and
the wind pressure on which they will stand. Considerations also include
the balancing of the various divisions or 'warks! of the organ and the
acoustics of the building is {o be set. The designer must suphly
information about the stops' speaking length, the circumference, mouth-
width and the height it is to be cut up, ths wind pressure on which it is
‘to stand, as well as the material in which it is to be mads and its
thickness., The methods of working and establishsd practice of organ
builders provides an impertant insight into the subject of material
and tone. '

& genaral rule is applied for selecting the alloy of lead and tin.
Flute tone stops are made in 30 per cent tin, hybrids in 45 per cent,
reeds in 60 per cent and both diapascons and mixtures in 70 per cent tin,
Lead is a material possessing very good damping qualities. "It is
therefore notable that this dominates the alloy used for duller toned
stops and tin predominates for bright toned ones. It is common practice
that metal rich in lead is used thicker than that consisting mainly
of tin, ' '

The above tends to suggest that lead is used for certain organ
stops where a less developed tonal spectrum is desired and that its
sound absorbing qualitiess contribute to the instrument's sound. Stops
for brighter tones, hecause they are fabricated in a less absorbent |
méterial, propa-jate richer tone by the same reasoning, Whether or not
this is trus, it is clear from a structural point of view that the alloy
rich in tin is stronger than the other and for this reason if non?ather,
can be used thinmner than the softer, predominantly lead alloy.

The physical characteristics of stops, also effect their tone.
Those which use alloys rich in lead usually have greatest cross—sectional
area (widest scale), but the foundation pipes' diameters are considerably
less., This factor is paramount in deciding the tonerof a pipe but once
again it is almost impossible to assess the relative importance of this
parameter compared to the materials' ipfluence,

One other parameter linked with this is the height of the mouth,

referred to as the mouth cut-up. Flute toned pipes are provided with
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high mouths, low cut-up being associated with rich tone aﬁd therefore
utilised in diapason stops. This characteristic may be of some
importance since the sound from an organ pipe is radiated principally
from the mouth and open end, very little sound emerging-through the pips
body. Wide scaled pipes therefore have a larger area from which the
sound may disseminate, not only at the open end but also at the mouth,

Organ pipes are made in a soft malleable metal. The geometrical
shape of the resonator is critical to the tone of the pipe and in the
case of a ecylindrical pipe with parallel sides, slight distortion from
the round section can profoundly effect the tone. The nature of the
material used and the lafge amount of handling the pipes are subjected
to both in the factory where they are assembled as blanks, veiced, and
packed ready for transportation to the site of the instrument, as well
as when being 'planted® on the windchest, tuned and finally !finished®
in situ, make it unlikely that pipes will.maintain real accuracy.
Indeed, a pipe which speaks badly may be distorted slightly by the
voicer to correct this fault. Such inaccuracies in the shape of the
- resgnator provide one further pnssible variable affecting the tone of
particular pipes. _

For economic and structural reasens large pipes are often made in
zinc, and aesthatic éonsiderations sometimes lead to the production of
pipes in copper. Such pipes'are, however, fitted with mouth parts
(languid, upper and lower lips) made from pipe metal. In the case of
zine, the resilient property of the metal would justify the manufacture
of these parts which must be malleable, in a more suitable material. -
However, the use of pipe metal mouth parts in copper pipes tends to
suggest that the material from which these are made can exert an
influence on tone. Nercer,1 admits that 1ittle is known abaut the
vibrations of pipe upper lips, but assérts that zinc upper lips producse
a keener tone than plain metal,

One further observation complstes this comment on the methods
adopted by organ builders today, relying on the traditions of their
forebears. The textured surface produced in the casting process on the
underside of the metal by the linen covering of the casting table is
often Found on the inside of the pipe resonator. This surface could

conceivably effect the sfanding wave in the resonator by contributing to

1 Mercer(79)}
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the boundafy layer of zero particle motion causing a change in both the

velocity of the wave and the absorption of the tube.

2.5 Discussion and Evaluation of Aspects which Reaquire Ffurther Study

2.5.1 Introdugtion

The study of the influence that material has on wind instruments
has a long history in which corroﬁarating and conflicting information has
been presented, prejudiced judgements have been made, and the attitudes
of ihstrﬁmentmmakers and performers have been queétioned, upheld and
rejectsd, From thé review of literature presented above and the
infarmation ffam.preuinus sections about pipe making design and practice,
a number of aresSwhich appear to require consideration or further study
have been identified., Some relate to the acoustics df pipes, further
knowledge of which will extend understanding of the connection between
tone quality and pipe wall materials. Others invclve aspects of sound
analysis and experimental technique, which it is essential to resolve

before experimentzal work can be undertaken.

2.9.2 Lack of Unanimity in the Rasuylts of Steady State Experiments

The opinions of experimenters using steady state technigues to
analyse the tones of organ pipes made in different materials are varied
and apparently repudiate ons aﬁcther. Laying aside for consideration in
section 3.1.3 thé differences in manipulation of the pipes, and sighting
for example the work of Lottérmoser1,and Boner and Newman,2 (ef section
2.2.2) the former defends the use of traditional materials but the
latter reports little difference in the sounds of pipes made in different
materials. - Similarly, the result of an experiment by Harrison and
Harrison ofrDurham:%pparently confirms Lottermoser's findings.

There are two important points hers. First, we note that the
amplitude changes found by all these researchers ara small compared with
the levels of many of thé components identified, and that rnone of
experimentors show that repetitive analysis of the same signal will
produce results which are quite similar, The continuous ﬁerturbation

of almost any musical signal even in the steady period, makes it unlikely

1 Lottermoser (70) _ 2 Boner and Newman (15)
3 Richardson (102} . ' |
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that subsequent analysis, unless averaged over a very considerable
number of samples, would reveal precisely the same amplitudés for each
component. Secondly, the researchers all used pipes about 2 feg.t in
length. Clearly, the assumption that other pipes will bshave like this
one, which is implied iﬁ Lottermoser's and Boner and Newman's work, is
unseemly, Experiments should involve a wider range of pipe length, if
not also a range of pipe tones. - '

Clarification of the results obtainable by steady state anélysis
is therefore required - see section 4.2, The extent to which a
pérticularrsound differs from another is howsver, related not to the
range of amplitude readings abtaihed, but to the sensitivity of the

human ear - see section 3.2.2.1

2.5.3 Voicing Adjustmants

The voicing of organ pipes is held the most skilled and artistic
aspect of organ-building, "It is a tribute to his (organ-builders)
experisnce and ear training that he is able to assess so quickly and
accurately the effects af the adjustments that he makes".! The
preliminary voicing and subsequently the 'finishing' of the pipes once
positioned on the windchests, determimes the musical value and
effectiveness of the instrument: the quality of tone, Although he works
on each pipe individually, fhe voicer's aim is to produce homogenseity
within a rank of pipes, and stops which will combine with others to
form effective chorus and hybrid sounds.

Neither the musical literature or the study of pipe making reveal
much about how voicing influences tone, although the changes associated
with particular adjustments are féirly well documented in the |
sgientific studies reviewed. The adjustments in guestion are:2

(1) the size of the foot hole.

(2) the rounding of the edge of the bors

(3) Nicking = small cuts in the languid or lower lip

{4) the width of the flue

(5) the pnéitioning of harmonic bridges

(6) the height of the languid

(7) the height of the mouth cut-up

(8) the lateral setting of the upper lip

() the sharpness of the upper lip

(10) the addition of a compsnsator amplifier
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Nolle's1 (1979) study 15 the most recent and‘complete summary of
the effects of.these adjustments for circular metal pipes, Although this
provides conclusions about the effect of the various adjustments, |

a more quantative evaluation of the audible effects of‘the'
various voicing adjustmehts compared with the effect of materials seems
important for this study. Apart from that alternative materials put
forward can onlf'ba acceptable to organ builders if they can obtain the
sounds they wish from pipes fabricated in it, it is possiblé that slight -
differences in tone could be cbrrectad by competent wvoicing, The artist-
craftsmang. awareness of the effects of these adjustments is diffipult
to assess guantitively and therefore the viability of improving sounds
radicaily-by these adjustments can only be ascertained by experiment,

The dearth of knowledge in this area is understandable for, as with the
isolation of the resonators' role in pipe tone, study is exceptionaly
difficult due to the interrelation of variables and the subjectivity of
defining "tane qualityf. ,

Of primary importance is the extent of the tonal changes effected by
voicing adjustments and, since this work was framed in the light of the
preliminary experiments on materials for the resonator, the extent of
- changes will be assessed by comparison with the changes occurring in
those experiments. Three aspects of voicing are considered here,
firstly, the effect of voicing adjustments on pipe tone, secondly,’
the viability of voicing pipes geometrically similar to produce
homologous sounds irrespective of the material from which they are
fabricated, and thirdly, the effect of adjustments to the pressure

transient.

It is certain that pipe tone can he modified by the voicer, but
uhat is not known, and is of interest in this work, is whether the range
of tone poésible could compensate for the loss of tone colour associated
with the characteristics of material, if the pipes were made in non-
standard materials. Of course, this parameter of tonal modification is
.interrelaﬁed with the other factors influenecing pipe tone: pipe

geomatry and the possiblé effects of material and wall thickness.

2.5.4 Wall Thickness

2,5.,4,1., Physical Attributes

The lack of comment on wall thickness in ths experimental work
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reviewed 1s not*able, thaugh the choice of wall thiCRness.is specified
carefully by thez organ builder and ths graduation of thicknzss throughout
" the pipes of stops is not arbitrarily decided upan, The survey of pinoe
making practice alsc shows that pipes made of alloys rich in tin have s
thinner_walls than pipes made from predominantly lead alloys. The reason
for this'méy be structural, but the selection of combinations of
péfticular materials and specific. ecalés'nf Qall thickness suggests th%t _
“the tmn'ére intagfélly réléfed “Since thlck malled plDPs are used in = -
'T'JFf_ e ;Fcundatlonal tmne atO?S qnd thin met al ia used for bright tcned stopa;‘ o

']_mﬁcculd wall thlckness be mcre 1mportant than materlal 1n the tona quallty

.....

procuceds: mculd 1t bé poss;ble te produce diapason tone from a 30 per"” ol
cent tin plpelcf dispason scale 1f the walls were much thlnner‘than is
qual for this alloy? Canversely, could flute tone be elicited From"-.
pipes of 70 per cent tin which have spprapriately thicker walls?

This nation abaut the imnortencefbf wall thickness is given weight
by the 1pparcnt antithesls betwsen the findings of ﬁlller1 and thasg of
qutter—cdtz. Niller attributes flute tone colour to the elastic
qualities of the metal, but Glatter-Gotz' éxperiments on argan pipes show
that the variation in harmonic tone structure among pipes of different
materialé was the same as the variation among pipes of the same material.
.ﬁe caoncluded that the only important factor affecting pins tonz is the
resonatorts shape, Since the organ pipes were ralstively thick walled

“compared with 8.2 mm or 0.3 am for the tubes af (iller's flutes, the
tone of the organ p*::e wnuld be affected proportinnately less by the
changss of material or thickness than the Tlutes, Changes, therefore,

. of nmaterizl or thickness in the thin walled instrument are probably
mors noticcable than in the thick walled argan pipes, though they umay
also be aszaciabod with the position and ueight of keywork or the
players grip on thc instrument,

Coltman'" demonstration with three flutes also bears out this
notion. The silver and wood tubes were of the same quality and thickness
as those used in flute manufacture and the other, a copper tube, was much
thicker then either of the others. It is interesting to speculate whether
difforencos would Locome =pparent if 211 three tubes had valls nf'tha
szne thickness. |

Fad

Tasto regerding the effzct on the lharmonic specieaz of organ pxae of

1 7iller {85}

2 GlattermGotz (46).°

3

% Caltnm-n (75
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increasing the rigidity of organ pipe walls carried out by Backus and
Hundley,1 first by surrounding the pipes with a larger tube sealed to the
organ pipe and filled with water, and secondly, by grasping spsaking

pipes and monitoring any change in spectrum, also reveal the experimenter’s
lack of concern for the influence of wall thickness, since ths two tubes
tested were a "tin' organ pipe resonator of sfandard construction and a
copper pipe with walls 10 mil thick, .

Another pdssibility suggested by the poor response characteristics
which wogram2 found in thin walled brass instrument bells, is that there
is a minimum thickness below which tone is very significently affected
by wall vibration, ‘This condition is sometimes encountered by organ
builders who may deform the cyiindrical shape of the resonator, solder
a small bar through the pipe, or fit it with a strengthening collar in
order to give the pipe more structural strength.

These observations suggest that work should be dane to assess the
importance of wall thickness perhaps with the view of demonstrazting a

critical thickness for pipes made from particular materials sounding
| notes of specific freguencies below which thickness a particular material
will contribute peculiarly to the tone. Thess cnnjéctural ideas are
given theoretical weight by the following discussion of sound radiation

through the pipe walls.

_ 2e5.4.,2. Theoretical Links

Backus and Hundley's study of the effect of non-rigid walls on
pipe tone3 provides a theory whicﬁ enable the calculation of sound
radiation levels produced by frequency changes induced by the '
elasticity of the cylinder walls. The theory is applied to certain
pipes and the results compared Qith experimental findings involving the
artificial vibration of pipes. They conclude that pipe tone quality, at
.léast far cylindrical pipes, is determined by its geometry; that the
vibrations of the pipe wall are unimportant, influencing N4Perceiuably
the standing wave and the radiation of sound, and therefore that pipe

wall material has no effect on the tone.

1 8ackus and Hundley (3) 2 Wogram (129)
% dackus and Hundley (3)
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The theory they present does however, provide a means of
associating the details of a pipe's geometry, known as its scaling, with
the wall thickness and the elastic properties of the wall material, This
enable a study of the effect of wall material, on pipes of different tone
quality and also facilitates investigation of the material's thickness.
The theory is zpplied to pipes of various sizes and the calculations
evaluated against experimental work to ascertain its validity. It is
theﬁ applied to various situations to calculate the wall thickness

required for pipes made in alternative materials.
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2.6 Summary

Scientific research and debate about materials and musical tone
quality has produced no clear explanation of the role materials play in
fhe tonal structure of instruments. This survey shows a range of
dissantiﬁg opinions not only from those who have studied organ tone, but
from researchers who have concerned themselves with woodwind and brass
instruments also. Though it is true that the prejudices of players and
musicians have frustrated serious attempts to resolve the questions,
the opinions of those who listen to musical sounds provides an acid test
for resalving the controversy. Instrument makers, having absorbed a
wealth of emﬁirical knowledge from generations of craftsmeﬁ before them,
can make contributions to the debate which should not be regarded
disparagingly in the light of experimental results., It is intended that
empirical and scientific ideas should be considered aleng side in this
work, to stimulate debate and resolve ths question,

Six areas far further study have been identified:

(1) Experiments should be carried out to clarify the tonal
modifications discernible by steady state analysis of organ pipes made
in dissimilar materials.

(2) Analysis of ths onset transient is }equired to understand
more fully the effect of wall material on tone.

(3) Wall materials and wall thickness are related in their effect
on tone and should be investigated to show the tonal modifications
attributable to each.

(4) Voicing adjustments are khcwn to effect the tone guality of
organ pipes and may therefore provide a means of correcting slight
differences in timbre resulting from alternative pipe fabrication materials.
' The extent of the tonal modifications possible by voicing should be '
assessed.

(5) Thearetical hypotheses which link pipe wall properties with
pipe scales should be applied to the guestion of wall material effect
on tone.

(6) Sound quality comparisons, the interpretation of physical
analysis results, should be related to the discrimination of man's
auditory ability particularly when the question is whether two sounds are
so similar as to be indistiguishable.

The following section considers the analysis of sounds and
sxperimental feasibilily, whilst Section 4 discusses the experimental

work undertaken and documents the results.
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Chapter 3.

BASIC EXPERIMENTAL TECHNIQUES
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3.1 Introduction

The previous section identifies a number of areasfor experimental
wark, The technigues for this must be considered before practical study
can be undertaken, In this chapter experimental methods for studying
organ pipe materials are discussed - Section 3.3 -~ and also the analysis

of signals which constitute the sounds under scrutiny here. — Section 3.1

3.2 Analysis of Musical Sounds

3.2.,1 The Nature of Organ Sound

flusical sounds, despite their apparent peridicity, are essentially
evolutive and rarely if ever attain the steady condition since they normally
involve a continuous attack and decay. Percussive instruments such as
the piano and harpsichord are cbvious examples of this, though even
instruments capable of sustaining sounds are rarely required to do so
during a piece of music, Long notes, when they are required, are usually
modulated by the articulate bowing or tonguing of the player. In the
case of the organ, where sustained notes are feasible, the sound is
cbntinuously modulated by the inherent instability of the acoustic
mechanism of the pipe., In normal playing, bearing in mind the speed at
which notes are changed and the low damping of the resonator, the
transients' duration may contribute to the total duration of a particular
note. An analysis of a non-percussive musical sound ih the time domain
will involve a period during which the sound is developing, a period of
relative steadiness, and a well defined period of decay. The steady
period can be analysed using spectrum analysers to reveal the amplitude
of each of the frequency components which combine to form the sound.
Steédy state spectra are usually presented as graphs such as that in
figure 3.6 which shows the fundamental and five other freguency partials.
The partials, because they are in harmonic relationship, are referred to
as harmonics, though non~harmonic partials sometimes occur in the steady
state analysis presented in this study, i.e. figure 3.7 In figure 3.0
the fundamental {(harmonic 1) has an amplitude of almost 69 d8, the 2nd
of 24 d8, the 3rd of 42 dB and the 4th of 24 dB, Harmonics 5 and 6 are
barely detected and have amplitudes below 20 d8.

The onset is not simply the gradual buildup of the steady-state.

spectrum: it may include brief entries of partials which are not present
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in the steady-state, partials vhich constitute the steady structure but -t
varigus amplitudes, and souncs vhich are quils irregular and which can not
be considered modifications of the stcady periodic wave such as noises.
arising.from the wind entcring the instrument and rushing zecross the mauth
parts.

It is clear from various phy510loglcal reports whlch demonstrate
that even musically tralned listeners are unable to identify sounds devold
of their familiar onset transient, that the transient has an important role
in our subjective impression of sounds.1 Saldantia and Cor502 show that
.:'1n listening tests 1nuolu1ng the tones From ten instrumants, those . which
n”presented_lnltlal transients and 2 atesdy state were best identlfmed They
.shdw too.that the docay transient is of limited value since identification

“was not improved when this was presented.

3.2.2 Percaonturl Zvaluation

3e2.72.1 The Orlovance of Physiolonicsl Ennmsiderstiqns

' Rightness and Urongness are passible in regsrd to parception,
and to perecive 1s to judge. while it is possible to jucge
rightly or uwrangly, ther in rogard to percoptian as well,

i

richtnoss and wrongnaess must be nossidle. !
Aristotlz: Taplica 11,

This is = study of musiczl sound, our percaption of which depends
whally upen the znalysis performed by our asuditory faculties., The brain
is zble %o differentiaia sounds in a babble and a trained listener can
choosz to listen to the overall sound of, for instance, an orchestra, or
allow his attention to fFocus on somz particular instrument in the

somble.  Tha rezlity of this Facility leads to the suppmsition that
the ear can selgectively detect the charscteristic tonal nualities radiated

Y i

]

hy sriicular irmchtrunent., Vorlaous experinents hove shawn that tho sar

L 3 : ,
is cnpable of come fnzn of frequency snalysis,” but the analysic perfa

r

ts

=

e

. e s : rnalumi
3y our spnsory arganc is in important ways dissimilar fo tho analysis

oorformzd by slectronic tronsform eauinment. It is therclfare vital Tor

stucdy of musical eaund and Far the interpretation of the
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results of electronic analysis, that the peculiasritiss of

the hunan

system are natod and the way thoy affect the analysed resulfs considared

before conclusions zrz drawn, For exampls, physical analysis may shaw

tuo sounds to be dissimilar due to differences in the amnlitudes of

certain harmonics. I howesvar, those differences in level are in ths

range within which thz esar can not discriminate, the soun

ds will appear

identical to the listener. “hen studying musical phennﬁena it is this

which is most important, not the description of physical
converse may however, be trus in certain instances. ' The

mechanism is extremsly sensitive in certain regions and m

- dissimila:itiés-thch:méy not be easily observed in physi

A musician's impression of the sounds he hezrs is

analysis. The
auditory

ay aften datéct
cal analysié.; B

likely to be

communicated in subjective phrases concerning pitch, loudness, timbre,

density, brighiness, rouchness, duratisn, rhythm and full
.ars not . psychalogicelly indsnsndent of each ather and ar

. A - :
defincd, Even timbre, the tsrm understood as having ess

ness, but these
2 at best vaguely

entially

musical significance, particulzarly for differentiating between zosund

nuzalities, embraces many incividually percelvable acousti

which srz associztzd with the physical characterisation o

%.2.2.2 Human Auditory Sensitivity

Clearly, 211 the informatisn zbout sounds upen whi

ased, is present in the waveform received by tha ear

b
limitations of man'e zuditory ability, slight changes in

nlace unnoticed and thorefaroz, the zonalysls performed by
is mot entirely sinil-c : "porformed by clectranic ¢
Knowledgs of the o
by the listencr cnallzse 2 reslistic, rsther than a theore
Thais ig more ~paroaricte for a

.
SO TITLE.

of =zimilerity to

musicnl sounds sincs Shey. ots normally identificd anly by

gained by heering,

cal qualities

f the sound.

ch our impressions
« Duc to ths
tone can take
JUC SE8NSATY 0TGaENS

7
nzlyssrs,

study of

the impreossions

The factars e7¥fccting the narception of musical sounds by humzn

gszd in this saction arei-~
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- (1) The celative inssnsitivity of the cochlea to

i
=nd the individual perceptiosn of lgw harmonics.

-

1 Yadin. and Coucds

2 UWeyer (126} 234

high harmanics
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me reageired for the sar to respond ta changss

b

{2} The intergrztion &
in the stimulus due to the mechanical nature of the sar. .

(3} The extent of the ear's sensitivity to the amplituds of partials
and to changes in their amplitude,

(4} The extent of the sar's sensitivity to. the presence or shsence
of partluls and slight changss in their frequsncy.

