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4 ABSTRACT

A*set of two dimensional finitguelements were developed

" to approximate three dimensional coupled Plate-acoustic systems.
Though quite genera]]y applicable, these elements were restricted
to problems in small enc¢losure écoustics and sound~transmission

between rooms.

- An exper1menta1 apparatus was constructed to substant1ate

SN

’\ the theoret1ca] resu1t5¢ Agreement was found to be good in a]] ex-

- cept the most adverse cases.
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CHAPTER I

INTRODUCTION

The study of sound, s1m11ar to most other forms of
sc1ence, found its or1g1n in a practical ”tr;a] and error" sense
_1ong before the mathematica] theorjes were developed. Experimentation il
on motion‘by Galileo Galilei [lltrand extensive research on musical
- instruments and 1istening rooms by,&ersenheﬁﬁzjiwere grouped under
‘the field-of'"new ﬁgiences" until the name acoustics was introduced
by Sauveur [5] These ear1y treast1ses, although most]y non-mathematical,
defined the field and .even made an approach at d1v1d1ng it into sub-
fields - geometrical, statistica] and.wave acoustics.

Geometrical and statistical are more-genéra11y‘groupedéunder
architectural acoustics as they were the fgrst techniques to find .en-
gineering application. The former a]]ows the sound waves on]y to have
ray character1st1cs thereby a]]ow1ng the path of the sound to be traced
much as a light ray with 1ts.1ntens1ty d1m1n1sh1ng w1th d1stance and~
| *reflection Stat1st1ca] acoustics der1ves 1ts name from the requ1rement
of a stat1st1ca]1y d1ffuse sound f1e1d " D1ffuse in the senseﬁghat
the pressure ]eve] w1th1n the volume’ can be cons1dered un1form This
can usue11y be approx1mated in very large enc]osures, i. e aud1tor1ums, ;
Iarge halls, etc. where the Tongest sound wave]ength present is less
than one-tenth the m1n1mum ‘dimension. and the mu]t1p11c1ty of sound fre-"
quenc1es is sufficient to’ eliminate pressure nodes and apprec1ab]e

. pressure maxima. This a]so allows the wave characteristics of sound
» . , v

-
¢

*Entries in (] squere brackéts refer to the bibliography. . -

1
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to. be-totally neglected. Instead, sound radiation becomes independent

of spatial location and the time‘depengency-bf a sound is only a‘

function of the statistical average of damping surfaces within the
‘ : ‘ £
enc]osure.iiMuch of the Tir]y work done in architectur:zl acoustics

[4, 5, 6] took this form ‘of anaTysis.

-
Wave acoustics does not neglect the obtrusive wave charac-

teristics‘pf sound, 1ncreas1n§\many fold the difficulty of mathematical

calculations. It-is necessary to 1nc1ud ref1ect1on absorpt1on, dif-

fraction aﬁd phase sh1ft at every 1nc1ngge_of the sound wave§ with a
dary, not to mention’cancellation and reinforcement.of sound waves
coincident within the phc]déure.. This approac@ can~be'ﬁsed %ovvany‘
size of enc1osure'buf is usually limited to sﬁa1}er vo1uﬁe$; i.e. éma]]
rooms, ducting, etc. where the sound wavelengths present are of the
same order aé the en;]osure's dihensiohs. The shear futility of
analyzing a geometrica11y complicated étructdre can be appreciated.
MaJor ear1y theoretical contr1but1ons in wave\acoust1cs were made by
Ray1e1gh [7] and Lamb [8]. Their nontr1but1ons by no means embody the

entire f1e1d of acoustics, but it has been said, ". ... it behooves

all of us. . . to read Rayleigh's Science of Sound regu1ar1y " [9]

- It might be well ment1oned here that between these two

appranhes tovacousﬁics lies a zone that must be apprbached with an.

‘extensive "salting" of experience.-

1.1 Rev1ew of Related Work

In 1944 Morse and 801t pub11§hed a "state of the- art"

article [10] on room acoustics.- A d1scuss1on of geometr1c and wave

g .