(5) The masking sffects of large amplitude partials,

Anaiysis is peifcrmed only an laower frequency componants in terms
of frequency and'gmplitude corresponding with the ihdiuidual frequencies
-of the Fourier traﬁsform.1‘ The fréqusncy rangé in which the éar‘is able
to perform this analysis is known as the Formant regioan, Each of the
Harnonlcs of a sound which lis in the formant range sxcite ipdividuz
hair recepto:s in the cochlea but the higher frequenciss fall within the
bandwidth of a particulazr receptor dus to the narrouwing of. tha frequancies
betuween pfogrsssivnly highsr nartisls.z Analysis in terms af amplitude
and freaquency of moze thnn.ane tone by & single recsptor is impossible
therefore, thes higher compgnente in ths spectra are psrcaive
as a singla component, 2 sharg tone qualily called fssidus, s &n
example of this in proctice, ths first nine hatmonics of a tone having
a ZSd Hz ‘."‘mei:m"-wf‘-nt'a'l zre aarczived as individugsl frecusncies. This is
bacause the Crlth‘l bancdwicth of the basilar membrane for a 18030 Hz
gound, the2 ninth harmonic of a 200 iz signal, is absut 180 Hz, but a2t
2003 Hz, the tenih haormonic of a 200 iz signal, the bandwidth is over
200 Hﬁ, ma'sing 1t impossible for the tenth and subsecuent harmonics to be

ndividually., The importance of individual nmon-Tormant

x

. - 4. 5
companznts 1s nroboably ainimal, hinkel  suggests that the car is

e
0
H
€
0]
o
<
[11]
(a8
[

aarbicularly insensitive to chenges in the amplitudss of zuch gvertanes,

to the extent that only a hijhly trained esr vould notice, the entire -

er. n3ing af ans, Figurz 2.1 hzs bewsn drawn using the detzil af Plomps

H [l .

parle =nd shavs th2 nuaber of hamonics wvhich should be individually
nereeived at frenuencicss gver the auditory renge.

ns has alreny beon shown, the frequency comaancnts af a sound
L

' = - [ -y - » * (n\ |'"‘ ~
and thelr amnlituccs sre impartant physical cheorscteoristics. Sound nmuet

ar o pesing of time, thercforc, any changes in frequency
t

rP

tho amnlitude or the frequency of the

il eanbritots ta the averrll affect af tHo saund.  The zounce

F
~ i " Lol T Radet
% Sehouicn (*“”‘ o7 -2 teyer (126) 2C0
40 M (a5Y 1535
3 5chouten (19%) 772 4 Plomp (3Z; 1828

5 vinkel (123) 11”




- 36 -

are analysed by the ear, which because it.is a mechanical device, requires
time to respond to the seunds presented to it. Ths minimﬁm period .
required for the ear to respond is conditional on the energy of the signal,
its frequency, length and steadyness. This can take as little as 10 mS for
high freguencies followed by a period of silence, but fqr low frequencies
50 mS is common. For most musical sounds this period is not iﬁpurtant
since fo: continuous sounds the ear integrates fluctuations over
approximately 50 mS intervals.1 This combined with 30 mS, the time
approximately the ear requires to establish formants from a group of
harmonics,z produces a tone ;olouf recagnhition time of about 60 mS,

Since even'abrupt onsets are not immediately perceived at full
strength, the recognition time for a particular tone could be even longsr,
since for a pp tons the amplitude is not perceiﬁed for 65 mS, and for é
ff sound 140 mS‘is required.3 Thus, musical transients are not analysed
period by period in the eér. The sound is perceived as part of 2 complex
auditqry smear.

Various physiological studies have been carried out about the role of
phase in defining the quality of a sound by a human listener., These are
discusséd in Appendix A. It is clear from these reports that this factor
is of little or no importance to the perception of musical sounds.

To what extent then does the auditory mechanism perceive the
a~periodicity of the quasi—periodié sounds of the steady peried, and the
freduency and amplitude ?luctuations of the transient? It appears from
the work done on tha stability of notes during musical performances, their
modification by uibratb,_mistunings and intcnation,4 that small pitch
fluctuations of this type are either ignored or resiructured by the
listener. It is therefore, reasonable to assume that similar minor
changes in frequency among harmonic components may be similarly ignored. -

uiﬁkels states that the amplitudes and freguenciss of individual
-partials can be changed before a distortion in the tone colour is
noticed, and Backus and Hundley6 suppose that a 1 dB change in sound
pressure level of an organ pipe is inaudible. PMore information is
available on the minimum acceptable changes in amplitude than for changes

of freguency, Fletcher7 shows the minimum detectabls changes for various

1 uifkel (128) 53 ‘ 2 Joos (58) 9
3 wirfkel (128) 176 4 Simmonds {110) 48

S wirkel (128) 115 . 6 Backus and Hundley (3) 945
7 Fletcher (38) 154 '
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frequency and sensation levels, {see Fig. 3.3). _Forrfrequencies about
3000 Hz changes of 3 Hz may be detected. Above this frequency changes are
less audible as frequency increasés. These values humeuef, afa fop

single sounds: it is probable that in a complex sound the amplitude eof a
certain frecuency component could fluctuate more than this and not be
perceived, '

Although the fundamental freguency of musical sounds falls within
the freguency range of people with normal hearing, the psrception of the
partial structure is affected by ﬁhe range of .freguencies audible. The
maximum freguency audible by some children can be as high as 25 K Hz, but
for most adults is about 15 K'Hz.1 This figure is reduced by presbycusis
in old age, usually to below 10 K Hz.2 The ear is most sensitive to
ﬁiddle range frequencies - 1 K to 6 K Hz = where sounds below O d83 can
be detected.

_As well as frequencies, amplitudes of single partials can be changsd
greatly before a distortion in the sound colour is noticed.4 A graph of
minimum detectable changes in pressure levels at various frequencies is
piven in fig. 3.4.

In the presence of high amplitude harmenics, the recognition of
lower amplitude ones is oftenm reduced or entirely masked. The threshold
of masking below which soﬁnds can not be heard is important for this work
since changes in the level of a component which falls below this will
have no perceivable effect on the sound of the pipe. A great deal of
work has been done about this phenomenon,5 which, like the minimum
amplitude audible, is dependent on the freguency and amplitude of the
fundamental. {Fig., 3.5). Although high frequency masking can effect tores
of lower frequency, the-masking effect on formant harmonics of the
fundamental is of particular importance here. . Masking in the presence of
the fairly low frequency signals discussed is striking.6 For example,
an 80 d8 fundamental at 200 Hz will mask its second, third and fourth
harmonics unless their amplitudes are greater than 70 d8. This is an
extreme case because as the fundamental freguency increases the forward

masking decreases and masking is proportionally less for lower amplitude

1 Olson (92) 2 Culver (30) 56
kinsler (62)
wood (130)
3 re. 2 % 1072 N/'m2 & Winkel (128) 115
5 Kinsler and Frey (62) . 6 Littler (68) 135

Schouten (109

Small é111;
white {1277
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signals. For a similar amplitude signal at 800 Hz, the second harmonic
is detectable at 50 dB and the thid at 45 dB. Similarly, a 200 Hz
fundamental at only 40 dB would mask a 400 Hz tone less than 23 ¢8 and a
600 Hz tone less than 15 dB, It is important to stress that auditory
physicist's experiments on masking the audibility of freqguency at low
amplitudes and ths rate of perceptlon, are carried out under canditions
which are most favourable for the phenomena to be demonstrated and that
they therefore represent mors critical judgements than could bs made by
the most attentive listener at a concert where the acoustic properties
of the env;ronment, audience noises, and the music itself prohlblt
palnstaklng analysis aof 1ndzuidual tones.

The graphs of masking effects, frequency and amplitude
sensitivity, the threshold of hearing and the limitations of individual
perception of harmonics (Figs. 3.1 to 3.5), show that at certain
frequencies, changes in pipe tone paremeters are more likely to be
perceived than at other frequencies. The lowest threshold of hearing
lies between about 1000 Hz and 4500 Hz and in this range most harmonics
will be detected below the level of residues., For the amplitude levels
and_fundamental.frequencies under discussion, the minimum detectable changes
are fairly flat curves; the frequency becomes important only for very low
amplitude signals. . Freguency perturbations are only significant below
about 5000 Hz., A rangs of maximum sensitivity can therefore be defined,

approximately betuween c:2 and 05, 500 Hz to 4008 Hz,
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3.2.3 Physical Analysis

342.3.7 Analysis Parameters

The snalysis of the musical sounds involved here takés the form
of a physical description requiring the simultanecus determination of
frequency and amplitude components throughout an observation time which
will last for a number of cycle-periods of the signal. The most useful
and easily understandable method of presentation is by means of graphs
showing the progress of each harmonic of the sound throughout the
observation period. This method of presentation enablesthe physical
description to be easily compared with the physiological impression, The
equipment available for electronic analysis was 2 Ubiquious Real-Time
anzlyser and a Hewlett Packard 5451A Fourier Analygis System,

KeelerT identifies two reasons for the dearth of study in this
area. The first is thé complexity of the instrumentation and procedurss
required, and the second is the problem of correlating the results with
those of the steady state, which are in the harmonic-series discontinuous—
spectrum format. This problem, the applicability of periedic techniques
to mildly aperiodic sounds, is discussed fully in his earlier work2 in
which procedures involving the application of fourier analysis to secments
of the transient that were one period long are evaluated.

Earlier studies such as that of Backus and Hundley; and
Nolle and Bonerd, suggest that the transients play a role, and Mercers
recognises the possibility of his analysis being insufficiently complete
to indicate the differences which are perbeiuable to the ear. Oackus
and Hundley6 suggest that wall material has little effect on the -
transient buildup though it seems likely, from discussion with organ
builders, that the effects attributable to material are found mainly in
this unsteady part of pipe speech. The analysis of pipe onsets is
therefore considered vital for this study.

The problems of analysis are then related to the complexity of

1 Keeler (59) 378 _ 2 Keeler (60)
7 gackus and Hundley (3) - 4 Boner and Newman (15)
5 Mercer (81) 50 6 Backus and Hundley (3) 994
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musical timbre, particularly that associated with the transient parts of
musical sounds, For this reasan earlier studies1 did not include nrecise
analysis of transients. In their introduction, Nolle and Boherz point
out the difficulty of interpreting organ transient oscillogramms, the |
only method available to most workers, due to the unsuitability of the
usual methods of Fourisr analysis to signals whose amplitudes are ,
changing. Although rapid calculation of the camponents is possible now,
the application of Fsurier transform technigues to the study of musical
transiente is not straight foruard. Principal among the problems is the
frequency perturbation associated with organ onsets. The associated
change in period length must be accounted for in analysis since the
calculation of freguency and amplitude components within-a periasd
different from this can pfoduce significant errors.

0f the three ﬁa:ameters used to define a musical sound, phase 1is
usually regarded as the least imporfant, amplitude and frequency
information having greater ualue.3 _phase informatiaon figures rarely in
pre-computer analysis of musical sounds and even in recent studies of
the importance of phase4 - both in absolute terms and relative to the
other parameters - the authors are unable to make more than speculative
judgements about its importance. Phase information, after scrutiny of
literature on the subject, was considered unimportant for this study and
is not presented in the results, A full discussion of this is faund in

Appendix A.

3.2.3.2 Physigal Analysis Method

The musical transient sounds which are represented by woltage
signals, increase in amplitude over a very short period of time
equivalent to only a few cycles of the waveform. Various methods of
analysing the signals were considered but in the method adopted,

analysis is achieved by dividing the signal's onset into a number of.equal

time duration samples and calculating amplitudes for each sample. It

is necessary that the samples, whether they somprise individual cycles

1 Qackus (2)‘ 2 Boner and Nolle (83) 149

Trendleterg (122)
Richardsan (172} _
&4 Plomp and steencken (36) 409

g Hansen (76) 2
; Hadéen and Hanoen (76) 7wicker (132) 238
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or a small number of cycles, are precisely isolated full cycles of the
signal in order that valid computation can be done. Since it is |
inaccurate to analyss samples inudluing anything but complete cycles, it
is not possible to analyse onsets in regular time pericds even if the '
duration of the peried is chosen with regard to the steady frequency of
the signal, The H.P. 54517 system does faciliate the segmentation of a
waveform which may be retained by the machine. It was not possible,
however, -to utilise this facility as even if the period length of sach -
cycle could be measured, the samble length can be controlled only within
limits set by the'windom size and block size chosen. The latter is
dependenf on the storage auailable and éhe demands mada dn this fof'
processing, but for instance in the case of a transient lasting between
50 Ms and 100 mS and using a block size of 1024 bits, the sample length
. of a 500 Hz signal can be changed only in 23 Hz increments.

The analysis method adopted involves the selection of a sample
window size larger than the sample's duration though it does of course,
need to take in the whale of the transient to be analysed as in the
method discussed previously, Due to considerations about sampling
intervals and freguency resolution, the durations chasen are often much
larger than the dﬁration of the sample, Here the machine computes
accurately the amplitudes and frequency components associated with the
actual frequency of the particular sample. ‘

The. time domain analysis involves the isolation of the signal
by the sampling device, FFT analysis by the HP analyser and subseguent
presentation of results in graphical form using the Calcomp computer
graphics available on the LUT Prime system. Oetails of the sampling
device and the processing of the results is found in Appendix 3,
together with detail of the selection of analysis paramefers: sampling

times, period length, freguency resolutions and bandwidths.

3.2.4 Summary

Analysis is required of quasi-periodic signals in their steady—‘
state and more particularly, of their onset., A gsuitable method has beaen
inuestigated for electronic analysis which producesresults in a form

easily understood and which can be evaluated against the physiological
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chzracteristics of man's ear, Thé latter is important in defining the
apparent similarity of sounds., Transient analysis, altﬁough rot
hither to applied to this area, is widely recognised as holding a key
to the fuller physical description of all musical sounds.

Physiclogical criterion involves freguency and amplitude limen,
the perception of frequency and amplitude modulation within time period
boundéries, the effect of masking and auditory integration times. It is
found that, over the range aof frequencies and amplitudes involved that -
masking effects are lass at lower frequencies, and small changes in
amplitude are noticeable at middle range frequencies where the ear is
mast sénsitiue. Physical analysis'inuolvas the.computatinn of amplitudes
by successive FFT on segments of the signal. Phase information is not

presented, though changes in fraguency are compéred;

3.3 Experimental Technioues

3.3.1 Intraoduction

Organ pipes have been selected as the subject of this study rather
than another instrument because they usually function out of the sight of
both organist and audience and can be controlled in the laboratory from
a distance, Unlike hand held instruments, in which visual aesthetic |
quelities are involved, the adoption of a different material if suitable
accoustically could be achieved without any need to overcome the
aesthetic prejudices of the players. The absence of difficulties
encountered by workers examining other instruments, such as the possible
influence of keywork, the playais Hands and even peculiarities of his
anatomy. on tone, also commend organ pipss for study. Risset and Matthews1
idzntified these problems in other wind instruments complaining that:

% Musical instruments are not usually.cperated by a standardised
mechanical player but by human musicians who introduce intricacies, both
intentionally and unintentionally. Even if a human player wanted to, he

could not repeat a note as rigorously as a machine does. If he has good

control of his instrument, he should be able to play ftwo tnnesrsounding

1 Risset and Mattheus (105)
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nearly identical, but these tones can be substantially different in
physical strucfure..... The way a player interprets score markings depends
both on his technigue and sense of styls. These closely mingled physical,
physinlogical, psychological and asesthetic considerations complicate the
task of the physicist seeking to analyse instrument tones for their
characteristic features, '

Changes in embouchure, which can effect tone substantially, must
be standardised if there is to be any realistic investigation of musical
transients and is certainly necessary far investigations in which
resonators of different materials are exited by a common driver. The
argan pipe commends itself for this study since its activation depends
neither on a player who may influence the tone and will certainly be
unable to repeat 1lip inflections precisely, or on a mechanical device to
simulate the player. The pipe can be controlled remotely by electric
solenoid pallet valves enabling wind to be admitted to the pipe in a
repeatable manner.

Pipes of diapason tone gualify are used throughout this study
since they represent the dominant colour of organ sound and are found at
all pitches. Their scale lies betuween that of flute stops which have a
large resonator diameter compared'mith the narrower resonator of string
toned stops, Due to limitations imposed by the available anachoic roem,
in which the minimum frequency for recording was 100 Hz, experiments

invelved pipes with a minimum freguency of 132 Hz.

3.3.2 The Isplation of Resonator from Voicing Effects:

Fiethods Availlszble

The design and construction of most organ pipes, in which the
upper lip is integral with the resonater, and the lower lip with the
conical foot part, frustrates the investigation of the influence of
material on tone quality because of the interrelation of the jet drive
mechanism and the resanators' standing wave. Clearly, faor wark to
proceaed, each parameter must be investigated independently, One approach
is to make test pipes of identical geometry out of different materials.
By so doing the effcct of materials changes on all aspects of the pipe
can be considered simultaneously: the combined effects of the resonator

and lip materials. However, since only by micraoscopic setting can the

1 Risset and Matthews (105) 23
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languid be set at the same relative position in all pipes with sufficient
accuragy and for an accurate measurement, sach pipe must be veoiced
individually and, as has been noted in section 2.4.2, voicing can markedly
affect the tone. Ekperiments sa carried out investigate the effect of
voicing together with those other parameters and thus the extent of the
influence of material on tone is therefore not isolated by this
experimental method,

A second approach, in which the resenator's influence is
investigated independently of the other parts, and which is known as the
common drivertechnicue, involves the severing of the resonator from the
lower pérf of the pipe above the foot. The sensitive voicing adjustments,
all carried out to the foot, are undisturbed and remain constant for
geach new resonator tried. This method has been adopted in sgveral studies
but may be criticised since the manipulation of the pipe to the extent of
cutting the resgonator away must in fact produce a new acoustic device,
which is not whelly representative of the system which exists in practice.

Information about the extent of changes to pipe tone due to the _

removal of the resonator presented in other studies1 show that very little
H change occurs in the steady spectrum of pipes treated in this way. These
findings stimulated.‘interest in the methad but since they can not be
applied to pipes in general, anly to the specific ones evaluated, the
preliminary work associated with this study involved careful consideration
of the validity of the approach. Whilst the experimental method adopted
does in fact assist the isolation of the resonator's function, umequivocal
results which can be applied to 'real' pipes may not be produced. This
is however, the only method which can provide an insight into the problem
of the relationship between material and tone or lead to suggestions for
alternative materials and has therefore been adopted in this study. The
first method discussed above, involving the comparison of whole nipes
made in different materials, is adopted in this present study for
experiments concerned with the effects of voicing relative to material,
It is alsp used for the final assessment of a material's suitability,

invelving voicing by a skilled pipe voicer.

1 fNolle and Boner (89)




- 48 -

3.3.3 Validation of Common Driver Techniqﬁe:

Steady State Analysis

3.3.3.1 Method

To permit veriation of the resonator tube while keeping the Footl-
constant the two parts of the pipe, the resonator tube which has to be
mounted upon the lower part consisting of the pipe foot, ianguid, upper‘
and lower lips = hereafter referred to as the foot - must be held
tngether:when the pipe is reassembled. A sleeve or collar was tharefcpe“
designed to locate the barts.. Initial experiments invelved analysihg'the
sound to assess the effectiveness of the collar and the exten£ of the
change produced in a substantive pipe due to the modification,

The collar's function is to allow the pipe rescnator to be
removed and refitted without disturbing the sensitive pipe mouth., It
must join the resgnator and foot, allow the two tube ends to come together,
and prohibit the entry of air from outside the pipe. The collars also
facilitate rapid changing of resonaters and enable tubes of similar
internal diameters but of thicknesses which may be smaller or larger than
that of the original resonator to be accommodated,

Since earlier studies have been criticised for basing their
cerclusions on wark carried out on one pipe only, five pipes of different
speaking lengths were chosen. These were the C pipes from a 4ft
Principal rank. This rank was chosen for experiments because diapason
tone is fundamental to the musical guality of the organ and the 4ft
Principal is usually the chief manual foundation stop.

The pipes chosen were sounded in an anechoic chamber and analysed
by a Ubiguilbus Real-Time Analyser. The results were plotted by a pen
recorder on graph paper..

Each pipe was sounded using a small windchest made for this
purpose and abhle to accommodate pipes as they would be in an organ as
commonly constructed. UWind was supplied from an electric blower located
outside the chamber. The pressure was controlled by altering the speed
orrthe motor, adjustment being effected by a Variac transformer. Although
the blower was encased and surrounded by expanded polystyrene to reduce
its noise, positioning it outside of the anachoic room was imperative in
order to preserve the low noise level within the chamber. The tube

conveying the wind entered the room through a 3 inch diameter duct through
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which also passec another plastic tube from the chest te an anemometer
énd wires from the control device and the microphone too.

The water anemometer monitored the pressure in the windchest. The
pipes ware mounted on the chest with the pipe foot over a slightly
charferred hole and were supported slightly below the mouth by a rack-
board. Below the pipe electro-magnetic pallet magnets ( Kimber Allen
type D.P.R 13" ) controlled the ehtry of wind into the pipes. These

" were controlled from cutside the chamber,

After the pipes had been checked for cylindricality using internal
micrometers they were sounded and analysed. ( Experiment 1PR )
Subsequently théy Qere marked and the resonators sawh.off above the upper.
lip. Three types af collar were considered and the effect of each noted
for each pipe. The collar types were:

txperiment 2PR Tin plate Collar soft soldered at the ssam,

Experiment 3PR Self adhesive PVC tape.

Experiment 4PR  Soft rubber collar made from 2mm thick rubber
joined by Loclte Superglue 3,

3.3.3.2 Afnalysis

Information about low zmmlitude constituents of the signél was
sought in order that the comparisons of spectra could be as complete as
possible, but the initial results from the analyser lacked resolution
of low amplituds signais. The sensitivity was therefore increased by
attenuating the predominant fundamental frequency by filtering. High
pass filters were found unsuitable but a band pass filter set between
the fundamental and Tirst harmonic frequency and at maximum at the high
frequency end {60 K Hz) worked well, although some graphs do show
components at 9.7 K Hz and 19,2 K Hz which are the result of filter
interference. Two graphe were therefors plotted for many of the signals
examined, From one graph the amplitudes of the first few harmonics were
deduced and from the other those of higher frequency. Since in
general low magnitude comporents oceur in higher harmonics, the bandwidth
‘chosen varies betuween the tun analyses. The first graphs reguire less
bandwidth than the second ones. This enables the resolution of many
important low amplitude components in the latter graphs and, in the

first graphs, more accurate measurement of freguency.
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3.3.3.3 Results

The graphs in figures 3.6 to 3.9 show the results obtained from
the 132 Hz pipe for the rubber collar {experiment 4PR) and uncut
version of the pipe (experiment 1PR) Figures 3.7 and 3.9 illustrate
how filtering the signals may be used to increase the resolution of
the amalysis. Comparison of the pairs of graphs, figures 3.6 with 3.8
and 3.7 with 3.8, shous tﬁe similarity of harmonic spectra produced by
the tuwo versions of the pipe. Results obtained for all five pioes and
with each form of collar ars more easily compared in_the tabulated
format preséﬁted in table 3.1. o |

Table 3.1a shows the results from the graphs for experimants
1PR énd 4PR and also thase for the tin plate and PVC tape collars,
experiments 2PR and 3PR respectively. Two non-harmonic partizls are
noted, at 696 Hz and 984 Hz. Unly in the results of one other pipe,
264 Hz shown in table 3.1b is another such partial noted, 1In this
instance it lies between the 7th and 8th harmonics at 1980 Hz, The
696 Hz partial found in table 3,%1a is however, the only one which
lies in the‘formﬁt region for the fundamental frequency involved.

Tables 3.1b; 3.1cy, 3.1d and 3.7e provide a similar tabulation

of the results obtained from graphs for the 264 Hz, 532 Hz, 1080 Hz
- and 2080 Hz pipes respectively, as has been described for the 132 Hz
pipe. The number of detected harmonics varies between the pipes;
tzble 3.1b has 11, 3.1c and 3,1d have -9 each, The pipes at the
extremes of the range examined, tables 3.1a2 and 3,18 have fewest,
8 and 6 respectively.

Table 3.1F is a repeat of the ZPR and 4PR experiments for
the 264 Hz pipe. Together with the resulis presented in table 3.2

which are the results obtained from adjacent pipes te those presented

in table 3.1, they were found necessary as is described in section
3434344,
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TABLE 3.1

Validatign of Common Driver Technicue:

Steady-5tate Analysis Results,

Table 3.1a HARMONIC |
132 Hz 1 {12 |3 |4 5 6 | 7 8
ul FREQUENCY
Expt. | Collar ;:._’. 696 9%42
PR Af |68.5|27.5| 42
' +f 42 ] 26 | 17 {10 | 17 3 |4
Hn nf| 66 | 25 |40,5
2PR ‘Plate | +f a3 | 30 |17 1 12 | 21 6 | 6
nfi 68 | 23 40,5
3R pggpé +f 40 122.5| 13 | 10 | 14 E
4R | Rubber |.NF| 68 |27.5| 43
+f 43 | 28 | 20 | 11 22 4 | s §
Table 3.1b HARMONIC
264 Hz 1 b2 |3 }a 5] 6 7 8 |9 |0 ] 1
& | FROUENCY | !
Expt. | Collar g 19§g]! |
o nf| 71 | 45 | 32
+f 33 | 35 | 26 (22,5 |14.5] & 16 | 0 11| 10
opit Tin nf| 70 | 54 | 36 i
Plate | +f 35 |37.5|24.91 18 118.5| 6 11 [11.5| 9 2 |
208 ue nfi{ 72 | 50 | 39
Tape +f 39 |37.5] 24 | 23 ‘ 22 {5 {12.5| 16 | 10 3
4en aubber LN |72.5|45.5|32.5 ;
+f 32.5] 34 | 24 | 14 i 6 | 9 8] 8
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Table 3.1c HARMONIC i
532 Hz 1 2 13 |4 |5 6 | 7 8 |9
o FREQUENCY !
Expt. | Collar | X ;
. . o i
. f‘—- i
f | 62 |53.5; 31 | 33
1PR N
+f 31 |32.5| 27 | 13 | 15|45 ! 2
oPR T;:Tatg nf 62 5? 34,51 35
+f 35,5 35 | 15| 8 | 12
0% p¥g ] nf |62.5| 51 | 37 |33.5
P +f 41| 35| 28|10 | 16 12
snR aubber LNF L 63 1 55 | 41 | 33
+f 41 |32.5027.5116.5 | 11.5| 14,5 4.5
Table 3.1d HARMONIC
1080 Hz 1 12 [ 3 |4 |5 6 |7 |8 |9
- - K} ) .
Expt, | Collar | ® | FREGUENCY ;
o] :
a0 ;
1PR nf {70.5/52.5/ 37 i37.5] 31 126,5 |22,5 !
+f 37 | 37 |31.5| 27 24 121.5] 18 |
- T;;ate nf | 66 | 55 |31.5] 32 | 28 | 28 |
+F 37.5132.5] 30 | 30 15 | 21 7 ;
o PUC nf | 68 | 55 |36.5! 33 {32.5] 33 |16.5 ;
Tape +f 38 {30.5(31.5| 33 | 20 | 20 | 15
.5 5 i
PR ubber LM 171.5] 56| 38 | 38 | 34 )
+f 23 | 39 | 35 |33.5 | 27| 18 | 18 ;
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Table 3.1e HARMONIC . i 3
2080 Hz -1 2 3 4 ] 6 :
4 | FREQUENCY -
Expt. Collar + 7
H .
o
[ 3
» 10 .
1PR nf 51 25 [22.5] 1 8 6.5
+f
i [ ] .5 a
2PR T;gate Af | 50,51 27.5|17.5
+f
PR ch . nf | 49 14 14 ¢ 3| 4.5
ap o |
4P8 Rubber nf |52.5|24.5, 26 15
+f J
Repeat of 264 Hz Analysis
Table 3.1f HARMONIC :
14
1 2 3 4 5 6 7 8 !
_ « | FREQUENCY ]
Expt. Coallar - !
- ;
e i
G ;
ZPRda T;;ELE nf [71.5] 47 30
“ +f 372 36 27 15 18.5) 13
4PR4 Rubber nf 72 45 st
+F 32 | 35 | 26 | 15 17 | 11 |




- 54 —

TABLE 3.2
"Repetition of 264 Hz, 1080 Hz and 2080 Hz analysis
280 Hz, 1200 Hz and 2400 Hz

with adjacent pipes:

Table 3.2a HARMONIC
R-280 Hz 1t |2 |3 {4 |5 6 7
| 5 | FREQUENCY
Expt, Collar pat
i
4
0R Rubber [N | 75 | S0 | 43 |42.5
| L] wf 42 | 33 | 24 | 21
8RR Rubber LM 1 70 {48 | 41 | 39
+f 39 | 33 | 27 | 22
Table 3.2b HARMDNIC
R 1200 Hz 1 {2 |3 |4 |5 6 7
e | FREQUENCY
Expt. Collar »
-
('
7R Rubber LT (37 1 %9 | 31 .
+f 30421 | 27 |20 |17
8PR Rubber [T [ 60 | 38 ; 29
+f 30 | 22 1 20 {11.5 |16.5
Table 3.2c HARMONIC !
' !
'R 2400 Hz 1 2§ 3| 4 |
L)
“ FREQUENCY 1
Expt. Collar | .5 ! i ; :
[, i ;
e i }
- B ‘ | j
6 | 6.5 i
7PR Rubber LT | 63 36 | 26 ;
+f | i ]
l 39} 231 5 !
8PR Rubber L0 | %9 | ;
| a
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3.3.3.4 Discussion

Although the sheet metal collar was comparitively easily made
and fitted, the results for the 132 ¥z pioe show slight changes in the
spectrum in comparison with the original. The fundamental and second
harmonic are sliéhtly reduced in amplitude. However, sirce the rubber
' collar was found to vield a spectrum very similar to that produced before
the pipe was cut, this change can not be attributed to the modification
uhibh had beeﬁ méde to the pipe. The most likely reason for the result
is that the collar allowed same air to enter the pipe where the twa
sections meet., The tape used (experiment 3PR) was insufficiently wide
to enable the heavy resonator to be mounted firmly on the foot. The
discrepancies shown by the analysis probably originate therefore in the
incorrect seating of the parts, The sound spectrum using the rubber
collar shown in fige 3.8 and 3.9 bhowever, was very similar to the uncut
pipets shown in fig. 3.6 and 3.73 slight discrepancies occurring are
expected as has been shown. It appears therefore, that in this instance
the -mutilation has net changed the sound produced.

The 532 Hz pipe exhibits similar results to the 132 Hz pipe.
Compared with the uncut original, the pipe using the metal collar shows
various slight changes and significant attenuation of the 5th and 6th
harmonics. Ths absence too of the higher harmonics which are reduced
wvhen air is allowed into the pipe through the resonator1 suggest that
this collar also did not seal well. The similarity of both 3PR and 4PR
to the original is striking though both exhibit a 10 dB increase in the
level of the 3rd harmonic. The presence of this discrepancy indicates
some physical change in the pipe. Since all other harmonics were so
similar and the resulis for C 132 Hz has shown so little change in the
pipes after being cut and then reassembled using the rubber collar,
consideration was given to the passible effects of slight damage to the
pipe mouth. Pipes in later experiments were protected against damage,
but these first ones, whilst being carefully handled, could havs
sustained a slight bump bétueen the times of the two runs, This question '
is developed further and repeat experiments show that this is in fact the
case, and that once again the rubber collar proves suitable for the purpose.

" It is certain that the smallest pipe, 2400 Hz, was damaged when

1 Organ builders are familiar with this phenomenon and use it
deliberately in certain stops, particularly Harmonic Flutes
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the resonator was cut. The other pipes had been successfully and easily
cut with a junior hacksaw, the ‘sef: af whase teeth had been reduced with
an oilstons to minimise the material removed. Each pipe had been:
supported in ¥ blocks whilst this was done. The pipe however, was so thin

- and difficult to hold that it was dented before the saw began to cut. The
changes evident from the results even when assembled with a rubber collar
wers not therefore unexpected. The metal collar did not commend itself
for this tiny pipe as in fitting it damage was also done. The saft metal
tended to buckle as it was pushed onto the callar.

" The analysis of C 264 Hz shows again the value of the rubber
mounting collér_Fcr féassembling'fhe cut pipe. All the companents are -
similar between 1PR and 4PR apart frem the 6th harmonic which is 12 dB less
than the level in the original uncut analysis. This is a feature which
cannot be ignored and to examine this further, experiments 2PR and 4PR
were repeated. The reéults are shown in Table 3.1f. Comparing PR2 with
PRZr it is notable that two important harmonics now show some significant
reductions in their magnitudes, These are, 2nd harmonic (7d8) and
3rd harmonic (4 dB). PR4, pra® and PRZr are similar, It would appear
thgn that some change may have gccurred during the course of experiments
2, 3 and 4PR (which were all carried out on the same occasion, 1PR had
been done previously). _

Finally, C 1080 Hz results commend none of the collars. A 4,5 dn
change in the fundamental's amplitude, and S5dB attenuation of the 4th '
harmonic using the metal collar and a similar attenuation using ths tape,
together with the similar increase in the magnitude of the 2nd harmonic,
would suggest that cutting the pipe had affected it adversely if these
characteristics were alsg found in the results from the rubber collar.

On the contrary, here the fundamental is back to strength as is the
4th harmenic, but the 2nd is still greatly increased,

It is not possible to conclude from this resuli anything about the
efficiency of the collars. The experiment was therefore repeated using a
C-sharp pipe and rubber collar. Also repeated because of speculation about
damage effecting the results were C 264 Hz and 2400 Hz. The appropriaﬁe
adjacent pipes were utilised for these too,

Great care was taken in handling the pipes. The experience gained

of cutting the first pipes was advantageous and enabled this to be done
mare confidently, Each pipe foot was provided with a foam protector which

amply covered the mouthe
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The results with C sharp 1200 Hz pipe and the cut pipe'using a
rubber collar and 280 Hz Table 3.2 show much better correlation between .
the uncut and rubber collar. fig 3,10 to fig. 3.13. The 3 dB reduction
in the fundamental amplitude Found in both results, the most serious-
deviation, is within the 1imits of the error expected. 5Since this does
not occur in other results it is not considered as a failing of the collars.
The results for the smallest pipe is qlso foﬁnd to be similar
showing close correlation, but a reduction in the amplitude of the
fundamental. The presence of this chénge in all three pipes seems to
suggest either a slight charge in positions of the microphone between runs

or perhaps a difference in wind pressure,
3.3.3.5 Conclusions

From the above results it is apparent that the effect on the
steady tonal spectra is minimal for cutting the pipes and joining them.
Although the results did show some changes it appears that this was caused
by damage., This can be avoided in further work. FfFor the effect to be
deemed important it must be seen in most results., This was not the case.
The method of using rubber mounting collars fulfils the criterion set out
for the collars, enabling the resonatar to be changed gquickly providing a
good seal both for tubes having a similer wall thickness and also for

those having slightly larger or smaller thickness.

3.3.4 Validation of Common Driver Technique: Onset Analysis

3e3,4.,17 Introductian

The technique of removing the resonator from a pipe foot and
replacing it with another has been used in steady state analysis by
others, altﬁough the rubber mounting collar, with its advantages over
other methods, has not been adopted elsewhere. The effects on the onset
of pipes of cufting and joining the two parts of the pipe has not been
previously investigated, It is vital that changes in the onset tone are
minimal and physiologically unperceivable if this method is to be useful
in the study of materials and tone gquality. The following experiment

investigates the commen driver technique in terms of its effect on pipe

onset tone,
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3.3.4.2 ".Ethod

Using appropriately sized rubber mounting collars, as in the
previocus experiment, two pipe resonztors were cut above their mouths,
remounted and their onset analysis compared with a similar analysis
performed before the pipes were cut. The experimental arrangement was
the same as in the previous experiment with the microphone 2 metres
away from the pipe and 1 metre from the amecheic chamber floor. The
pipes stood on 60 mm Ug of wind, .

' _‘Two similar open metal pipes were chosen, 0One was voiced with
a 'chiff' onset which is characteristic of Classical diapasohs, and the
other had an organ flute tone., Comparisons can therefore be made |
between the effects of the experimental technigque on these two classes of
pipes which figure prominantly in our discussions of the effect on tone

of pipe fabrication materials.,

3.3.4n3 Results

The results of this experiment, the onsef analysis of the two
pipes before cutting and when reassembled are shown in figures 3.14 and
3.15. In each instance the y-~axis provides a dB scale and the x-axis
shows the time elapsing in mS éfter the pallet valve had been activated,
Five harmonics are shown in each of the graps. For ease of comparison
figures 3,14a and 3.15a, the flute pipes onsset are grouped together as
are figures 3,14b ang 3,715b, the onset of the diapason pipe. Each pipe's
onset lasts for about 140 mS, and begins about 29 mS after the pallet
valve is activated. All the graphs display a rapid initial onset which
becomes smoother towards the end of the period. The second harmonic in
the diapason's onset is quite different from that of the flute pipe
rising very guickly, falling off in amplitude and rising again more
glowly in the first 80 mS.

3.3.4.4 Discussion

The graphs relating to .the flute pipe, numbers 3.%4a and 3.1%a,
cshow a more rapid onset of the fundamental and 2nd harmonic in the
reassembled pipe. It reaches the poaint where the initial onset ends and

gradual builcdup begins about 10 mS before the original oipe. The 3rd,
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4th and 5th harmonics are smaller in the cut pipe during the initial part
of the transient, though the 4th and 5th finish at similar levels in both
instances, The 3rd harmonic remains constant at the level it has attained
by 100 m§ in this pipe, but in the uncut one it falls after this duration
and ends 6 dB below the level of the other., This observation is also
true of the onset of the diapason toned pipe shown in figures 3.14b and
3,15b. Again the-3rd harmonic ultimately reaches a level ih the
 reassembled versiom which is several dB larger in amplitude than in the
oriéinal., It is curious that both the.final levels shown in figures 3.14b
~and 3.15b should be similar and those in graphs 3.14a and 3,15a, but they
differ in the léuel af fhe 3rd harmonic.

Grapﬁs 3+142 and 3.15a show clearly the origin of the 'chiff!
anset. It is produced by the more rapid rise of the 2nd harmonic than the
fundamental., In both graphs the character of the signals is the same: the
razpid onset of the 2nd harmonic to a ieuel close to its final amplitude,
is follawed by an ecually rapid decay and a slower secand buildup lasting more
‘than twice the duration of the first. The fundamental builds up gradually,
slower than in the dizpasons' onset, and reaches the level of the 2nd
harmonic only after the laiter has begun to decline from its first peazk.
In the cut pipe the slight overshoot in the fundamental's amplitude near
the end of the transient, is more noticeable than in the uncut version.
The gradual bulldup, after the initial stege, in the 3rd, 4th and 5th
harmonics in graph 3.15a, compares with a larger amplitude 3rd in graph
34142 which decays towards the end of the onset,

Despite the differences noted, the graphs show that the
characteristics of the onsets noted in the analysis performed before the
pipes were cut, remain inspite of the manipulation associated with the
experimental method. These predominant effects are those which are noted
by our hearing and effect our impressidn of rapidly changing sounds. The
change in levels of low amplitude compohents, particularly the 3rd whose
level is 25 d3 below the fundamental's, do not signify a perceivable
change in the onselt tone which could negate the use of the method. In
fact, the similarity of the resulte is striking and confirms the

eultablllty af the technlque far the study of organ pipes.
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3.5 Summary

Time domain analysis of labial organ pipe onsets play an
important role in the work presented here. Methods of overcoming the
serious practical difficulties arising because of the inherent period-
length changes associated with all musical sounds have been discussed,
and the design and operation of the sampling equipment has been described.
The apslication of such analysis to the study of wall material effects on
tone, and also the pertinent interpretation of these physical results by
comparison with physiological considerations, are disparate features of
this work. | |

The analysis technique thus evolved is used to validate the
experinental technigue which necessitated the dissevering of the resonator
from the pipe foot and mouth parts and their subsequent reassembly. The
isolation of the effects of lip material is the single most important
experinental considerstion without which the investigation of resenator
materisl indspendently of voicing changes would not be possible. The
results af the analysis show the suitability of the technique of
reassendling the parts using a rubber mounting collar and also demonstrate
the ability of the amalysis equipment to identify the features of tus
characteristic organ pipe onsets. _

Also discussed is which of the parameters used to define a
musicel sound ﬁill be presented in the results, Amplitude data is of
course, most important and frequency parturbations are followed within
the lismitations of the analysis equipment. FPhase information appears to
contribute little to the subjective impression of sounds and is, therefore,

nat presented.
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Chapter 4

EFFECT OF RESONATOR WALL THICKNESS AND MATERIAL
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441 Introcdyction

Experimental work, it has been shown, is required to clarify
suppositions and expand existing knawledge of the changes in tone
guality produced in labial organ pipes due to the physical characteristics
of the material in which the body is fabricated; Four areas for
experiment are identified in section 2,4 . These are:~-

1« The multifarious conclusions about the effect nf pipe resonator
material on steady state tone presented by previous researchers.

2+ the relative effects of voicing and material on tone, -

3. the link hetweén tone quality,'wall thickness and elasticity of
the material,

4, the appropriation and validation of the sound radiation theory

to the qguestion of pipe material and tanse,- _

Five specific aims for.the experimental programme are identified
from these areas where further investigation has been sthn to be
Nnecassary., These arei—

1. to assess the effect pipe resonator material has on steady-state
tone quality. _ '

2. to assess the effect of pipe resonator wall thickness on onset
transients,

3., to assess the effect of resonator wall material on onset transients.

4., to showwhéher voicing adjustments can elicit the characteristic
onsets associated with pipes made in certain tip~lead alloys from
pipes made in other slloys of the same materials.

5. to use Backus and Hundley's theory to suggest suitable wall

thickness for pipes made in other materials,

Six experiments are described in the following pages and in the
next chapter the results are used, together with the material discussed
in the review of literature, Chapter 2, to formulate an hypothesis about
the relative influence of four tone-influencing parameters: wall

thickness, wall material, lip material and voicing, Chapter 5.

The first experiment, described in section 4.1, compares the

steady spectra produced by pipe resonators of different materials and
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section 4.3 gives an examination_bf Backus and Hundley's theory which

links pips geométry with wall material elastic modulus. The expariment

at section 4.4 describes the investigation of thé influence of wail

material and wall thickness on tone quality. The question of voicing's
effect on tone is considered in three experi-ments, described in

séction 4,2 , The extent of the tonal Chanéglpossible by veoicing

adjustments to the pipe lips is considered in the first voicing experiment
and in the third, because of the suggestion by H. L. Fletcher1 that pipe - --
attack may be influenced significantly by preééuré, the effect of pressure is
investigated. The second uoicihg experiment involves a pipe voicer who
attempted fo elicit similar tone guality from pipes made in different pipe

metal alloys.

4,2 Comparison of Steel and Pipe Metal Resnnators Steady-5tate Spectra
4,2.1 Aim

Since any effect on the tone produced by a pipe's resonator due to
the material from which it is made appears, from the work of Backus and
Hundley2 to have little to do with wall vibrations, it is likely that the
effect is linked to the yielding qualities of the walls., This experiment
was designed to enable a comparison to be made of the steady-state spectra
praoduced by two materials having differeni moduli of elasticity., The data

will be compared with the results of other researchers,
4.2.2 fethod

Two resonators were prepared for each pipe foot., One, the pipe
metal resonator belonging to the foot having a modulus of plasticity of
3.019 x 10" dynes/cmz, the other a steel tube whose modulus was 29.5 x 10"
dynes/cmz. These were in turn located on the pipe foot and the pipe
sounded and analysed as in section 3.2.2.2 . This experiment was
repeated on a second occasion, the microghone position having been altered
in order to demonstrate that a different sound gualify will be detected by
listeners at different distances from the pipe. Ffor the first run the

microphone was 3 metres from the windchest and 1.5 metres above the floor,

N

1 Fletcher (40) 2 Backus and Hundley (%)
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this being reduced on the second occasion to anly 2 metres away aﬁd
1 metre from the floor.’

The pipes selected were representative of each octave of the rank.
They were chosen on the basis of .the closeness uvhich their internal
diameters could be matched with the sizes of commercially availables celd
drawn seamless steel tubes from which the resonators were made. The

following tube sizes were thoseni-

Steel Tube wall Pipe metal

Int, Diam. Thtnss, Wall th'nss.
140 Hz 72,9 mm 1.6 mm .77 mm
280 Hz . 42,1 mm 1.2 mm 0,72 mm
860 Hz 23,5 mm 0.9 mm 0,576 mm
1200 Hz 13%.6 mm 1.2 mm 0.48 mm
2400 Hz B.& mm Te2Z mm .4 mim

It proved impossible to produce steel tubes similar in thickness
to the pipe metal ones, but, from the results of similar experiments - see
section 2.4.1 - this should be of little consequence. The wall thickness
shown are the closest available. The pipe metal resonators were cut from
the foot parts of their respective pipes and measured. The steel .tubes

were then machined to length.

4.2.3 Results

The results of the first run of this experiment are found in table 4.1
and those of the rapeat experiment in table 4,2 . As in the results
described in section 3.2.2.3 , but with the exception of the 2400 Hz
analysis (figure 4.3), two graphs are produced for each signal by the real-
time analyser. The second graph, figures 4,1b, 4.,1d, 4,.2b and 4.2d, using
a filter, provides greater resolution of higher harmonics, whilst lower
camponents are indicated on the unfiltered graphs, 4.%a, 4.1c, 4.2a and 4.,2c.
High pitched signals do not require resolution of higher harmonics since
their character is amply described by unfiltered results.,

In bath tzhle 4.1 and 4,2 the amplitude of some partials differs
between the pipe metal and steel resonators results. In most cases they
gceur in high freqguency harmonics such as in the Sth harmonic of the 140 Hz

result in table 4.12 where the steel resonators' spectrum has a 3d3 larger
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amplitude than the pipe metal one., This is also found in the 10th, 11th
and 12th harmonics of table 4,2b . In many cases, however, the steel
pipe exhibits slightly lower amplitudes than tHe pipe metal one such as
in the 3rd and 7th harmonics of tables 4.2c and the S5th and 6th harmonics
of 4.,2d . In each of these insfénces the steel resonator yields an

amplitude 5 dB below that of the pipe metal one,

Non-harmenic partials are found in the 140 Hz results - tables

4,1a and 4,2a.
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Steel and Pipe fMetal Resonator Comparisan

First Run

TABLE 4.1a T RARMONIC
140 Hz 1] 2| 3| 4] s| | s 7
. . .
Expt % FREQUENCY
T 740 895
g pn Pipe nf 8T | 46 | 42 31
Metal | +f 41 | 29 7 13} 18 2
8 PR |Steel nf | 67 | 46 | 42 | 31
+f 43 1 33 | 12 151 24 2]
TABLE 4,18 HARMGHIC
280 Hz 1 2 3 4 5 & 7 3 g 101111} 12
) oo
Expt. 3 FREQUENCY
et
[
g pr |Piee nf | 73§ 51 | 43 | 42 | 32
Metal | +f 42 | 31 | 19 25 | 16 | 16 8 8
g pr |stesy 0T | 72| 51| 42 | 40 | 35
+f 40 | 35 | 25 26 | 19 | 13 7 | 1
TABLE 4.1c HARFONIC _
560 Hz 10 2] 3] 4l s} 6] 7 | 8] al1]11]12]13
- :
R .
Expt. 3 FREQUENCY
]
o
6 5 34
g pg  |Pire nf 4 2 33 30 _ B B
Metal | +f 35 | 22 8117 | 16} 13 9 7 4 4
33
g pa lsteer |NF | 63 ] 52 37 31
+f 35 | 31 4 | 20 14 | 12 9 7 3 2
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S5tesl and Pipe Metal Resonator Comparisan

. TASLE 4.1d HARMONIC o
1200 Hz : 1 2 3 4 516 7 8
—-
© EOUE:
Expt. 2 FREQUENCY
™
G
8 PR Pipe | nf | 61 37 |27.5] 23 19
Metal | +f 27.5| 22 | 21 { 11| 16 9
8 PR |steel | nf{ 601} 37% 281 18| 19
+F ' 28 |[17.5] 21 8| 12 7.5
TASLE 4.8 " HARFMONIC }
2400 H 1 2 3 4 5
: S T
Exot. - FREQUENCY
o
G
8 PR Plpe nf 58 38 22
Metal | +f aof 231 5 [ 15
8 PR |Steel L AL [ 98 1 37 15 i
g +f 39] 18] 16 5 ‘




5terl and Pipe Fetal Respnator Comoarison
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Second Run

TABLE 4.22 | HARMONIC
R 140 Hz 1 ] 213 4 |5 6 7
5 | FREQUENCY
Expt. -
o 740 895
8 PR Pipe nf 70 a1 45
: Metal | +f 44 | 28 | 32 23] 27 26 | 24
8 PR |steer | T | 70| 4% ] 45
+f a6 | 29 | 32 25| 27 25 | 25
TABLE 4,25 HARMONIC
R 280 Hz 11 2 3| 415 6 7 g 9 |10l 11| 12
M| FREQUENCY
Expt. =
o
o
qpn  |Pipe nf | 7641 47 | 47 ) 42 | 23 |
Fetal | +f a6 | 42 | 30 | 19 | 25 17 | 16| =8 3 9
1
8 PR |Steey LT | 75 | 47 | 46 | 4 30
+f a7 | a1 1 31| 22 | g6 127 1 16 | 10 9
TRBLE 4,2¢c HARMONIC
R 560 Hz 11 2 3 4| s 6 7 8 o | 107 11 12 | 13
& | FREQUENCY
2 » !
Expt. E‘ :
g pr | Pire nf | 63| 55 | 36 | 37 | 28 | 17 | 20 18
‘ 21 23§ 12 | 14 61 12 2
15 18
15 22 g | 13 71 12 2 i
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Steel and Pips Metal Resaonator Comparison

Second Run

TABLE 4.2d HARMONIC
R 1200 Hz 11 2 f 3 4] 5| 6| 7 |8 g
& | FREQUENCY
Expt, +
a:}
8 PR Pipe nf | 64 | 371 33 | 20 { 25
Metal | +f 33| 18 24| 17§ 13 13 | 10
6 PR |steey LNF | 64139 | 32| 20 | 17
_ & f. _ 30 21| 201} 13| 14 8 2
TABLE 4,2e HARFONIC ; ;
R 2400 Hz 112 |3 | 4] 5 |
G FREQUENCY !
| Expt. par :
‘ Ll H
[ (W,
5 PR Pipe nf | 8B | 37 | 27 : ?
Metal | +f 38 | 27 8 3 |
3 pr |steey LNF | 58 [ 37 | 25 _ |

+f 135 | 29 {147




SyVuy nerg s npe

L
e
AT Tt E
g Ao} Ehis -
re e dIITIIIT t
ILL‘ v T':-
rith ich
s T
hddes faay
Ficle
7
T
i
b

eeyiaeiie

TRIILIL

‘ Fig. 412 8 PR Cf 140 Hz PIPE  METAL




Tty

4

3

pri e S
bl g el

Hoihe 3
T

-

FEdie
i L
G

P

Fhspuwn.

[+

1153
11}
i

-

BESe

ey
[aage

R el

11

fid

I S S P

13

+ J1i
edsfaasysiiirisigy

tE

ey

T

ol ot

ey T

b

ke

518 il - S

LT

Pbesy i it
Tt

Braddraad hosiigimbabigsn
13T 3

i

Fig.41 8 PR

tr=1

b1 ¥

s
o

r

by
puivg S on g s,

L

Ct

140 Hz

bt
=

3
j

fean

3

4

i

gy ppadau cmpeiag,

iy
‘,1- e

4

Afga

*
]

PIPE METAL

with 400 Hz Filter.




ety YIrrs r= - =i
i3 [EeR T+ 3.{ ESRis 1 _:
it ¥ shad 4 s e i #3 - ¥
'’ & 44t 3 ¢ty T |
11+ 3T : T 4 ¥ s
+ i < iy + L gy

e a1 ol oy T
1 T
[pagehei . £23 nhet
LT I
4]l ARl "
(5 npd bty Rodr giny
T trany T
LR e 45 =T {iTye
pyieiidth e T
e dagen oY e
age ad il f
3 b pigre
# jadedy

T

T,

pp

ot Shenl

a4

g,

1

: i

- L

S RHEE i
bR Soanndbahl 4 ud ;1
T T TiTTe

153

11T

i

Ty

4 bt gt
[N

K pqn s p gt

Yy

[RSR YRR

oo et o
PRI

e Bt et
T

4
I
3




A S-Sl it vt 2 [T P a G i B oy )3 g
i hretiad HES Tuds ot Ta T ey ] T
Tl i i fraans B awan 4 i
! et e ppansyy TS e g SRS £ iy e ¥ +
. P i -t b + 4. + 4
:L..L..;, e S Lt [ 4 e +313] 7 brrerpt TH
‘ S A Gs 12 Py A T ST e 4] i
e k2 S s SR AT EeE P 5D S AP S a by S0 Rupdy p iy 1 i-
! A4 S Ba F oy Sl e R ok T 59 S iR RE o 0 LT R S ol i ¥
L pird gt bty by by Ty Fe ey hinssndnr enbugdelds 1} ges!
g T
TETIIT felhy

.y r=
e B e

A §

i
e

PR "

BTy ES L e

f11d
i
e
b2 “";f E
ok

e

PETy

Fig.41d 8 PR Cf 140 Hz - STEEL with 400 Hz Filter.




B e e T

7T [SaespyaanesapunEynye
i pnw kit * AR SRt (8 NS ¥ Sa
+ ks - T
i s : it ik
! T I TR ST VRRLE ta sy dRERE RRES SR Y i
8 oo nad 154 43 ey e 113
o Hahoiat s jbhed ittt nht fns i Entidnine s 3 ESppreuaiyn:
i FEEEs STy R R e e fadadisel i
- - Y i~ <rr grns ¥ EREA 3 + TJ' 4 In T F
H LA S 7} jiise nati Sepawpl s onaphats syshzsrsl vl i 1 1 afuadron
: O s " : L8 1 M0 U F RS AP N & YR 1 Bf g
T ":;:-:“r:::. 7 +Tx..;r 3 APAReR ,1“ Rayigl t }r- ¥ 133 E
¥ : = T TR eSS HARR IDNNE IERI 23 iE{ns et b
L e ey 4 Paéatrane o ; PpuPnTanerern aans T3
s b gl T Hitenea ; e e
PR i i et Tt o THI R _
e 4 et re~t 18 ya: 44}1 .JE d
> o b
T ! ".'71';? i
b 4
¥
3 :
113
33
i
.“
F o
s
8 ’
it
5 ¥

= T4
P SRS P B

HEHY
RELELE) o

oy
A,
[EREE [ty u
s
i

gl
1-1‘1
iBisut
ty

B

Tt
R e

i

¥
T

{am e N
§ag
ks

ey
fiud

H

A R T

s
Fr [y
LY ppanay i
jETEs A
1L
.
i

THTH
i

K Hz

|
Fig. 422 8 PR ‘Cf' 560 Hz PIPE  METAL |



A R i E
Fhies s L
I1n il (ST SN )

[Repovny|

TooTY ..,4‘1,.....nﬂ., Ry
H e S of

T I I
rropiniy

30 =
10
e
P .3

[SPRE I

e tans]

iz

Iy

20

[

R v i
. e

K Hz

Figt2b. 8 PR Ct* 560 Hz PIPE METAL with 1400 Hz Filter.




3

T TR g N ST S
e

gaiet] T HT jaagiats
bpep et H b g etipd alrrertant. i LT
b eyl i i
" Tt L%.J
a8 Hii
60 i: iz
[+ sisie
: paid
] v
. -y _ SREL: = : e " X I
Vaagtii 11 Rvie itk 5 ; ] b
dB 4 LY ot 5 Sy of e T I teiiga [ IR foyey SaRal ne 1 ] salins
T T T g - e ieyaraTerd T i 38 rii
- g : Tl et 1 35
- - H P od s g-tua i : JAE Ry ¥
2 rimhais ] St TR il t
Iy i i

4

-

50

vt

»,“.H
et
L

LAEL
i
ryee &t

¥

ety
21
¥

3
¥

v i
SHgatins)

o
i

<

s
b

2oe

40

PR et 0 s

PR M H e

CRILLITE i gt
DT e
STt i

- +
gretdie]

L3t
T

[ epsen

eSS EeE]

30

20

K Hz




Fig. 4.2d.

2

v [ "
r: 3 el Fivaanses avanpan:
I 1 3 T I § § £ e
H - 1 'l 1 -
4ot s - " -
i
oy : gt
1t + I A
fyesal 4 . : EE8
e THTH afsd 4 t
T ; + ”
Tl ndnk: (2 sasgsolaead txkasonatt [t
+ Lods 7 14 L___A ¥ !
TR ¥ T m
i I e
31T T PRSI P g T 35
-+ T o ¥ s
t3dert it T dop i B EEs)
Soptatint S0k SR amn kyaid dodd 4358 8nd s
FERE Fiam SR - -
partyaasi slns T
T T3k
IS e i it
HHEL : i
- 1
Ieraa sl b T
- i i
i ]
3 hyya e Lz}
'L TEH 37 T :';_f’
SRyt Rt i AaptaRat
int i bed THiH Y gy Jas g 994 Sive-e
gs tiptetalt i HibrH Bige it gl gAY
1- e 8 i R
ol 4 1T
betet e, pon g
i : T
1 frin

—ivis LEn by e
[enteei S f¥pdy: gty
| 4

P HESRY HERy peppa pra b REpER a gt taaaYs

6

with 1400 Hz

Filter.




[ES 20 TAL R Tyt i

o T s

Tyl

[ 3 i

bt i
prays-Soirs e

e irate S oet T
— il

2600 Hz

STEEL




20

Fig.43b. 8 PR

ikl S35 i A R T : LTI
L;gl‘-ﬁ::l:._:.f:: b ] T T :r;}J
P A ooy h t YoitE i Jit
HYmH R
3 e
n 4 Wl 3 ¥ Lo
T i_"'?
T sHeaIstts taren
o JHHL
155

FeRiteate

[+ § o
J el oy

JeRiies

AT P i ey

o

4

v ha

A

et
et d
LTIEY

kpdars syt
- 4

J T e d
et d

e
i
(B
E

TR T Tepe s SISV Ty

ot

2400 Hz

PIPE METAL




4.2.4 Discussion )

The 140 Hz results show the similarity of steel (fig. 4.1 ¢, d)
and pipe metal (fig, 4.1 a, b) resonators, although some discrepancies
occur they are present only in higher harmonics in the residue region
~and are unimportant in the aural character of the pipes. The 280 Hz
results also contain some changes, though again in the magnitudeé of
higher'harmonics only, In both cases the steel tube's highest partial,
the 11th harmonic, having levels of 9 dB and 11 dB, corresponds to a
nuch smaller penultimate harmonic in the pipe metal resonatogg spectrum,
The latter is followed by a 12th harmanic having levels of 8 dB8 and 9 dB.

'Here‘the changes evident in the comparison of the analysis results if
perce;tible.to the listener would enable the two sounds to be
distinguished. As has been shown, high frequency companents - in this
case above appraoximately 2,700 Hz, between the 7th and 8th harmonics -
are not perceived as individual formants but as the collective component,
resicdue. It .is not easy to categorise the influence of a parficular
camponent in this part of the spectrum. If the tone consisted only of a
7€ d2 fundamental and an 11th harmonic, a change of this amount would
not te important since a 3080 Hz component wauld be masked if it was
below 20D dB.1 It seems likely therefore, that modification of this high
harmonic would have little effect on the perceived spectra of a complex
sound, The 6 dB increase found in the 6th harmonic of this pipe is a.
slightly diffarent casse, since this partial lies in the formant ragion.
This freguency component (1680 Hz) with a SPL of 20 d3 could change 1,5 dB

.befors'the change could be perceived if this signal was on its Dwﬁ. In

the presence of other sounds, the forward masking of the fundamental which
iz 53 dB above the level of this sound, would minimise the audible effect
af this change and infact, it is unlikely that a 5 dB change would be
heard, Once again, in assuming the presence of only two components, this
and “he fundamental, an amplituce of 35 dB would be required for this
frecuency to be audible, Therefore, as in the first instance of a residue

partial, it would appear that the change ancounterec is of no consequsance

or

o tke sound stimulus received by a listener,

The 560 Hz results (fig. 4.2) alsa show good corralation between
steel and nipe metel resonators. Slight changes occurred in the rnon-
formant harmonics, but all the components are so very similar, apart from

the Zth in the first results, that the tuwo resonators seem to procuce the

1 Carter and Kryter (21) 72
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same tone, As in the previous results, this deviant is a low amplituds
component, the disbrepancy being between 8 dB for pipe metal and 4 d3
for the steel reéunator. Compared with the level of the fundamental,
64 di, fhis change, although it takes place in a formant companent, is of'
little consequence. ' = '

The discrepancies found in the finél two pipes, 1200 Hz and
2400 Hz (fige. 4.3), all occur in the residue harmonics., None of them is
so large as to have significant bearing on the tone quality emérging
. from the pipes although it is interesting that the 5 dB reductiaon in.the
level of the 4th harmonic in the 1200 Hz results is found, enly in thé
first experiments and not in the repsat, - The change in the 4th and 5th
harmonics of thé,ﬁQDD Hz pipe is also worthy of mention though this
apparent reversal in the results between the two resonators, as on the
first occasion, would not effect the perceived tone. |

The results show that whilst changes do occur between the steel
and pipe metal resonators considered, the steady tone guality is not
changed by these édjustments sufficiently for the pipe's tone to be
considered different. Thie conclusion is similar to that of Backus'

study of clarinets.1

4.2,5 Summary

The apparent similarity of the steady~tones produced by resonators
fabricated in such different materials confirms earlier studies which
suggest that changes in steady tone do occur but are insufficient in

magnitude to effect the perceived tone of the pipes.

1 Backus (2)




4,3 Unicipg Experiments

4,3.1 Intenduction

Organ pipe voicers are able to adjust the tonal character of
pipes by manipulating principally the mouth parts af the pipes, OFf
particular importance are the adjustments to the position and height
of the upner lip, the size of the hole in the pipe foot, the throat
width and the position of the languid. The latters front edge of the
languid for instance, and also the edge of the upper lip, may be
nicked using a small file to reduce the_béckground noise caused by -
turbulance in the air passing through the narrow ’r‘lue.1 It is
proposed te examine the limitations of voicing as a way of changing
pipe tone. Primarily, data obtained from this study assists consideration
of whether the tone of whole pipes made in non-standard materials might
satisfy the voicers sensitive ear. Particular emphasis is placed on
understandlng the voicers expectatlon of the materials and aligning

empirical truths with those of thenretlcal acoustlcs.

4.3.2 fApproach

Infarmation is sought ébout the extent of the changes which may
ocour due to voicing adjustments on organ pipes as well as the value of
uoicing as a method of achieving similar sounds from pipes constructed
from dissimilar materials. Experimental work was done in three stages.
First, the extent of tonal changes due teo simple voicing changes,
secondly, a comparison of two geometrically similar pipes fabriecsted in
different materials, and finally the role of pressure transients on

onset tong was considered,

4,3.3 Uoicing Experiment 1 = The effect of simple Voicing Adjustments

4.3.3.1 Hethod

It hzs been noted previously that subjective terminology hinders

.sarious study in this field. The extent of the changes in this

1 Mercer (81)
Coltman (26)
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experiment are therefore described by comparison with the changes noted
in the previous experiment, section 4.1 .

A pipe with a speaking leﬁgth of about 500 mm and a fundamental
frequency of 220 Hz was chosen and the effects of two simple voicing
adjustments, moving the upper lip and the sars of ths pipe, was studied
to show the extent of the tonal changes possible, A clamp was
constructed in hardwood which fitied over the pipe resonator 60 mm above
the upper lip as shown in fig. 4.4« In this position the clamp did not
ohstruct the airflow in the sensitive region around the mouth,. The
clamp, together with a Uertical'bar through which passed a threaded silver-
steel rod with a 1 mm silver-steel pin in its end, was firmly attached
fo the pipe. The pin was used to vary the position of the 1lip,
adjustments being made with a screwdriver in a slot at the threaded end,
where also measurements of the distance the pin had advanced were made
with a micfometer.

The experimental method involved stgady~state analysis of the pipe
unencumbered and then with each part of the jig attached in order to make
sure that changes were the result of the adjustments and not of the jig's
presence, The effect of constraining the vibrations along the pipes?!

length by fitting the wooden clamp were also investigated in this way.

4.3.3.2 Results
X —
1] 20 s3] af s s 7 [ 8 s[m|n]n
Expt.
- . |Un=cut nf]88.5( 54 | 48 | 49 |28.5
VE 1
Pine +f 38 | 29 | 18 | 26 |12.5) 13 | 12 | =t| 2.5
VE 2 |+ Clamp nfl 68,3 53 43 40 27 |
+f ' | 28 |18 | 27 s |1 | 12| +2] 3
58 |57 48 |
JE 3 | pin nf| 58 |52.5{ 48 | 43 [25.5
- +f 37.5| 26 114.5]25.5 | 11 }14.5]11.5| 0] 2.5
yE 4 |UpRer Lip nfy 72 | 57 | 43 |37.5126.5
+ 0.4 mm | HF 26 |14 |25 [ 10| 14| 1] o] 2.5
J 5 |Upper Lip | nf| &7 ' 59 | 30 |a2.5] 27
+ 1,8 mm +f | 37 | 28 | 14 | 25 8 (15110 g1 2.5
nfl57.5] 56 | 51 [52.5] 41 | 38 [27.5 [24.5122.5|26.5| 24| 24
VE 6 |Ears *
+f J ;
TABLE 4.3

Rasults of Vaicing Experiment 1.
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The results of this'experiment are shown in Table 4,3 . Other
than the result of experiment VE6 in which the pipes! ears.were moved, the
other experiments show changes principally in the amnlitudas of the lower
harmonics. The experiment YE4 in which the lower 1lip was first moved, the
fundamentals' amplitude is increased by 5 d3, The second harmonic is
similarly increased in this and the experiment VES wherein the upper lip
was moved further., The 3rd harmonic in these experiments decreased in
amplitude, in experiment VES by over 15 dB. The remaining harmonics
change comparitavely little, Moving the pipes' ears increases the higher

harmonics, the 6th, 11th and 12th harmonics over 20 dB.

T 4,3,3.3 Discussion

The clamp‘s presence on tﬁa pipe had no important effect on the
spectrum and even the pin against the upper lip produced gnly very slight
changes.l However, the results show the significant changes produced by a
0.4 mm adjustment to the position of the upper lip, and the effect when it
is pushed in a further 1.4 mm. It is interesting that significant changes
occur only in the lower order harmonics. The first movement of the lip
cavused a 4 dB increase in the level of the fundamental, 3 d3 in the second
harmonic and the attenuation of the 3rd and 4th by 5 d3 and 6.5 d3 |
respectively., The 1,8 mm change saw the fundamental attain once again its
criginal magnitude, the second harmenic increased a further 2 dB and the
3rd fell to 18 dB8 bslow the original value., These amplitude changes are
éignificant in comparison with the changes which occurred in the last
experiment,-mheré resonators of pipe metal and steel wers compared. More

.striking changes were produced by moving the ears 1mm inwards. Here the
levels of the low order components remained constant compared with the

increase in the level of the higher harmonics.
4,3.,3.4 Conclusions

" Several points emerge from this experiment uwhich are pertinent to
the study. First, the results suggest the unimportance of wall vibrations
to the steady tone due to the similarity of the pipe tone when the clamp
was attached, which asgrees with tha theoretical finding of Zackus and
Hundley.1 The experiment aleo gives justification, because of the little
change nroduced when the pin was pressed against the lip, for the idea
that vibration of the lips also has little influence on tone. Primarily
though, the experiment demonstrates the sensitivity of the pipe to even

slight physical manipulation of the mauth or lips,

1 Backus and Hundley {3) — see also section 4.3.1
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4344 Voicing Experiment 2 =

The gffect of Voiecing an pines of similar geometry but

-

Oifferent matérials
4.3.4.1 i""‘iEthOd

To establish if voicing is a means of achieving desirable sounds
from pipes irrespective of the material from which they are made, two
gimilar organ pipes uere éxamined and an attempt made to voice them
similarly. The experiment involved a skilled voicer as well as a
practiced metal~hand and would have been impossible without this help.

The materials from which the pipes were made are pipe metals
containing different amounts of tin, Thus a comparison is made between
materisls which are different but sufficiently similar to be handled with
the séme-precision and which tere of course familier to the craftsmen,
Cne pipe was made in 70 percent tinp metal, the other in 30 percent tin
with the excepiion in each case of ths languid which was in both instances
made from 10 percent tin 2lloy. These represent extremes in the range
of pipe metal normally used in organ building, Diapasons are usually
made in the richer tin alloy, flutes in the other. The pipes were made
to similar specifications by the same metal hand and the scale employed
was that for a Diasason rank with the upper lip scribed into the metal.
Joth sheets of metal had been cast for several years and were fyully

arfealed, The dimensions of the finished pipes were:

70 oc Tin: 30 nc Tin
Resanator Length . 282 nm 282 mm
Internzl Diameter 24,7 mm 25,15 mm
Wall Thicknsss - 0,685 mm 0.78 mm

The internal diameters and wall thickness were measured by the
metal hand using the.rule of thumb technigues associated with the craft,
and as can be ssen, zre rot precisely similar. The following brief
discussion of the implications of this enables several important points
to be made about organ building practice and the tonal maﬁipulation
associated with adjustments. Hlthough the internal diameters are
slightly different, they are well within the tolerances expected since,

according to plpe scales,1 the digmeter of the pipe neighbouring a 25,06 mm -

1 Aushworth & Oreaper = see acknowledgements
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diameter pipe is 24.00 mm. The 70 per cent tin pipe has thinner walls
than the 30 per cent tin one but reverting once again to pipe scales, it
- is faund that wall thickness increments for pipes of this size are given
for every fourth pipe and therefore pipes of the wall thickness found
hére would stand adjacent on a windchest. The voicer is able to achisve
appropriate sounds from both pipesj the difference in wall thickness not
producing a perceivable change in tone quality., The pipes are therefore
considered dimensionally similar. It is apparent that the wall
thickness'incramenﬁs effect on tone is taken up by the woicing
adjustments performed, otherwise the system of cutting saveral different
pipes from a sheet of a certain thickness éould not be adopted. Tonal
changes due to slight variations in pipe-diameter too appear to be
digsipated by this aperation.

The aim of the voicing process was to achieve similar tones from
koth pipés. After fabfication, the pipes were left four weeks fo allbu
the stress produced in working the metal to be relieved by air annsaling,
lEauihg the metal pliable without springiness before the voicing
proceeded, Esch pipe stood on 60 mm g of air in a voicing cubicle at

68 degreeé Fo A considerzble time was spent voicing the pipes,
4430402 Qesults

Figures 4,5a and 4.5b are respectively steady state graphs of the
results from the analysis of the 30 per cent and 70 per cent tin pipes.
In figures 4.6a and 4.6b the onset analysis of these signals is presented.

The steady state analysis shows great similarity between the pipes
other than in the levels aof the 2nd harmsnic which is & ¢8 larger in
amplitude in the results from the 70 per cent tip pipe than in the 30 per
cent one. A ligtening test which invnlved the skilled ear of an organ
builder found that no cifference could be detected in the steady sounds
of the pipes thus confirming the results of the experiments in section 4.2 .

The results of the onset analysis of these nipes reveals changes
in the behaviour of the fundamental and especially the 2nd harmonic.
Compared with the 30 per cent tin pipds onset,figure 4.6a , the onset of
the fundamental of the 70 per cent tin pipe ig rather slower, reaching’
its first peak after asbout 70 mS compared with 50 nS in the former case.
The second harmanic af the 70 per cent tin pipe, however, is more rapid,
reaching a first pecak of similar magnitude to that of the 2nd harmonic

after only 50 m3, This then decreases in amplitude by almost ZQ d8 in
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the next 40 to 50 mS. This then agnce agsin builds up but this time
steadily to its final value. The other three harmonics behave similarly
in both imstances building up repidly in the initial stages and finally

settling to their steady levels after 130 to 140 mS.
4.3.4.3 Conclusions

It was apparent quite 2arly in the process that the 70 per cent tin
pipés. anset was brighter than that of the other. The steady state
analysis demonstrates that, cther than a 5 dB difference in the second
harmonic, the pipes are very similar. Hence the difference appeared to
oceur in the onset of the pipes rather than the steady state., Subsequent
analysis of the pire confirmed this. Time domain amalysis shoaus the
overshoot, early in the onset of the 70 per cent tin pipe, which so

characterises it, The twn pipes could not be voiced to sound the same,

4,3,5 Voicing Exneriment 3 -

Pressure~Transients Effect on Tone

4,3.5.,1 Theoretical

It has been proposed bty H.L. Fletcher1 that the pressure
transient is significant in determining the character of a pipes! onset,
plosive attacks producing a characteristic dominant second pipe mods.

He provides an eguation for determining the character of the pressure

transient:
/g(t) = /f + ff -4 ) oexa (-£/7 )

where, éf is the pressure pezk

/3 is the steady pressure

T ig the cecay time from peak

He suggests that if (f = A? , increasing the wind pressure can
lead to greater amplitude in the second harmanic during the transient
and an overshoot reminiscent of the 70 per cent tin DiDE.2 Thz effect
of wind pressure on the onset of the two pipes used in the voicing

experiment was examined,

1 Fletcher (40)
2 Fletcher (40) 229
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4,3.5.2 NMethod

The experiment compares the attack of the 70 per ecent tin pipe
used in the last experiment with that of the 30 per cent pipe on |
various wind pressures. 5Since the envelope shape of the attacks wnder
discussion are easily noticeable, harmonic analysis is mot used for the
experiment, oscilbscope photographs being used instead, Attack '
transients of the 30 per cent tin pipe were examined for pressures of
60 mm UWUg to 200 mm Wg in 10 mm Wg increments.

| Pipes were sounded one metse from a microphone and the trace
displayed on the screen of a storage 'scope phatographed. At first the
'scopds internal tfiggering wes used but this was found inappropriate
because of the loss of vital information about the early part of the
signal due te the rapidity of the transients® onset. Triggering was
therefore effected using the cantrol device encountered previously in
section 4.2.2,1 . The arrangement is shown in the diagram, fig, 4.7
The wind pressure was varied by controlling the speed of the blower using a

Varizc transformer and monitored as before using a water manomster.
4,3.5.3 QResulis

- Comparison of the photographs reveals the changes which occurrad
to the onsets.of the pipes., It is convenient to tabulate the results in
terms of the time elapsing before the first cycle, the amplitude of the.
signal at the steady state and, since peaks can be seen in all the tranéients
exanined, the amplitudes and time of each peak. The first peak, when
nresent, occurs in the first stage of the anset, before the second peak
which marks the nvershoot or the first major amplitude. The third pesk
refers to any amplitudss smaller‘than thal af the steady state.subsequent‘
to peak twa, The results are tabulated in Table 4.4

The onset of the 30 per cent tin pipe on its normal wind pressure
of 60 mm W begins 20 mS after the pallet valve is activiated and a first
seak occurred 20 m5 later, 30 m3 after this a second peak measuring
120 mV occurred and after a total of 160 m$S the steady level of 100 mV
was achieved (fig, 4.8). Unlike this pipes' onset, that of the 70 per
cent tin pine on the same wind pressure exhibits a larger peak nf 100 my

after 35 mé, followed by a dacline in amplitude to 70 mV after a further
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33 m5 and a gradual buildup from this level to 100 mV after 183 mS
(fig. 4.11). This characteristic onset, here described from oscilloscane
pictures, is that desecribed in section 4.3,4.2 after hore rigorous
transient aﬁalysis.

As the wind-pressure beneath the 30 per cent tin pipe was
increased the first peak occurred later though its amplitude was little
gffected. After 80 mm Yg however, this feature disappeared completely:

the second peak, which had also progressively occurred later, had

become so large in amplitude that the minor first peak is undistinguishazble.

This is seen in fig. 4.9 which shows the 110 mm ulg photographs. At
13D_mm_wg.and 140 mm Wg the first peak is discernible and at the later
.ﬁressure é third beak is found of lower amplitude than either the second
or the steady level which is reminiscent of the sffect of the 70 per cent

tin pipe on 60 mm Wg {figures 4.12=z and 4,12b). As the pressure is
inereased the time before the steady level emerges increases, though in
the regicn 190 mm g to 200 mm Ug when the pipes! onset is raucous aﬁd
quite unstable, the total transient durétion appears to fall off slightly

from the maximum achieved at 160 mm ug, 403 mS.
4.3.5.4 Discussion

It is canvenient also to consider the results in three sections,
In the first section the wind pressure ranges from 60 mm Wg, the pressure
on which the pipss were veiced, to 100 mm Wg. As the pressure increases
over this range the amplitude of the signal also increases and at 100 mm
Wg the amplitude is 2.5 times that of the pipe on 60 mm of wind, This is
shown in figures 4.8 and 4.9. Also spparent as the pressure increzases
is the abssnce of o clearly defined first peak and the lengthening of
the transient period befgore the steady-state i1s achieved. UWhen the
pressure is increased to 120 mm Wg, as shown in fig. 4.10, the first
peak becomes less discernible and the second overshoots G0 mV above the
subsecuent steady staote level. Oetween the overshoot peak and the steady
signal a hallow is nated in the signal from the 70 per cent tin pipe.
~(fig. 4,11), A =imilar effect is noted at 140 mm Ug but betwesn this and
160 mm WJg the level of the third peak increases towarcs that of the
steady -state again. (fig. 4.12a), In the third section, for pressures
above 170 mm Yy, the nipes exhibit increasing instabilify which manifests
itself on the photographs as small bright flecks. (fig. 4.12b). '

ns predicted by Fletcher, at the point when overshoot occurs the
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Pipo pe Tin | Prossure Firsiiiicle Ti;irst Peaimp Tiizond Pea:mp TiEZird Peaimp Tgi:ady Statzmp
Flute 50 bt 060 mm Ug 20 ms 40 ms 90 mV 70 ms 120 my - - 160 ms 100 my
| 73 am g 20 ms 45 ms 90 mV 80 ms 130 mV - - 170 ms 130 my
80 mm g 20 ms 50 ms 95 mV 89 ms 160 mV - - 200 ms 150 mv
90 mm Ulg 20 ms 60 ms 50 mV 100 ms 160 mV - - 200 ms 160 mv
100 am Wy 20 ms - - 11h ms 170 mV - - 200 me 220 mV
110 mm Lig 20 ms - - 120 ms 200 mV - - 200 ms 250 mV
120 mm HWg 20 ms e - 150 ms 280 mVY - - 290 ms 230 mV
130 mm Ly 20 ms 130 ms 100 m¥ 170 ms QGD my ~ - 300 ms 100 mY
140 mm Yo 20 ms 130 ms 100 mV 170 ms 260 my 250 ms 110 mV| 300 ms 150 mU_
150 mm Wg - - 200 ms 260 mY 200 mg 140 m¥| 370 ms 150 mV
160 mm g - - 200 ms 270 mV 300 ms 140 mU| 400 ms 170 mV
170 mm g - - 230 ms 270 mV 330 ms 150 V)] 400 ms 190 mV
180 im Wy - - 200 ms 250 mV 420 ms 150 mV| 400 ms 210 mV
190 mm Wg - - 150 ms 160 my 210 ms 130 mV| 350 ms 190 mV
200 mm Ug - - 150 ms 200 my 200 ms 120 mV| 250 ms 150 mV
\
‘ Diapason 70 % £0 mm Ug 20 ms 55 ms 100 mV 90 ms 70 mV| 180 ms 110 mV
‘ TADLE 4.4  Tabulated Results of Pressure Transient Experiment
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total SPL is much largsr than for a pipe on normal pressure. However,
the onset duration is also vastly elangated becoming almost twice that
of the original pressure when it is raised to 140 mm lg. 'As.the
pressure is raised and the pipe becomss unstable, the transient
curation becomes shorter, At the point of maximum overshadt and
greatest similarity to the richer alloy pipe (160 mm lg) the enset-
duration is at its largest, The increase in transient duration due to
.greater wind pressures makes it impossible for similar tone quality

to be elicited from pipes fabricated in pipe metal alloys rich in lead
as is produced from pipes made in alloys richer in tin, although it is
‘pcssible to.produce an overshoot in their onset transient reminiscent of

the predominantly tin pine by this adjustment.

4,3.5 Oiscussion of Vaicing Expsriments

The three voicing experimsnts have demonstrated the pipe voicer's
inatility to produce similar tone cuality from the two pipes, the
extent of the changes produced by manipulation of the pipe's mouth ang
the radical effect of wind pressure changes, which suggests that the
vaicer's control of the piaéé tone is more rastricted than was sumised
from the survey of litersture. Tha voicer certainly brings to his work
a great amount of skill and artistry but, are the volcing adjustments
which effect vast changes on pipe tene used only to order the varied
noises of unvoiced pipes, and is the effect of the subtle adjustments
strictly limited within the bounds of this condition?

Justification that the %tone quality availzble from a pioe which can
se recarded as musical is smzall in comparison with the range of sounds
which can be elicited from the pipe is gained from this, the final
naragraph of M. fcleil's recent study:1

" The steady-state timbre most desirable to the author is not
tao tich, as this will mask harmonic development in other stops, nor cahb
any of the harmonics or groups of harmonics stand out within a single’
Just as single loud solo stops destroy the chorus of many other

nipe.

stops, so do loud indivicual harmonics destroy the 'chorus' of subtler

harmonics within the singls pipe. "

imnlies that the timbre most desirable involves radical

1 fekeil (77) M




- 111 -

curtailment of the pipé% harmanic spectra, thus the wide ranige of
sounds possible, demonstrated in 4.2.3 , is not suiled to the musical
purpaose for which pipes are madas, The extent of the tonal fange
exhibited in expariment 4.2.4 is. thercfore restricted, the wvoicing
adjustments being unable to madify the tone substantially enaugh wlthln
the limits of musicality, Clearly thcn, voicing invalves not only
contralling the tonal spectra of nipss but reduc;ng the wealth of over-
“tones either pres ent in the unvclcod pipe or =xtricable by c=reful
:adgustment to produce sounds whlch will combine mell.

a theoretlcgl qustlflcatlon for thls is found in f. He Fletcher s,_;'
."Saund Productlon by Drgan Flue Plpes. T Havlng qtated thﬂt the |
resonancas, n, of an open_ﬁlue pine ars nearly, but not quxte~ln

>

harmanic relatianship, and shown thzat the acoustic output should contain
'cbmponents at frequenciés which are close to N s he affirms that in
“the steadywstate the fraquencies.fli are locked ints strict harmonic
‘relationship sQ thatfli = i111 and justifies this giting the steady
shane of nipe maucforms.' Later he states, " It is possible to
envisage a cendition in which this locking does not occur but several
modes sre exited sconcrabsly beczuse of appropriate phase relations along
i
ccuencies SIS}t fir such that LInjimrR = G | The raucous

=

icsrs v
Sl esensne

the jet. The indivicual amplitudes a, will then vary at ralatively low
fr

oo

familiar to pipe vo

hat the offcct of voicing is
cescntially two Told offceting the speed &t which the pips resnnances
lock into hatmonic rzlaticnship and thz overall steady tons of the
pipes. It is significant that in osur experiments the voicer produced
similarity in the stecady spectra of the pipes, although their onsets
displayed chaoractoristic differences, It becomes spparent thersfors,
¢ pazcesscs, cus to its ohysicel shepe and the
materisl from which it is made, s unlcueness Trom which its tnna ouality
15 Pt divarcad. It iz not possiblo then thot pipeoe made in matcrials
uhich producs vary Ziffersnt taonal ~ffocts could be voicsd to sound

similer. VYoicing, 1% nnpears, without datracting fram the skille

¢

P ~ ¥ - - 131 e
invalued, is a oracoss by which o aincs! potontial tonz qualluy =8
achizvad and sultly balanced with the tonz of other pipes in tho ran

tq mracuce ~n inetrument with homegen ous tone muclity,




4.4 Uall Thicknass f 11511 Material fAelationshinss Theorstical

4.4,1 Introduction.

" The relationships between wall thickness and wall material are
‘cansidered in tuo parts. First, theoretical links are examined, and
subsequently, in the next sectlon, exmnrlmontal work is descrxbed In

_:this aECtan a8 thooretlcal relationship llnklng wall thlcknnss,

1resonator materl al, pipe gmumetry and the sound level radiated From the
'3p1pes is preaentcd It is usad to compare calculated radl tlon levels
'fd establl hed 50ﬂ11nﬂ rules in order to flnd approprlgte wall materialﬂ'.

thlckness for plst made in alternatlue naterlals.

4,4.2 Thenry

Fol

In their study of organ pipe wall vibrations, Jackus and Hundley1
zstablish that the fractionzl distortion of pine walls by vibration

dus to the metion of the internal standing wave on the wall, causes a
Frecuency shift in the standing wave and that the sound power radiated
through the yielding wells is dircctly related to this'change in

F
fronucney, thus:'

- 2
r/e = 1 Bpec” 1.)
af/ 1 8pex (1.7
where, &F s the fraoctional change from frecuency T.
}9 15 the yield paramster of the tuba.
/oa is the alr density.
e is the spesd of sound in airz,

In torms of the relative sound levels L and L produced by the

walls and end, thoy canclude that i

Lo~ L =20 lagd (2 an/7 (2.
i 2% I ~nd e
Tho yisld saremeter invalves woll thicknoss anc the

bs

. . bt st
ticity of tho wall mstorisl a3s well =s the plpes dinmeter thus

4 . i
f? =72 40t (2.

A Bzckus and Hundley (9)
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-
where, e = (1-b° / a%) 1/2 (4.)
a and b are semiaxis (a%b)
£ is the modulus of Elasticity

t is the wall thickness
Combining equations 1 and 2 the general equation is:

| - 3 3
L= L, =20 log,g [2(14 2” / &t )J

where, K ='5,67 x 10°

Backus and Hundley use this relatibnship to show that the
frequency shift produced by tubes whethertheir walls are rigid or
Flexiblé, produces a change in radiztion level through the walls which
is insufficiently large compared with the radiation through the open
end to effect the tone of certain pipes. They use this to conclude

that the tonal structure of a pipe is determined only by its geometry.
4,4,3 Discussion

The relationsnip established between freguency effects, yislding
pine walls and the sgund bressure radiated from piges, proﬁidé; a
method of relating wall material progjerties and wall thickness in argan
pipes. Dackus and Hundley's calculations are made for twa copnear pipes,
one square and the other round, ssunding f-sharp 379 Hz, Considering'
the round nipe, it was fabricated in 19 mil sheet and had a diameter
of 1%'inches, camparing this with the nipe scales normally adopted by
orgen builders, the figure for the wall thickness anpears very thin
comparad mi%h a similar pine made in 70 per cent tin and the diameter
represénts a fuife small scaled dianason ar flute. This pipe is not
therefore truly renresentative of a tynical organ pipe,

1t is reasonable therefore, to extend this theory to a wider
range of pipe lengths and to calculate the sound radiation levels
producad to find if the lesvels emitted through the walls are
sufficiently large to effect the tone heard by listeners., Calculations
are tased firstly an the elastic modulus for 33 ner cent Tin pips mstal,
and seconcdly for 70 per cent pipe metal, the materials which weres found
~in experinent 4,209 to nroduce such different tones, This enables the

sound levels to be compared between the twn types of pipe metal. Also,
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for comparison with these,.the cazleulations are applicd to steel and
copper in order that the possible effects of ather meterials, if
nioes were fabricated using the same thickness sheet, can be. guaged
against the more ususl anes. |

Table 4.5 shows caleulzted sound lavelsfor 96 pipes beglnning
at C, 8 ft., and extending upwards seven octaves., The numeration of
the pipes corrssponds to that used in the bipe scales, The columns
to the right of the pipe numbers indicate the levels ( Ly =L, )
caleculated for 30 per cent tin pipe metal and 70 per cent tin- .
based on the pipe scales mentioned, The scale indicates the diameter
of each pipe and the wall thickness for each grade of metal at various.
wind pressures., All calculations have been based an the wall
thickness scales for 2% inches Yg wind, The 4th column, CU30, and
the 6th column, ST30, indicate the radiation levels for copper and
steel respectively, based on the scale fdr 30 per cent tin pipe metal.
Similarly, columns 5 and 7 show values based on 70 per cent pipe metal
scales, It will be noted the radiation levels in each column are not
a gradually decreasing list but are apparently erratic. This is due
to the specification of wall thickness in increments of 3, 4, 5 ar 6
pipes depending on the position in the rzrk, whereas dizmeters are
snecified separaltely for each pipe.

Comparisan af the values calculated using Jackus and Hundlay's
formula for pipe metal shows an unmistakeable similarity. Ois—
similarities are lérgest at the low end of the table where typical
divargencies are 5 per cent though some reasch almost 8 per cent. At
the upser end of the table 3;5 ner cent is the maximum divergence
encountered, The levels caleulated for copper and stzel show that
cosper with wall thickness similar to 20 per cent pipe metal should
radiate 12 d? less sound than the oige metal and steel 20 dB less,

For the 70 per cent pipe metal wall thickness, the lewve® vere closer,
conner radiating 8 d3 less and steel 15 d2 less.

The levels indicated are the ssund power radiated by the
. yielding walls below the level of sound from the pipes' open end.
First, in considerztion of the implications of the results, the
audibility of these sounds must be discussed. (yr awarenzss of the
séund radiated from the pipe walls is dependent upon the freguency Of
shs sound and its amplitude relative to the sound radiated fram the

1 ;
is an i ing f: amidst
onen end. Although the sverall SPL 1s an influencing factor,

1 Littler {68) 131
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a higher overall level, the amplitude of a tone in tune with another

will be identified at a lower level, the extent of the difference, at

the frequencies above which the radiation lsvels shown on the graohs

sre lmperceiwible, 1s ton slight to be relevant. The minimum lovel

which will be hesrd amidst an 8 d8 oversll level is approximately - 30 d3
at 880 Hz.1 Thus the radiation levsls for pipes above number 77 in both
the pipe matal calculations, are too small to influence our perception of
the pipes' timbre., Our concern is therefore, with pipes larger than
number 77, langer than 175 mm in resonator lenéth. Smsller than this the
pipe wall material should have no noticeable effect on the sound
radiated. ' '

The striking similarity between the radiated levels amang the pipe
metal resonators constructed according to traditional secaling rules is
curious, especially since the lsvels produced by the same rules in other
materisls are sc much more divergent, but the implications of this
finding are not clear. Regarding the influence of wall material nn torne
quality, the steady state analysis in section 4.1 demonstrates the.
similarity of steady tone between steel and pipe metal resonators., From

the present calculations, changes in SPL of «15 or =20 df would ke
anticipated between the wsll's sound radiation levels in pipe metal and
sterl ninsa, This has apparently produced no noticeable effect.

There is no detailed experimental data about wall thickness and
material ' effectszs on the onset of pnine speech and it is not possible
therefore to compare the calculazation with other experimentally derived
datz. Oefore proceceding with experimental work about this, the validity
nf tha agoroach wazs tested by using the sound levels calculated to
suggest suitabla wall thickness For pipes made im other materials, The
thickness identified was that which would produce the correct sound
rediation level, Two Eables were producsd, one based on the 30 per cant
nine metal levels znd the other on the 70 ner cent levels., Calculations
were made for copper, zinc and 45 ner cent tin pipe metzl, which are
materials also vsed by organ bullcers end which could be checked against
the wall thickness scales normally used for these metals. Also ecalculasted
.mere levels far nluminium and stesl, The 30 per cent table (Table 4.6)
shows, in addition, the usual wall thickness for 30 per cent pipe metal
and, under the column PR70, gives the re-calculated value based on
70 per cent tin pipe metal levels for 70 per cent pipe metal. The

reverse is true in the table based on 70 per cent tin values. (Table 4.7)

1 Littler (48) p 127
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Comparing the wall thickness calculated for zine, copper and
45 per cent tin pipe metal with the scales used in practice for these
materials, they show good correlation though the calculated values

are in all cases, slightly larger than the standare thickness.

4eded  Summary

The application of Zackus and Hundley's theory to the calculation
of wall thickness for pipes in other materials, has been fairly
successful. Known values were re-~calculated quité well and inaccuracies

tended-tc suggest marginally too thick resonator walls.
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4,3 Yall Thickness / vall faterial Aalationshins: Exnerimental

4,5.1 Introduction

In this section, the second concerning well thickness and
materials, experimental wark done to investigate the effect aon tane of
wall material and wall thickness is considered. Two experiments were
undertaken, A comparison between the tonsl effacts produced by
resanators fabricated in similar =lloys of pipne metal over a renge of
wall thickness and the effects of resonators of similar dimensions but
fabricdted in other materials is the subject af the second experiment,
The first is an sttempt to validate the conclusions of the thearstical

work described in the previgus section ( 4,4 )

4.5.2 Practical Investigation of the Theory Relating Fipe 4all

fMaterial and %all Thickness

4,5.2.17 Methaod

.To demanstrate the validity of thz theory ciscussed in section LN
the wall thickness for sluminium which had been celculated would yield
the tone quality sssociated with 70 per cent %in pipe metal was adapted
in the construction of two pipss. In each the foot »nd resonator were
aluminium; the laonguid, as is common practice, wes 13 per cent tin pige
metal and the lips 70 per cent tin pipe metal., Since a comparison with
other pipes is of limited value cdus to the factors discussad in
Chapter 2, and the tone quality wanted, that with the characteristic
onset chiff, has been defined, the.pipes were voiced by an grgan bullder
and his opinions of their tanal worth sought. iHis opinions may be
compared with the more controllsd experiment using zipe C in ssctinn
4.5.3 wvhere 73 por cent tin and aluminium resomators with calcoulated
sinilor saund radiation nualities, =zre comparasd.

The two nipes are as followsi-

fTeEouency Seale fn, “aterinl Rad, £h. all the cm
332 lz 77 Aluminiun 1,121 - Deh1
220 Nz =3 AMluminium G I 0.64

fips 77 was chosen because It is at the Jjunction wvhere it is

sunnosed that materinls effects on tone will ot be detected by
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human hearing. The other pipe, number 53, is in the arsa of good
auditory porcention; the region, according to later results {ef. seckion
4.5.3.3 and section 5), where materizls influence on tone guality is

greatest.
a-5-2.2 Result

The aural imnression given by both of the pipes after they had
bean voiced was similar to that which would be expected from a high
per_centage tin pine: a hollow, chiff-like onset., This demonstrates that
alternative materials can be used satisfactorily at least for certain
pipes. The guestion of the relative influence of wall material and wall
thickness to lip m=tarisl vhich is raised by this is discussed later
(section 5.2.5), as in the next experiment the effect of resonator

material on onset tone is investigated independently of lip materials.

4,5.3 Effects of Combined Wall Material znd Wall Thickness Changes

4.5,%,1 HMethod

The technique discussed previously and used in the experiment in
section 4,1 of removing the resonator from the pipe foot and using this
25 & common driver for various rtesonators which are mounted upon it

using 2 rubber cpllear, is spplizcd to this experiment, Here howzver, the

cr

snalysis involves both ste

O

dy state and ormset. The latter is discussed
fully in section Z.7.3 and further in appendix 3, where also will be
found detzils of the snalysis parameters adopted for each of the pipes
considered here,

The experiment involves three pipes, A, 3, and C. Pipe A, the
highast piteched of the three, sounds ¥, 29041 Hz. Pipe 5 sounds n‘at
200 Hz and Pips C F¥ 102 Hz, The nipes were-chosen in view of the

camments about nprcontion of ssundz in section 3,1.4. Pipe B represents

J

the lower end af the range identified here, Fipe ? is close to the
ighest Trenuency used in argan oines and plpe T was chosen

the snecttum. A1l the pipes were

as 2n exocmole noor the lawer znd of
fabricoted in 70 acsr cant tin pine metal alloy and had been voiced as
dinnosons wibthout chiff onsets.

The choice of materials far comparison with pipe metal involved
cansiceration of meterizls sometimes wsed in organ building, from which

ueeful information might be gl=ned, and also materials which might




ALL THICKHESS AMD MATERIAL RELATIONSHIES ¢ EXPERIMERTAL

TA3LE 4.8

RESONATOR DETATL

4.,3a BIFE A

er, | TRz L SSe | i fresonaton| TSME | ML
o Length ' 48
i 1-1 { 2900 108 Pipe Fetal 70 0.385 0,02 ~35.871
A=z " o " " " 0.04 -53.,933
A3 LT " - " " 0,091 | =75.352
A2=1 ) " Copper " " 0,02 ~44.119
A 2-2 3 ™ ! " " " 0.04 -62.181
A2=3 " " " . " 0,091 | -83,599
A I-1 " " Paper " " 0,02 ~21,840
AS=Z " " " " " 0.04 ~39,902
AS-3 T " " " " 0.691 ~61.321
4.85 PIPE B
A 1-1 | <00 77 Pips Fetal 30 i 0.73 G.03 ~28,273
3 1-2 ; ! ! " " 0.056 ~39,537
g 1-3 | ™ " " " " 0.163 ~57,377
Ba-11 " 3 Conper " " 0.03 -35,954
5 2=2 " " " o " 0.0586 ~52,210
g 2-3 4 " " " " L 0.163 -80,088
331 " i Prper " " 0,03 ~13,575
D 3wz | " " " " " 1,056 ~29,930
p o3z | n " L L 0,163 ~37,777
Q4= " " Steel n " 0,163 -57.23¢




4,3c  PIPZ C
Ref, Fr’e'c:_. 55”1‘3 Material Rg:;'ng:ofr fladivs wWall Th Le -~ Le
(#z). Mo Longth (cm) (cm) &
£ 1-1 194 ol Fipe listal 70 2.85 83.07 ~16,352
C 1-2 " " i " " .12 - ~30,397
C 13 " n Pipe Metal 30 " n 0.58 =-21.212
C 1-4 " " " " " 0.105 ~22,484
£ 2~1 " " Copper " " 0.163 -46,625
C2-2 " i " " " 0.7016 | -35,165
C 3=1 " " Aluminium " " 0.061 -15.,637
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satisfy the mallibility criterion for an alternative to pipe metal. far
nipes A and B, pipe metal is compared with copper and paper resonators
and alsa nne made from steel. Pipe C too had copper resonators but, due
to fabrication preblems, paper was not included.  An sluminivm resonator
was investigated together also with ressnatars in 70 per cent and 30 ner
cent metal, |

The choice of wall thickness for each of the resonator materials
was made with reference to the thickness of the original pipe metal
resonator associated with each pipe and the calculated sound radiation
levels anticipated in the work of section 4.3, Fach ressnator was to be
made in three thicknesses, one corresponding to the original resonator ‘
thickness, the other thinner and ons thicker than this. The detail of the
nipes is shown in Tabie 4,8,

In pipe A the original pipe metal resonator's wall thickness
measured 0,04 cm and, since the radiation lsvels are not a primary
consideration for pipes of this frequency, one thickness chosen was the
Ehinnest worksble 30 per cent tin sheet, faund to be 0.02 em. The other
wall thickness chosen, which was intended to be thicker tham the origineal,
was 0,091 cm, a convenient sheet metal standard (20 swg) in which copper
is available. The pipe resonatars 4 1-1 énd A 1-3 were produced by
planing . and seraping some thicker pipe_metal. The sheet for the copper
resonatars A 2-1 and A 2-2 was rollad and, together wiih the 20 swg sheet
used in A 2-3, was annealed before fabrication. The seams of hoth nipe
metal end copper resonators, with ths_exception of &4 2-3 which was silver-
soldered, were seft soldered using 60-40 per cent lead-tin solder.

Fipe B's ressnator thickness was 0,066 cmy, the thickness of 20 sug
sheat, 0,32 cm was chosen for the thinner wall thickness arimarily
because it was reasonably the thinnest sheet of its size which could be
worked, but also bocause it was calculsted to yield =23 di3 sound level

which Is cimilar tn that calculated for reeonator B3 3=7 znd is clase to

ct

he minimum level of suditsry discriminction antieipated. Again, for the
thickar woll thicnsss a measurement much thicker than ths aziginal was
selected from the range of standard gauges. 18 cwg was chosen, which is
zlmost 3 tinmes the thickness nf resonator 5 1-2, Is well as copper shest
seing available st this spectification, a cold drawn stzel tube of the
correct ciameter uns procured commercially.

Materials availcbility effected the selection of wall thickness for
zine £, The copner varsion of the original resonator, made from 0,103 cm

33 per cent tin pipe metal sheet, was fabricated from 19 swg sheet which
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hzs a thickness of 0,1018 em. 2 comnarison nf the origiral resnnntor
with sae in 70 per cent pipe metal was dasired, and a sheet 0.12 cm thick
metal grovided this. Unfartunately, thé size and high tin content of the
sheet prohibited it bezing manually scraped te a closer tolerance. Tuwo
other pipec metal sheets were alsa considered, a 30 per csﬁt tin one of
virtually the same thickness as the sriginal and a 0.07 cm sheet of 70 ner
cent tin metal. The aluminium resonator's thickness was chosen that it
should produce the same radiation level as the 70 per centy, 0,07 cm
resonator., One resonator, made in 16 swg copper was ihe only ane thicker
than the originzl pipe metal one, '

All the tubes were_?drmed around 30MS mandrils turned to the internal

diameters of the pipes. Attention was given to the closeness of fit to the

mandril and also to the cylindricality of the tubes.
4.5,3.2 Results

The 26 graphs, figures 4.13 to- 4,38, present the nnset curves far
each of the resonators tested. Figures 4.17 to 4,21 show the resulfs From
pige & which eres presented in groups of three; ficures 4013, 4,14 and 4,15
showing the results of pipe metal resonators, figures 4.16, 4,17 and 4.18
show -those obtained from ths copper resonators and the effect of paper
resonators is shown in figures 4.19, 4.20 and. 4,217, In general ths anset.
of the fundamental is very similar in cach ingtance, though clase
axamination raveals a slightly faster initial rise in the paner ressnator
graghs (figure 4,19 ta 4,21) than the thinner cocner ones (figure 4,75 and
4¢17)e It appears that the fundamentals! onset in the thinner walled
resonztors is sccomplished in two stages as is shown in figuras 4,13, 4,15
and 4,19 end =lsa, to » lesser extent, in 4,74, 4.17 and 4,20, A slight
flat nn the curve is followad by o secondzry steen rise which occurs
between 33 mS and Z5 m5. The nanseis of the other three harmonics are very
similar tho, Lhough in figure 4,12, ths Jr2 =ac 48l harmanice

are much more unsteady than the other harmonics.

7}
we

The reosults of pipe B, figures 4,22 to 4.31 , are in four group
F
]

@
)]

Figures 4.22, 4,23 and 4,24 are the pipe metal resonator onsets, figur
4,25, 4.26 and 4,27 are thase From.the copper resonators and figures 4.23,
4,29 and 4,30 present those from the paper resonators. fFilgure 4.371 shous
the onsst analysis ;femh of the stael resonator 04,1 which is similar in

. ' PR
thicknesas Lo the rosonastars whase ansct graphs are shown ab the battnn of
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thz previnsus three pages - figures 4.24, 4,27 and 4.30. Unliks the
tezul®s 17 pipe A these onsets show marked dissimilarities inciuding
diffecenzas in the signals onsets. Figure 4.23 shows the anses: of the

ire wit~ a resonator similar in material and thickness to the aipes’

s ]

ori

Ll

inal = B1.2 . In this instance the onset has reached its steady

.'L

corditins after 80 mS, the fundamental and second harmonic rising quickly
at first with a sllght delay before reaching their steady levels after
60 nS. Zarmonics 3 and 4 take ionger to settle, both of them zising
 51 ghtly in the 1n1tial stages above theif stéady anplitude. In the .
‘thinner »alled pipe metal resonator (flgure 4.22) this phenomEﬂan is more
“noticeatle partlcularly in the ‘early part of the 4th harnonlcn' nnset
rTha behzviour of the other harmonlcs is 91milar to that descrited in
fizurs .23, '

-a flgure 4,24 the fundamental and second harmenic tskz langer fo
reach to2ir maximum and the 4th harmonic is less stable than Ia either
of the -cevious instances, though the final levels are reacher uifhin the
sane peciad as before. The 1.63 mm copper resonater, figure 1.27, the
paser os2 {figure 4,30) and the steel resonator (figure 4.31) szlso reveal
sinilarly unstable onsets, In the latter case the fundamental builds up
more slswly than in the others where the fundamentals® initizl Sehaviour
is 1%tiza effected. These onsets display in all harmonics anz in all but
trha pi-:z metal one, fhe steady condition is reached only afte: S0 to

Tizures 4.26 and 4.27 are Sroadly - similar to the 0.5Z =m pipe

metal rzsult, figure 4.23 . 1In both, the fundamentals' initizl rise is

i1}

—h

W

ster -ut only slightly and the 3rd and 4th harmonics cisplzy similar
1astzbility for 60 mS to 70 mS, Other than the initial oversont, the

..1

-zgult 37 the 0,3 mm copper resonator is similar to that of t=e thicker
czazer -zsonator, figure 4.26. The thinnest paper one though, is
~arkacly different, the anset of the fundamental and second Rarmonic
teing =lightly slower than in the version in figure 4.29 anc the lower
narmariss remain very unstable until after 90 mS has elszosec.

saven graphs comprise the results af pipe C, Fizures 4,32 and
2,33 a3 figures 4.34 and 4.35 chow results from ?D ner cznt znd 30 per

'Z.-. -.,--—o
cant *in mipe metal resonators respectively., Figures de 4,37

- vyt it
-rcger: those from two copper resonators and figure 4.33 the zluminium

Y]

~e, =2 pnsets of the two sats of pipe metal resonaztors &Iz Very

i3

férsn: but comparison of the two 30 per cent tin and the iwa 70 per

]

3
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cent tin resonators onsets shows that within each group similarity exists,
The 73 per cent tin resonztors onsets 2nd those of the 30 per cent tin
resanators have relatively similar instability in the 2nd and J3rd harmanics
which become steady after 289 m5 to 200 mS. The fundamentals of the
former, however, arg slow to build up, In figures 4,32 after 160 m5 had
elapsed only half the final amplitude 1s achieved and in figure 4,33

200 mS is taken before this is reached. The 70 per cent fin resonstors
onsets subsequehtly build up quite repidly reaching their final émplitude
by 240 55 and 299 @5 respectively. In the case of the 30 per cent tin
resonators the fundamental builds up steadily to almest its final level

by about 170 mS in both figures 4.3%4 and 4,35, .

Tﬂe 1.63 mm'thick.copper resonators' onset, figure 4,36, is very
similar to the 30 per cent tin pipe metal one in figure 4.35. The other
conper ane (figure 4,37) dieplays overshost in’ the 2ad ancg 3rd harmanics
and the fundemental builds up faster than any of the others in pipe L.

The onset of the 2luminium resonator, figure 4,38, is very similar to the
30 per cent pipe metal resonators' onset figure 4,34, having both a

similar instability in the lower harmonics and 2 centinuous, steady build

up of the fundamental,
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4,5.3,3 Discussion

In the comparison of the onsets produced from Pipe A, little

discernible change.is produced either by resonators fabricated in thicker
- gor thinner shest or by those made of different materials, The duration

of this pipe's transienl is very short compared with that of the other

pipes analysed, and indeed in comparison with the onset_duration'of many

other instruments.1 Pipe B and pipe C have onsets of GC mS and 280 mS

respectively. The aural significance aof the slight differences which aré

.appareht by claéer examination of thé qraphs deﬁends upon human ability tq
AR ?é*fdetect.ﬁhanges within a uéry short signal anset. - However, before

' considering this, it is well to nots that because relatively high pitched

. signals such as this one require comparatively high frequencies to be

resolved in analysis-(Fmax.), the sample window time must be large {T) in
comparison with the sample duration (Tn) and the blaock size (N) must be
small., Thus, the sampling (a %) of the signal is comparatively poor,
| slightly less than 16 times for the 2 cycle segments into which signal
A was divided. Pbor sampling may result in a slicght loss of.detail on
the graphs though it is of course, to soms extént, compensated for by the
large number of points described on the graphs withinm a short %time periaod cus
to the rapidness of the anset and the short period lenqgth of the signals!
fundamental, _
The perception of differences in the onset of pipe A by the human
~auditory tract is influenced by the delay in recognition time, which is
dependent upon frequency, and is about 4 m§ for a 2000 Hz Fundamental; It
also depends on the integration time within which the ear can recognise
an acoustical euént and formulate an impression of tone colour. Assuming
the signal te be heard in a direct sound field and that the pipe is
| sounded aleone and for ssveral seconds -2 situation unlikely to occur
during performance = the ear will ignore the first 4 mS of the onset and
perceive the subseauent change in the harmonics levels as part af an
acauystical event which will take about 60 mS to be understood, For changes
in this signal's onset to be distinct, the 16 mS of the onéet occurring
after about 29 mS on the granhs would have to exhibit a marked change. It
is ot likely therefore, that any of the onsets analysed can be identified
as dissimilar even by the keenest ear, It may be concluded that ‘
tho resonator's materizl is upimportant for the 'tone quality of
his nipe. . The uninaorionce of procise timbrs in hizh nitched

nipcs is confirmed Ly the practica of organ buildezs, who somstimos nnke

1 vinckel (127) 042
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the highest octave of reed pipes from loudly voiced, narrou scaled labial
pipes because the sounds are not audibly different and the work invelved
in making complex lingual pipes ié therefore not Justified, The ear's
Jjudgement at such Frequencieé is predominantly based on the loudness of
sounds only. Another.phehamena known to organ builders which Justifies
this is the unimportance of tha‘position of the languid and upper 1lip in
small pipes. Minute adjustments to these parts in larger piﬁes produce
radical tonal effects,'bgt in small pipes the pesitioning maﬂes little
difference. . o '

t

:The onsets of signal B, though more diuersified'thah those of
‘pipe A, Qith the exception of 34.1, exhibit a number of similarities, 'The
onsets last between 50 mS and 60 mS and it is not sble that the o
fundamental and 2nd harmonic, which are the dcmiﬁant components
characterising an anset, develop similarly in each instance. As in pipe A,
and pipe C alsa, the final steady state levels are very similar confirming
that the effect on the steady tone of resonator material is inconsegquential.
Pipe B's onsets appear more influenced by wall thickness than by materials.
In each case, paper,'pipe metal and capper resonators appear to prnduce a
less stable onset as the wall thickness is increased and the thick steel
resanator has produced an onset guite unreminiscent of any of the others.
" The onsets of different materials of similar wall thickness are very
similar. '

The onset oF_pipe C lasts apbroximately 280 mS and can therefore
be analysed significantly by the ear, It is interesting that the two
70 per cent tin pipe metal resonators produce similar onsets (figures 4,32
and 4.33) as do the two 30 per cent tin pipe metal resonators (figures 4.34
and 4,35) but that there are clear characteristics betuween ths
pnredominantly tin and lead tubes. The 2nd and 3rd harmonics in all
instances are fairly similar, the differences occur in the fundamentel.
The gradual build up, almost ta the steady state level by 170 mS, in the
30 per cent tin resonator's onset contrasts with the fairly rapid initial
rise, followed by a more gradual rise producing a flat curve on the 70 per
cent pipe's gransh. ‘The steady level is attained ohly‘aftér about.
290 mS. This difference is far greater than that produced by the
differences in thickness of pipe metal.

The copper resonator's onsets resembile more those of the 30 per
cent tin'pipe's than the 70 per cent ones, and as noted in pipe 8, the
thicker material produces a less stable, though not elongated, onsst.

Figure 4.38 shows the aluminium resonator's onset which has the same
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calculated radiation levél a5 the 70 psr cent rasonatar in figure 4,22,
The secand and third harmonics are very similaer but the fundamentzl's
curve in signzl C3.1 does not have quite the same flatness as in E1.1.and
is somewhere bsbtween the effect of tho 70 per cent and fha 30:;@# cont tin

resonator's.

|-:.
=
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t
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4.5.4  Summary of all thickness/Wall [aterisl Exn

These exaerlnents shom that nElthEI resonatnr material or wall
ﬁthlckness is of part;cular consequence For hlgh pitchad plpes. They """
'demanstrate that onsets becoms less stable ag the material's thickness
increases and confirms that ' s»eady ' tone is independent of the
resonator's material, thus verlfylng the steady state experiments of
section 4.1. Peculiar onsets are associagted with dLFrcrnnt tin = lesa
allays which support the findings of expariment 4,.3,3. Limited success
ié clained for tho aluminium tubs whase wall thickness was calculated,
accorcing %o the thaory in section 4.4, to produce a seund radiation level

thraugh the walls sinilar fg the 72 per cent tin pipe metal resonztar
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4.6 Summary

n this chapter furnish information
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amout the tonal mlicstiong af wall wmatarials, and the aextent to which
changes producnd by materials can be compensated for by veicing adjustments
and by wall thickness scales, It has been found that steady tons is
imperceivably influencsd by the materizls of the pipzs re onato“ walls and
that certain tin = lead zlloys produce charzcteristic tone qualiliss uhich“

are nat the praduct of skilled voicling hut are innate in the pipas!
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therselves.  Uoll noterial and wall thickoess angezr to effect tone
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Chanter 5
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5.1 Introaduction

The results of the experimental work described in Chapter 4 are
related in this chapter to the findings of previous researchers and the
practices of organ pipe makers, which were reviewed in Chapter 2, to
fu1fil the original, general objectives of the project. These were

threefald:-

1. Ta relate empirical understanding and practice to
anélytical and ekperimental work.

2, To demonstraté the tonal implications for organ

_; pipes of pipefmétal. , S

3. To investigate therpussibilities of fabricating

organ pipes in alternative materials,

Six aspeﬁts were identified from the survey of literature in
Chapter 2 which required further work, Each of these has been considered:-

1, Analysis of organ pipe- onset transients.

2, Relating the :esults of the physical analysis of sounds to
the subjective ability to make aural discriminatians.

3. Clarification of steady state tone changes attributable
to organ pipe resonator materials.

4, Tone influencing relationships between resonator wall
material and wall thickness.

5. The extent to whichuuoicing adjustments enshle differences

| in timbre resulting from alternative pipe fabrication

materials to be corrected,

6. The application of theoretical work by Backus and Hundley1

to the guestion of wall material effects on tone,

Points 1 and 2 above, concerning the technicues of transient
analysis and the relationships between the results of analysis and auditory
ability, were considered fully before experimental work began. Chapter 3
describes a method of onset analysis and relates tonal characteristics to
the limitations of man's auditory perception. The remaining areas, which

required further experimental work for clarification, were framed in
Chapter 4 as the sub jects of the exherimental programme. Experiments
. were uncdertaken toi-
1, Assess the effect of pipe resonator‘haterials an steady

‘pipe tone.

1 Backus and Hundley (3)

T
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2. Asgess the effect of resonator wall material on onset tons.

3. Assess the effect of resonator wall thickness on onset tone.

4, Shouw whether voicing adjustments can elicit ehsracteristic
onsets associated with pipes made from standard lsad/tih
alloys from pipes made from tin/lsad sllcys of different
composition, '

5. Use Backus and Hundley's theory, which provides a relaﬁionship
_betwesn mall maferial and tone, to suggest suitaﬁle wall

‘thlckness fcr pipes made in other materlals.

" In the following sections each of the Flrst four points is

“ discussed separately, and subsequently the importance of pips 1ip material,"

whose role is suggested by the results of ths.sxpsrlments, is discussed.

Then, the relative influence aﬁ pipe tone of lip matefiel, wall material,
wall thickness and usicing'are discussed and finally, criterion for

alternative materials are considered.

5.2 Detailed Conclusions

5,2.1 HMaterial and Steady Pipe Tone

The results of steady-state analysis comparisons between pipes
fitted with interchangeable steel and pipe metal resonators discussed in
section 4.1 , show that while measureable differences occur in the
harmonic spectrum, these are sufficiently random due to unperiodicity of
the pipe's sound, gven after the onset stage, and are of insufficient
maghitude, to be sudibly distinguishable., Therefore, subjectivs
perception of steady state tone is uneffected by changes in pipe resonator
material. |

This is in agreement with Glatter-Gotz Findings1 (cf section-E;S;Zje
In similar experiments he showed that variations in the harmonic-tcns- .
structure among plpes of different materials are similar to the
variations found zmong pipes of the same material, Although thelr
conclusions are uncorroharatory, Lsttsrmoser2 and Boner and Newman' s3
.results also show only slight changes in levels as in the experiment at
section 4.2 . The results of this ‘'steady state experiment undertalken as
nart of this project, however, substantiate the conclusions of Boner and
newman rather thean Lottermoser,.since spectral characteristics assoc;ated

with particular materials which Lottermoser claimed to find, and which

4 Glatter—Gotz (46)
2 Lottermoser {72)

-~ o 0 b iy [ A5
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he maintains justifiecs the use of pipe metal rather than zine, have not

been detected.
. s

5.2.2 Resonataor tall Thickness

The result of varying the resonator wall thickness o? the thrae
pipes discussed in section 4.5 , (194 Hz, 900 Hz and 29C0 Hz) shows that
audibly discernable tonal effects are encountersd only in the onsets of
lower pitched pipes. Variations in the wall thickness of the smallest
pipe, Pipe A (2900 Hz), produces no distinctive measureable change in

‘the onset, At lower frequencies, in Pipe B (900 Hz) and pipe C (194 Hz),
changes éue to increased wall thickness are'distinctly measur_able, 1In
the case of pipe B, increasing the pipe wall thickness effected the aonset
significantly, giving rise to instability during the rise-time of each
harmonic. The solitary steel resonator, B 4,1 (fig. 4.31), is a more
extreme example, and comparison of the two copper resonators C 2,1 and

C 2.2 {figs. 4.36 and 4,37) shows that material also effects tone at this
frequency. However, the influence of wall material on perceived tone at
lover fregquencies is apparently_less, possibly due to acoustical
peculiasrities in the pipes but more likely because of the fall=off of
suditory ability, '

Justification for the assumption that wall thickness becomes audibly
less important as frequency falls below about 200 Hz is found in the
practice of making the pipe-metal pipes in a stop 'run-out! towards the
lower ena into ones made in zinc and sometimes wood, (cf section 2.4)
One ergan pipe manuf‘acturer1 states that‘all their pipes longer than 4 ft,
(c 132 Hz) are made in zinc, This is common practice, Altﬁcugh the pipe
metal pipes in the middle keyhoard region have caréfully graduﬁted wall -
thickness which entails a considerable amount of time spent planing metal;
~ z difficult task in the case of high;peé;centage tin metals which it is
unlikely would be undertaken if thers was no tonal necessity - below the
'break frequency' pipes are made from zinc sheets supplied in standazrd
guage thickness. Sincethe wall thickness of the zinc pipes can not be
scaled 2s in pipe-metal stops, and audibly it is not possible to detect
vhere the pipéé change from pipe metel to zinc or wood ones. It is
apparent that wall thickness becones less audibly critical below the

frequency where the changs occurs. £xperiments to verify this and to

[

1 F Zooth and Sons Limited
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determine to what extent this is due.to the decline in auditory ability
ar if it is an analytically measureable phenomenon could nét be under-
taken in this study due to the limitations of the anechoic room in which
the pipes were sounded. (cf. section 3.3.1) |

1t appears, therefore, from the experiments, that variations in
pipe wall thickness produce audibly discernable changes in the onset
tone-quality of pipes ovsr the middle frequency rangs, appfokimately
200 Hz to 1100 Hz, and it would seem that wall tthkﬂESS exnerts no
f‘percelueable change in tone on pipes below c 132 Hz.

A seccndary paint, concerning minimum wall thickﬁess, emerges from

. thess experiments. The transient of the thinnest paper resonator, B 3 3

(fig. 4. 28), is dissimilar to the other onssts of pipe B3 the 3rd and
4th harmonics are unsteady even after 80 mS. Presumably, this tube's
wall is close to the minimum thickness sumised in section 2.5.4.1, at
which the body of the pipe is vibrated by the standing wave. This is
probably a marginal instamce of the phenoméncn which is well knoun

empirically,

5.2.3 Resonator Yall Material

Heither wall material nor wall thicknsss affected the onset of the
2900 Hz pipe A elther audibly or measureazbly. Possibly due to the
shortness of the onsets of such tiny pipes and the poor resolution of tﬁe
hearing mechanism, wall materisl probably has little perceivable effect
on the tone guslity of pipes above about 8830 Hz, This is borne out by
the practice of constructing the top octave of some reed pines from loud
flue pipes, because the tonal effect is insufficiently discernible by
the listener to justify the complex and time consuming construction of
lingual pines. {cf. section 2.4) '

Comparison of the results for the original pipe metal resonator
belonging to pipe B, signal 8 1.2 (fig, 4.23), and those of similar wall
thickness made in copper and paper, 92,2 and B3.2 respectively (figs., 4,26
and 4,29), reveal, by the similarity of the graphs, that resonator
material has little effect on the measured tone of this 900 Hz diupascn.
also similar are the onsets of the thinmer walled pipe metal and copper
resonators, 9 1.1 and 8 1.2 (figs. 4.22 and 4425).

At lower frequencies materials have 2 gignificant effect on tone

as is shown in the results of pipe C. Comaarison of the 70 per cent tin
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resonators (figs. 4432 and 4.33) with the 20 per cent tin resanatars
(figs. 4.34 and 4.33) reveals well differentiated-onset curves apparently
due tc the change in material, which are quite independent of wall
thickness. The chief, and possibly the only physiolcgically discernable
fgature to change, is the onset of the fundamental. The rich tin alloy
has produced, in each instanece, a less rapid rise curve than the faster
onset produced either by the precominantly lead pipe.alloy resonator, or
those made in copper or aluminium. (figs, 4,36 to 4.38).

~The same established practice, cited to suggest the unimpﬁrtandé -
of wall thickness in low pitched pipes, also Jjustifies the unimportance
“of wallimaterial in such pipes. The use of zinc for pipes below 132 Hz

. shows that at this pitch lead/tin alloys contribute no audibly detecﬁable
quality to pipe sound. ‘

5,2.4 Tonal Peculiarities Induced by Lead-Tin Alloys

From the results of wvoicing experiment 2, section 4,3.4, it is
possible to affirm that differant alloys of tin and lead are responsitle
for certain highly characteristic labial pipe onsets, thus providing a
reéson for the selective use of certain =lloys for particular stops by
organ pipe makers. As has been shouwn, wall material and wall thickness
are of little importance for small, high pitched pipes - those above
approximately 8O0 Hz - and below about 120 Hz these parameters are
once again of limited importance at least physiolngically, even if
measureable differences in spectra could be detected, The results of the
two 500 Hz pipes made for voicing experiment 2, which each have resonator
and foot made in the same material, reveal a characteristic p1051ue anset
associated with a pipe fabricated in 70 per cent tin which contrasts
vith the more pedestrian onset .of the 30 per cent tin pipe. These results
were independent of veicing cansicerations, as such adJUStments were
s the tone of the ather pipe from gither of the pipes

unable to produc
under consideration. Bearing in mind also the characteristic onsets of

the 194 Hz pipe C, found In section 4.5, it is reasonable to assume that

such characteristics are Fcund among all the pipes in the range

approximately 123 liz to qOU Hz and to agree therefore with what organ

|
builders have naintained avicly, that pipe metal is important in forming |
the tone guality of certsin organ 2ipes. . _

The mast notable feature attributable to pipe metal is the novel
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onset imparted by the 70 per cent tin éllay. At present no pléusible
reason for this is put forward or for tha.similarity of the lesvels of
sound radiated through the walls of 30 per cent and 70 per cent pipes
when wall thickness and resanator diameter effects of pipe secales are

taken into consideration. (section 4.4),

5.2.5 Discussion of the Role of Lip Material

" . The technical and experimehtal problems involved in.investigating

the influence of pipe lib materials on tone quality have been discussed
S in secfiéﬁ_E.S and because of the difficulties, this facter has not been
a subject cf.this ihuestigatidn. However, various of the'experiments
carried ouf indicate that lip material is an importahfy tone-influenecing
factor, _ |

The extent to which characteristic onsets such as that noted in
the 70 per cent tin pipe of voicing experiment 2, are due to the material
of the pipes' resonator or to the material of the lip; merits Fupthef
investigation, for changing the resonator material of pipe B did not
influence the onsets, and the onset of the high per ecentage tin resonators
mounted oﬁ the low tin foot of pipez € was not as plosiue-aé would be
expected, However, the 220 Hz algminium pipe with 70 per Cenf tin pipe
metal lips, fabricated as part of the experiments relating to Backus ‘and
Hundley's sound radistion theory, section 4.4.2, after it had besn voiced
nroduced an onset audibly similar to those assoeciated with 70 per cent |
tin pipes.‘ In view of this and the findings of pipe C noted, it would’
appear that at frequehcies around 200 Hz, although resonator wall material
‘can be an important factor, wall thickness and lip material are alss
critical in influencing tone., The B83 Hz aluminium pipe with'70 per cent
tin pipe metal lips was also satisfactory tonally indicating that lip “
material is important together with wall thicknees, which is shoun
independently of liz material in the results of pipe 8, in this freaquency
rangz. Further work is necessary but these findings suggest that lip '
‘material is of pariicular importance to fone qualiﬁy within the middle
frequency range. |

Uhilst mallechbility is an important feature effecting the choice
‘of 1lin materials for pipes made in zinc or copper, the use of plain or

spotted metal for lip inserts is claimed by organ builders to ex ert a
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considerable influence an pipe tone guality which again éUggEsts that
lip material is important, (cf. section 2,4) It-is supposed therefore
that 1lip material becomes more important in the middle and lower
freguency ranges down teo about 63 Hz, though tﬁese comments are

certainly speculative and further investigation is needed,

5.2.6 Discussion of the relative influence of the tone effectiné Parzmeters

Finaily in this discussion, an attempt is made on the baéis.
of the wcrk undertaken and that reviewed, to assess the influence of
“each of the tone 1nfluenc1ng parameters 1dent1fled; viz,. wall—materlai
wall—thlckness, uo;c;ng and lip material.: The aim is to suggest a
~conjectural, though credible exposition qf the relativé influence of
each factor, The discussion is summariséd in &iagram, fig. 5.1 .

The diagram illustrates the affinity between wall thickness and
wal) material over the tetal range of open pipe fundamental freguencies.
The bandwidths of the four areas where these two parameters change in
their éffect on tone, are also marked, together with information about
the audibility of the sounds. The number of harmonics individually
perceiveable in sach area are indicated and also an auditory sensitivity
curve which relates to its aun scale on the right of the diagram. This
curve is intended to summarise the multiplicity of physiological variables,
masking, freguency and amplitude limen, rate of perception, smeare etc.,
discussed in section 3.2.2.2 . The simplification is necessary in order
that the gdiagram is more explicit.

At the extremes of pipe freguency, where auditory sensitivity is
poor, wall material is tonally unimportant and may be selected for
malleability, economic or aesthetic reasans. Very desp sounding pipes, .
those in the lowest octave, are not perceived entirely by the ear but
partly by the sense of touch. Crsets are very slowj several seconds may
elapse before a note is heard from = large, perhapé 70 foot long pipe,
with 7 cross-section of 400 x 300 mm, apart from a windrush sound
sudible only to those standing very clese. The thickness of materials,
usually softwood for rectangular pipes and zinc For cylindrical ones, is
selected mainly for structural rather than tonal reasons.

It has been noted already that wall thickness and wall materials
influence very little the tone of high pitched pipework, Wall

thickness becomes increasingly important at intermediate frequencies but
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|
. |
seems to exhert less influence than wall material as ffequency necreases
further, and at the lower end of the organ manual keyboard, around 65 Hi,
wall material appesrs quite unimportant compared with wall thickness..

The pipes in area 4 are all above the unisan range of the organ
keyboard. Imitative and other characteristic stops are usually found at
8ft, and sometimes at 4ft, pitch. Small pipes fnnm the_upperwqu.stnps
sﬁch as Fifteentn Lérigot and-ﬁixtures; and contribute to the brightness
. rather than the depth af organ sound ‘ Their rapid onsets give. clarlty

and brllllance, therefore lndiuiduallty in tran31ents, or hlghly developed-

"':harmonlc spectra, are’ unwanted._ The pr1nc1pu1 variable with these pipes

~-is. the ouerall steady amplitude. ﬂaterial is unimportant and minimum:;ﬁ:‘
'wall thlckness is unlikely to effect tnne within the practlcal range of
thickness available. Materials may be selected for malleability and sase
of fabrication. _ f _ | |

Area 3, in which wall thickness effects the tone and auditory
sensitivity is greatest, éncompass the whole af the higher part of ths
organ manual keyboard from about c2 upwards. The czlculations of the
sound radiation level differences for extremass of méterial (section 4,3)
suggest that above 880 Hz pipe resonator effects will not perceptibly
effect the sonnd quality; a supposition justified by the use of labial
pipes in place of reeds for the c3 octave of some trumpet steps. It is f
therefore, unlikely that even towards the low fraquency end of area 3, |
wall thickness effects_are narticularly noticeable,.

1t appears therefore, that only in area 2 are resonator effects of
practical importance. It is not at ali gurious that this should be so,
as the region coincides with the human vocal range and is therefore, the
most played region of the instrument, It is likely that if tonal effects
were noticeable only in the 1008 Hz to 2000 Hz octave, for instance, the
controversy about materiasls and tone quality would be léss debated as
the phenomenon would be less important because it would rarely be
noticed. It falls however, in the region where solo stops are found, the
only rééinn.where grgan pipes are normally heard without chorus effects,

Relative to resonator effects, lip material is of less
consegquence than wall materizl or thickness for much of the frequency
rangs, though it appears from voicing experiment 2 and from the practice
of éttachlng mouths made of pipe metal to certaln lower pitched pipes

fabricated in other materials, that the mlddle octaves are effectad as

much by lip material as by the material in which the resonator is made,
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: Belaw manual pitch, organ builders suggest that the height aof the
mouth becomes the mast importanﬁ featura. Thus the line 05 the diagram
showing the influenée:cf uoicing in the logest octaves becomes dominant
below about 50 Hz. The lip material curue‘eﬁds at about this frequency
as it is impossible to assess the role of .this parameter én large, low
frequency pipes. | . |

The uoicing curve doniﬁates all others throughout ths freouency
range. Although the range of mu51cally useful tone is limited compared with
the tonal changes wnlch can be ex erted by UUlClng, the quallty of ploes
sound, stop tene and ensemble colour are so dependent on the prec;seness

- of this_operaﬁion, fhat it ‘must be regarded as most important, aIthough
it should be noted that the curve is set deliberately close to the others
indicating fhat tone can be altered but not dominated by this adjustment,

Justification has been found from the experiments carried out,
from the work of others in this.field and from inferences from the
practices of orgean builders, for tha ;se,cf certain materials on tonal
grounds., It appecars from these experiments, that for a lihited range of
pine léngths, wall material is important as organ builders have suggested.
The perceptibility of the changes to the human listener, however,

encompasses a restricted range; through the grédation of wall thickness,

which is a feature of pipe-scales, probably perceivably influences tone

over a slightly larger range than materials do.

5.2.7 Alternative "aterials

Froh the previous discussion in this chapter it seems that tonal
factors are important in the slection of pipe materials in the approximate
range 120 Hz %o 1100 Kz only, Evidence from organ builders suggaests that
materials for longer pipes are chosen for mechanical strength and on
pccasion, for aesthetic™ reasons. The material used for smaller pipes are
appzrently chosen formalleability and eaée of joining.

ns stated elsewhere, (5.2.5) further work is required on the
tonal influence of lip materials before alternative materials can be
considered properly from pipas in the range TZO.to 1100 Hz., Hovever,
it has been shown by the results of the twn pipes fabricalted in
aluminium (section 4.4) that within this range pipes made with high
percentage tin 1lip inserts can produce the desired overshoot reminiscent
of pipes made in 70 per cent tin pipe metal, It seems likely that wall

thickness scales are important in producing satisfactory tone from pipes



made in aluminium, though this is also an area in which more raesearch is
neaded, _ _ |

Production problems arising frommalleability and joining are alse
féctors involved ih the selection of alternstive msterials, though these

considerations are beyond the scope of this study.

Be3 Summary af Cdnc;usions

5.3.2 [lethodology

3 ‘v-.'i). ﬁomparisons of the results of steady state and onset analysis
by electronic téchniques'must be related to the sensitivity of humén
hearing in order that the range in which sounds are perceived to be
similar can be defined, Tuwo factors are invalved. Firstly, due to the
1imitatioﬁs of aucditory perception paraméters vhich make up sounds may be
altersd considerably béfcre the original and the new ssund can be
audibly differentiated. Secondly, becaﬁse of the unsteadiness of the
signalé'under consiceration, even during the steacy period, and the
heterogeneous. nature of subsequent onset transients of the same pipe,
analysis results are likely to reflect only one of a range of spectra
possible .from a particular signal. The interpretation of the results in
an absalute way is therefore inaccurate and has cantrituted to the lack
of agreement in the conclusions of other workers,

ii) Dispason stops, although they range in tone from narrow
scaled?tring to wide scaled flute, may. be defined mdre precisely in
relation to recent developments in 'Classical! pipe veicing, Diapasons
from this school zre characterised by an audible onset chiff. This,
caused by the rapid onset of the 2nd harmonic before that of the
fundamental, is o feature attributable, at least in part, to costly,
predaminantly tin, pipe metal alloys. ' Classical disgasons should

he studied rather than any other single pine tone group, S
ately scaled

ince,
therefare,

if the influence af meterial on the tone of such intermedi

pines is deternined, the appropriation of the findings to stops with less

sensitive onsets will be straight forward.

pite the homageneous nature of organ stops, the tonal

iii) Des
1ii) -

i i i ves
spectra varies cansiderably between the nipes in various octa .

abh uno disce omnes hasis is not therefnre

draw conclusions on  an €
nerts of the rank should

possible. _Representotive pipes from varlous

be invelved in exaeriments.




5.3.2 Tonagl Effects nf Materials

i) Neither pipe resonator materials nor wall thickness
influence the steady state spectrum of labial organ pipes perceivably.

ii) Tonal changes due to reénnatar wall materials are _ .
discernible only in the anset transients cfnpipes in the approximats
range 120 Hz to 900 Hz, - _ .

i1i) ALl pipes may be tonally influenced if the wall thickness
is insufficient, rendering the pipe's scund useless musically. Only
in the range 200 Hz to 1100 Hz does maximum wall thickness efFect tcne,
though, in the lower regian af this range, up to about SDD Hz, wall |
thickness appears to be far less critical than wall material.

iv) Voicing can radically affect the tone of organ pipes.
However, within the limits of musically useful sounds, voicing is a
procass through which a pipe's potential tone quality is achieved and
subtley‘balanCEd with the ather pipes of the same rank te produce stops
which combine well. . ' -

v) The meterials from which pipe lips are made exert most
influence ﬁn tone in the middle frequency range. It is «umised from
pxpe meking practice that lip materisl is as lnportant 2s wall thickness
on the range 300 Hz to 1100 Hz and wguld appear to be the most impartant
single feature effacting the tone of pipes between 50 Hz and 120 Hz.

N

5.,3.3  Selection gf Pine Fabrication Materials

e

i) The criterion for the choice of pipe materials varies
according to the freguency of the pipe., Tonal factors are only Important
in the selcction of materials for pipes in the range of the ofgan manual .
keyboard -~ C to 04. The materials used for smzll nipes has no tonal f
function but is required to be mallea la and gasily joined. It is
sumised from organ building practice that materisls are chosen for langer
pibes an the basis of mechanical strength and, on occasion, for
aesthetlc reasons. .

ii) Aluminium pipes fabricated with 70 per cent pipe metal
1ip inserts and sounding frequencies within the critical range, have
procuced satlafactary onsets audibly similar to those from 70 per cent
tin plDES. Wall thlckneso was calculated according to the relatienship
described by 3ackus and Hundley though it is as yet uncertain the

extent to which this and lip material influences the tone,
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3.4 Further 'York

A number of areas for further study are suggested by the
caonclusions of this work. Further discussion and experiment to show
the effect of wall thickness and wall material on pipes longer than
thosé used in the experiments presented here are suggested, and also
a study of the practical issues of adopting other materials for organ
pipés. Principally, it is necessary to investigate tha role of"lip.
‘materials and lip surface condition as this aspect is manifestly of
some considerable tonal importance particularly in the materiai—
sensitive rangs 12ﬁ.Hz to 1100 Hz. Tt is likely that towards the
lower end of this rénge in particular, wall thickness scales become

critical for satisfabtnry tone quality,
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fopendix A

The Hale of Phase Information in the

Descrintion nf Musical Tona Nualitv.

This area of research suffered in its early stages from lack of
suiteble analysis equipment; the work of Konig (1881) and Herman (1894)
reached different conclusions using the wave-siren, and after the advent
of electronic equipment progress was slow, dus to lack of interest since
the levels of distortien even in early amplifiers and electro-acoustic
* transducers - 1932 - were regarded és‘tolerable. It has also suffered
-frém an oﬁer—simplification of Helmholtz' Findings.and from invidious
statements which reflect this misunderstanding, Madsen and Hansen's
approach typifiss this, They mrite,2 "we would like to join sides with
those who believe it (phase) to be important and therefore venture to go
against Helmholtz....' Although Helmhaltz did consider that musical
nuality was independent of phase, he includes two qualifications to this:3
firstly, that changeé in timbre were nat distinct enough to facllitaste
comparison after the short time had passed which was needed to alter the
phases and, secondly, he stated that sinte harmonics beyond the sixth and
eigﬁth give dissonances and beats, it is not impossible that a phase
effect does sxist and is respansible for this,

Recent considerations of the importance of phase by Floma and
Steenken (1d69),i’uhich has been largely verifisd in the work of
{ladsen and Hansen (1973)5, established phase to be virtually independent
of amplitude in the perception eof complex tones, Thus, although when
nitch and loudness zra changed, the pattern of nhase relaticnshipa
between the poriizls is cdisturbed, nhase changés may bg effected without
altering the physislogical assessment of the other parametcrs.ﬁ This
colncides with the idea of several eariier writers? that subjective changes
nrocduced by voriatisns in phase spectra which leave the enuelopé of the
stimulus imvariont, will be small and possibly unperceived, Plomp and

Steenken8 also discovered considerable inconsistency. in the ability of

individuals to detect phase changes. Averaged over 8 subjects, they state

1 fiadsen and Hancen (76) 7 2 Madsen and Haonsen {78) 2

% Helmhaltz (50) 127 4 Tlomp and Steenken (96) 409
5 adeen aznd Yansen {75) & Zwicker (132) 238

7 Zuicker, Flottorp and Stevens (123) 8 Ploap and Stoenken {75)




- 170 -~

the maximum possible effect of phase an timbre ( the difference in 2 tone
consisting of only sine and.cosine terms compared with one having alfernate
sine and cosina terms ) faor a fundamental of 145,2 Hz; is equal to the effect
of changing the slape of the amplitude pattern by 2 dB per octave. For a
292.6 Hz fundamentzl the change is less, 1.6 dB per octave, and for 584,8 Hz
they state the effect amounts to changing the amplitude slope pattern by

only 0,7 dB per octave. Quantitatively, the effect of the meximum change

on the perceived sound ié, for the 292.4 Hz fundamental, equal to the

effect of changing the SPL by 2 d3. This is less for higher than for lowsr  —
fundamentals. Phase infdrmation, although.it is calculated by the analysis
equipment, is_hot presentad iﬁ this study since its role in characterising
musical sounds is not éléarly defined, éhd in relation to amplituds, |

appears of minimum significance from the auditors point of view.
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Amnendix B

Detail of Annlysis Fethad Adonted,

the Design and Oneration of Sampling Device,

Introduction

" The development_ef an epprepriate analysie technique using the
eguipment auailable.has Formed a major part ef this work, Presented here
" in detail is the method adopted, the appllcation of it to the particular
‘ISLQnals 1nuolued the presentatlon and the ualldlty of the results. :

_ Several methods were considered to’ analyse the elgnals. Having
Ifound the variable sampling window of the real time analyeer to be
unsuitable, the Fourier analysis system was used to ‘analyse signals in
segments whose duration was defined by the frequency of the signal in its
steady state, However, this system was found unsatisfactory due to the
assumption of periocdicity by the analyser, which is discussed later in
this section, and the frequency changes oceurring during the transient.
Consideration was given to overcoming’ the difficulties ehcagntered by
simultaneously recording the signal together with regular pulses recorded
on a separate track of the tape recorder. The duration bstween these
markers would be chosen as an integer multiple of the signalt's fundamental
fraguency. All the recorded information was to be digitalised and the markers
uged to locate each segment., Analysis could therefere, be nerformed on
segments of the signal without the period bouhdary probhlems,

The method, whilst workable, has significant disadvantages over
the method finzlly chosen. The first is due to the frequenecy changes
which ocour especiaily dﬁring the onset of musical sounds. These changes,u
mhilsﬁ perhaps not producing serious errors, are not taksn into account
by this method. OJecondly, more serious problems could arise from loss of
part of the signal due to the limitations of the operation of the A-D
converter on the .7, 54517 Analyser, f the system did happen to become -
overlaacded, the resultant lack of information transferred could provice
insurmountable protlems and serious crrors. A method was sought which
 could sample the signal allowing only the segment required far analysis

at that time to be presentecd to the A-D converter for analysis.

Sampling SDevice Seserintinng

© The signal from the tape recorder is sampled cycle by cycle using.
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the fundamental frequency 5? the sound itself as a counting pulse, A
gated amplifier énables segments to be isolated and‘subsequently analysad,
The samples are chosen by setting initial and final co-orcinates on tuwo
ﬁhumbuheel switchas. (Fig. B81) ‘ _ |

A Ferranti 424 amplifier is controlled by inhibiting the currént
normally present at the chip's gate, The schematic'arrangement of the
locic by which this suitching is effécted is shoun in figure B2. The
numbers selected for the beginning and end of the segment on the twﬁ
digit hexadecimal switches establish the duration of the sample and how

many cycles after the first are to be counted bafore the sample begins.

. The incoming signal is filtered to leave bnly-the'fﬁndamenfal. This is

applied.to the operational emplifier type SN 741 which produces a TTL

" compatible sguare wave output and enables the minimum signal level ta be

adjusted. Thesdmitt-Trigger, 317414, provides further wave shaning. The
signal is subscequently épplied as the operating oulse to the SN7433
counters. Since the number anticipated to he the largest needed was 193
and tﬁe counter chipns contain 4-bits each, two are employéd giving =z total
of 8-bits and a maxinum count of 512, The counter's outputs are compared
with the settings on each of the thumbwheel switches by 8-bit comparitors,
SM7435, relating to the switch. Each coﬁparator's output is received by

a NOR gate,'SN7402, and its signal, after suitable amplification and
inversion, provides the necessary pulses for the 424's gate.

The reset circuit sets the counter outputs at zero. A single LED
driven from the 4 least significant nutputs of the counter monitars this
and provides a useful assurance thst the counter has in fact reset when
the button is pressed and, since the NAND gate 7480 inhibits the counter
when & becomes greater than 3, the LED indicates that. the tzsk has been
completed. .

The period elapsing after the energising of the pallet valve
which allows wind into the pipe foot and the emergence of the Fi;ét
sounds to bBe analysed is monitored since the speed of the attack often
characterises instrument %tones, nat least the tone of particular organ
pines whose delay in spesch can_sﬁmetihes'be the principal characteriqtic.
This merinsd can provide an important feature for comparizon and is
computed as part of the znalysis procedurse. It is measured using an
elsetranic Timer—counter set to measurce the time-period elapsing between
signals aaplied to tne imuts A and 2, The counter is tricgerecd an the

sauare wave. signal simultaneously recorded with the =ignal itself but on
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nle eiznal will be called 3, its beginning R, Ant

tha perind ie Indicotaed by 2 nulczsz aonlicd o inout 2
rom aulrut 2 oan the sampling dzvice,  This autput,
the Tigst pelesz 2

wiich Zeginz tha eount an the 7423'5, stons the tincr-

counter tharsby defining the pexiod from th2 moment at which the pnollet

valve was enerzissd (a useful constant before which of courss the nipe is
un=tle to spesk) =nd the first cycle which, ip the case of a developing .

£
signal, rszaches the voltage nre-set by the ninimun Udltage needed ko
nraduce z2n aulzul from the op-amp. The period deduced by this will be
shown on the rssults as the pre~onset time. Following this will be a periac
relatin;_fo thz segment length before the first data sample paint,

‘hiz cz72 procedure ig alse used to define the curation af the



The Selectinn of S-smaling Parameters

The sampling device enables a visual representation of onset
tfansients to be built up by analysis of short segments of the recarded
signals {ft} the duration of which (tn) is related to the freoguency of
the signals' fundamental. Segments may contain sny integer multinle
of cycles of the fundamental.- Analyels of the.segments in terms of
magnitude and phase for particular frequency éomponents was possible
using the 54514 Fourier Analysis system. Freduency changes occufring
between successive samples could.be'traced'using this device by'comparihg
A--the‘Frequency‘chahnels of the sfrongest components with the channels in
which associated harmonics occur. in preceéding ané'subsequent sample
analysis. Therefore, the H.P. system is a tool capable of ylelding the
data requirgd. However, the accuracy of phase and magnitude information
is related to the zccuracy of freguency data and also af course computer
time aveilable and data storage requirements. The choice of analysis
parameters involves careful consideration since the system produces more
rigorous results in one area only =t the expense of accurécy in anather.

Together the sample record length set on the A=) cenverter
controls and the dota hlock size N fix the number of data peints in the
frequency domain gutput, the maximum fregquency analysed and the sampling

of the signal presented for analysis. Clearly, the sample record length

{T) must be longer than the sample durstion (tn). The segment length is °

dependent upan the frequency of the signal, the aumber of points
required on the final grephs and the duration of the onget befors a
steady state is reached, This latfer is determinad fram oscilbscope
nhotographs of the onset triggered by signel RO from the secuﬁd track
of the tane. Tha phatographs show clearly the length of the attsck part
of the transient. The number of cycles involved In this divided by the
number of points recuired on the graphs determine the nuhber af
consecutive cycles which will form a sampla.

| ﬂnaiysis of single cycles would produce more rigorous informatiaon
than taking two or three cycles, but the volume af qata produced and
amount of computer time this would involve, make it necessary to
determine segments made up of several cycles. GSome tests were carried
out in which early segments contained fewer cycles than later ones,
giuin;.grcatcr accurncy to the part of the signal wherc mns? rapid
changes were gocurring. . The results of ﬂa31 and R&32 use this methad

Al by o
put it was deciced, becsuse results oo nresented inherently give the

imnression of increased steadiness as the sqund evalves andalso
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because of the sampling error associated with short duration samples,
to abandaon this method in favour of segments of ecuel duration..

The sample duratian time also effects the freauency resolutinn
( Af) of the frenuency comain data. This is the number of Hz between
successive fregquency points, Components of frequencies other than thosse
represented will not be shown in the output data.

thus: T > t

and -..31.- = . af.

It is apparent therefore, that a greater.deéree of frequency
resolution is:giuen'by selecting fewer §ample points since this will
““enable T to be large and made af small, However, the sampleﬂinterval"”

{ at) is effected both by T and the block size Ny, thus:
. S '
N

L

Au

Thercfore, if T is lerge and the samplé presented is short, although
the frequency donain information will be rich in frequency data, the
“analysis itself uiil be based on é poor gsampling of the signal and the
data procduced may therefdre be less riécrous.- '

The block size N, zpart from its place as already shown in
determining at, is chosen to enable the resolution of the highest
frecusncy component required to figure in the rasults, Thé maximumn
frequency for resolution was decidéd by steady state analysis of the

signalé using the Ubiquifous Real-Time analyser. The results show the

monitorsd during the aonset transients. "The granhs alss enable the

|
number of harmonics important in characterising the sound. These are
highest freguency needsd in the results to be calculatad (fn). The

block size is cdeternined thus:

Since N = 2 F
oy

A f
N> 2 Fn

3
Clearly, the choice of a3 high frequency maximum will

necessitate the choice of o larger block size ond will procduce '

" egorrespondingly more data=pointé per cycle, (number of datapecints =-% )R
To clarify the method of choosing narnneters thqée zdapted for
nince 3 will Le cdiccuzsed.  From the 'scope pictures the total transient
duratian was approximately SOms. 24 segmenis were therefore prescnted,
each containing two cycles of the signal. The choice of samnle lengths

and total sample timc for this analysis was determined only after several
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trial runs using different settings. The principal factors inualﬁed

are frequency resclution, sampling and the time taken for the results

to be printed, (see also later section on averaging) Initial runs
using af of S or ﬁU Hz proved grossly unsatisfactory since the samnling
per cycle was very poor. Using T = S0ms, 20 Hz resolution is achieved
with a sampling of 4 per cycle of the signal, This too is podr. A
further drawback is the large ﬁolume of data and the time involved in
nrinting it. This is because many channels must be printed to éscertain
the frequency changes. ‘Ccmbined with the averaging (see later) which
increases the:ﬁrint out, this forced the 20 Hz af to.be rejected, It
wvas. finally dééided'that the. 20ms setting, with which af becomes 30 Hz

and at = D&Dz s was the best compromise.

The choice of the value for N began with the examination of the
real-tims analyser plot. 1% shows the presence of 7 harmonics in the
steady~state soectrum of pipe 3. ‘Howsver, preliminary analysis of the
anset of 2 1.1 showed that harmonics 5§ and 7 were so very constant that
it would be more expedient to improve the freguency resolution and

accent more data than to resolve these harmonics. The freguency f‘r1

was therefore 200 +Hz x 5 = 4500 Hz
' Since N> 2 f_
f‘

for T = 20ms .. af = B0 Hz

N > 180

fx o
o
@
o

>

“
=
3
[¥]
Q

{ must be apower of 2,
M is to be mot less thon 256,

Inserting this value of N Yo find at and multinlying this
to Find the number of times the sicnal is sampled it is Tound to be
28 times. However, increasing ¥ to 512 incraases this to 56 timas.
The higher rate is preferred therefore for analysis 3, taking tuwo
cycles per sample, the block size is 512 and the tot~l time is 20ms,

Analysis parameters for all the signals considered are shown in table &1,

Broblems of instebility and remeatability of musical snunds

ralinr-tisn af Sannling Jevics ond Sversging

. . »
Initial tosts of the methad using signsl gonerators proved
. o on

antirely satisfactsry and by sstting the of fssk on the op ama o wae

: kAl A P 1onals of l=rge and
~ device to zcrn, results were obtained from signals of g




Signal / A 8 C " R&D
Frsouency 2,900 Hz 900 Hz 194 Hz | . 526 Hz
Cnset Turatian 20 ms S0 ms 170 ms “ 50 ms
tio, of Hnrmmonics 4 5 _ 3A 5
Fn 11,600 iz 4,500 Hz 570 Hz 2,630 Hz
T 10 ms 19 ms 50 ms )  :’20 ms -
af 100tz 100 Hz 20 Hz |+ 50 Mz
N 256 128 64 2128
F max 12,800 Hz 6,400 iiz 1,600 Hz 3,200
o, of cycles in onset 58 . 4s 33 . 48
flo. cycles/segment 2 Z 2 _ 3
ils. points on gragh _ 30 25 25 ‘ 20
tn 0.6896 ms 2.222 ms 10.51 ms | - 5.703 ms

TADLE 5 1 = ANALYSIS PARARETERS — PIPES A, B, C, and R2D .

- LBl -
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smz2ll voltages, Subssquently, tests involving the fecordeq onsets

from pipes R&D1Iand R&02 werg carried out. For these the threshold

was raised slightly zbaove the level at which the background noise on
the tape triggered the sampling deﬁice. Despite this, the method
proved unsatisfactory as dissimilarities were found betﬁeen the analysis
of the same signals.j.The nroblem emerged in the analysis of R&Dz and
closer examination of the transient by making time domain graphs of the
sicnals reveals a lack of similarity betwsen subsequent onsets of the
some pipe. This is illustrated in figﬂra B4. Clearly the problems
with the sampling device were due fo the gate being dpgned by an early
.fpulsé large éﬁough fa trigger the device. Once qﬁeﬁ many'smaller
amplitude cycles passed through before the counters registered the
final pulse and effected the closing of the gate.

| . The leuél at which the sampling device triggers must thersfore
be raised to trigoer on the earliest regular impulse. This can bs
monitored from outpuf A on the sampling device. OFf interest too, due
to the unsimilarity of. repetitions, is the real-time position of the
first pulse. This is therefore mzasuredusing a timer—-counter started
by the pulse Ro s which also triggers the storage 'scope the traces

of which register the sampling davice outputi and the signal output
from the device. The first pulse fram A inhibits the timer. Th=
equinomant is gst un as shown in Fig, 2 8.1 . The sampling device is
set to zllow dhly the first pulse through (setting 01 - 01) and,
together with the timer—counter and the 'scope, it is reset. The tape
is run znd a trace appears on the 'scope. An incorrect samale produées
the trazce shown in Figs 3 5.2 . An early pulse has triggered.the
counters., The multiturn pot is adjusted from the position which
produced this situation until a continuous signal is produced on the
upper trace and the signal on the second trace is triggered by the first
cycle of this continuous signal as shown in Fig. 5 5,3 ,

To aseure that this condition is carreet several repetitiaons
are made., Once sct, the eight recordings of the signal =z2re examinad
similsrly and furthcr adjustment macde if necessary until thres signzle
can he chaozon vhich fulfTil the conditions aof diagra& 2 and shouw similar

durations on the timer counter indicating that the amplitude of the

firsh signals to bLe exsnined in 211 three cases are not only similar
in level ut a2lss hanpen at 2 siailar time, The isolation of thres

zimilar sign=lz iz importont since avernging of segments which are aut
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! o gdistorted or inconcluszsive resultis.




Fig. B4 Four Consecutive Onsefs of Signal R+D,
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*t is understood that amitting to examine samples with more divergent
onsets is to igmare possible information about the variety faund in the
gnset of a particular musical imstrument, but since it is the objzct of
this work to describe the chesracteristics of =2 aounda onset, it is
reasonzble to de 1l with those signals which constitute a morm, tha t.théy
nay be conpared with others in'order that conclusions can be drawn abaut
their dluer81ty. |

~ Graghs Flnwlly pﬁoduced are to show an averags value fcr the
magnitude of campononus and their frequencles. Howeuer, because of the
nature nf the prescnuatlan cf data from the system, due, to FreqUnncy
inxormaulnn being glcanqd Fram the channel number in which p61k

anplltudes are found, results can_ﬂot be averaged for two reasons, Firstly,
=~

averaging of magnitude data would a2lso necegsitate averaging of phasc

2
1

nro

e

mation making the latter meaningless, and seébndly, blacks are
3ueraged channel by channal. Thus, 1f pesk magnitudes occUrréd in

fferent channels due to fremuency fluctustinns they wauld not te

ﬁverag ¢ together but with the values occurring in the related channels of
other blocks. = Thorefore, initially ths information must e pressnted for
z2ch analysed saund. For this reéson; the time fa ctgr, avereging has been

*aken over the minimum three somples,
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Peak magnitude and asegciated freouecncy vzlues in the Forﬁ of
channel numbers, werc trensforrsd to the Prime 1900 system whose Calcamp
drawing faciliticog were used {n praduce graphe.  The magnituce graphs
involving averaged data from the three samnles of aach segmant,- show

‘zach harmanic,

Yalidity of Snalysis Method

EanuiCQI snunds having tha form
r(t‘ Z D, (t). Cos [iu. t+8 5.]

zy the pericdic Fburmcr functicn

T(‘:) = é SH E(n ']'] Cos [Lw t&‘ei_]

173
) ()ill tand to produce cartein inaccuracies dependsnt on the nnriodicity of

tho sicnal,  The wsefulness of segmentsl znslysis of tho type descri
iz tharafore dopendent on the limitations imposed by tha znalysis of =

-~uasi-perindic signal using the fourier series for a perlodic wove, Tha
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degree of error produced by this and also by two other factors, the
determination of the beninming and end of the periods and numerical
_ ihtcrgration, are important aspects of this form of analyeis which must
be taken into consideration when reviewing results and also, since the
extent of inaccuracy is found to be minimal, validiate this as an
acceptsble analysis method. . Examination of the implications of these
grrors is uell‘documented ! B brief resume of the Tincdings follows with
roferEHCG to the mthad and euu13menu used in thess expeglh nts.

| Sevoral sources of dis creaancy are 1nherent ln the assumptlon _
tHat sxgnals of the type under conslderatlan can be approxlmated by = '
.parlodlc Functlon."“n anplltude change in the componﬂnu beLng eunlua;ﬁ&
or in ths relstive amplitudes of other components, for example, and zlso
-'changs in the perind length due to frequency perturbations may all lead
~te incorrect computation of magnitudes. Houausf, the error produced by
this is found to be gignificant only in ths sarly perinds nf veroy shart

set transisnts, otherwiss it 1s undetectable by humans — less than

1 per cent In real terms. The level of inaccuracy caused by changing
anplitudes depends on the relative changes between two components, This
amounts to about 1 dB for lower components, and about 2 d3 for others.

Fallacious data may be computed if the period being analyscd does
not exectly incarporate whole cycles of the signals' fundamental, This

tends to arise since the intecrvals between successive positive~going zero

craossings need not bo thae some zs the neriod of the Tundamental componznt,

but significsnl orrors will oceur only when consecutive high orxder

i
hapmmonics differ widely in amplitucde zt the same time as laro= spraps in
perind determinatinon occur. For this rceson the duration of the segment
is camputed {Tc). Scaples are rejected if T: -9 iz nnt within a 2 por

cent tolerence. Ly co doing, although some data may be last, that which

is produced shoulcd lie within a 3 per cent margin of error.

It is prudent to mentlon ths errers which could accur in the comau

system which are mainly related to the sampling rate. Faster samaling

2

ratez improve serurncy bub incresse computing time ond stora requilronent

\J’,
Samnline errocs ore reduccd by the foctors inhorent In the system ussd
[ ] ol S tr mAmAllin tl - e s A d,: tn C')m"‘?ln"'ﬁl\f TRECIVET A
Lased an Shzonants zznnling tnenrés: 1N OTGET amnlotely o
continuaus siznal foan o sannled sisnal 1€ is necessary thnat tho
ronetitian Fromruzsnny of the somoling wave io such that 2t lzast tue

o

camnlas arn taken of the highest eijnificant frc w*nc' af the sign=l.

1 Yacler (63)
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However, since af = F max /i2 = (1f2at)f(ﬂ/2}.¥ 1/uak = 1T,
sampling errars will not occur in the digitalisation of the signsal,
Quantization error will occur but will not effect the data seriously.

The precision with which musical signals can be described using

this method of analysis is shown by the small errors encountered.

Keeler defines the limitations of the systaim, stating that accurate

results can in gencral be produced for 21l components of waveforms whose

transient portion is at least 12 periods long. <€are is required however

- when aealing with adjacent compdnentszthat-differ gfeétly in amplitude,

3