. i
acoustics wasvgiven with special reference to different types of ab-
soc?ing i “erials. These panels were characterized'by an acoustic
1@Pede Sov =5 the complex ratio of the acoustic pressure and the
air vei. ¢ “isT outside the surface. The real part of this ratio is

the dissipative term whereas the imaginary part’ 1s the reactive term.
The exact analysis of a regu1ar acoustitaf]y haird rectangular room with
one rigid but absorb1ng wa]] was presented but fhe intricacies in the
ca]cu]at1ons caused the authors to go to more approx1mate solutions for
general application. The 1ntroduct1on of more rigid, absorb1hg walls
only comp]icated?the analys1s. A s1mp11f1ed model that could handle
different geometries and absorption at the walls would be desirable.
Principal mode anaiysis supplies an effective method of
studying mechanical vibration. The inclusion of damping (hysteretjc
and viseous):cause problers but these are’net 1nsurmountab1e.r Bishop
énd Gladwell [11] discuss this method quite fully concluding that
] . when damping of the most geheral'type is—present, the system
. Can vibrate in a principal mode at a hatura] frequeney without'there
beihg.any phase difference between the disp]acement at various points."
This woul 2nd to indicate that a study of undampéd systems would
supply an 1nsight 1nto lightly damped systems. The orthogoha1ity of
the principal mode a]]ows the deformed shape of the structure to be
‘represented by a linear comb1nat1on of the pr1nc1pa1 mode SthGS
.Though prlnc1pa1 mode analysis was d1scussed.1n terms of structural
systems, it could be app]iéd.équa]]y'as well to acoustics with the
‘corresbonding "stiffness" and ”hass" effects (more correctly kinetic

and potent§al effects, respective]y)r



Later, authors became more interested in cases where the
~flexural natural frequehcfes of the panel were in the .same range as
the acoustical natural freqUencies. The previous model of a com-
plex acoustic impedance for an absorbing panel was no longer suf-
ficient. Sound transmission between rooms [12] and noise effects on
:f1ex1b1e structural enclosures [13, 14, 15, 16, 17, 18] can only be
. handled by a coupled plate-acoustic system. The idea of such a coupfed

“system, with slight alteration, is also used in the study of 1liquid

sloshing in containers [19].

1.2 Aim of Thesis
| Prévious finite element workAby Craggs [15, 16] produced large
three dimensional acoustic and plate elements. -They were used to study
__nmikanJ;ent_responseswpf a plate-acoustic sysfem. Each element required
: re]ativei& large computer core area, therefore even small problems re- -
quired a long exeéutibn time whieh is approximately bropdrtiona]vtokthe
square of the storage space requihed. By cssuming two4of the boundaries
to'be.péréllel and hard, the exact so]utidﬁ\can be uied for the direction
perpendicular tovthese bouhdaries, j.e. the z-direction A similar
approaéh (sometimes credited to.Kantorovich) was used by Cheung and
Zienkiéwigz [20] in the study of plates and shafts. A reduction of
g]ementvstorage gréa by a factor of 3.0 and -a cdnsequenf reduétidn in
computétion time by 7.0 ¥s réa]ized using this assumptioh. Though the
elements are now effectively two dimensional, totaﬁ freedom is retained
in the remaining coordinate directions as to method of solution. It

- was proposed to develop second order plate and acoustic elements, i.e.

approximating displacements and pressures and their first derivativesf.
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Also, instead of a transient study of a coub]ed p]a£ef
acou§t1c system, a principal mode analysis was undertaken. Thé
natural frequencies and principal mode shapes of a system can be ob-
taﬁned by studying-the_%ree Qibratidn problem. This entails assuming
that all time dependent variables obéy the same hérmonic function,
thus neﬁoVing the time dependency of the system. Thé.proﬁ]em_then

reduces to the solution.of an eigenvalue problem.
4[A] - x[B1} {x} =0

The numerical results presented are the natural fkequencies
and'princﬁbal mode~shape§ for:
| i) a rigid rbom‘with a sloping wall

ii) two rigid rooms.coupled by a flexible panel "

of various widths )

1112 two rigid rooms coupled by an air.slit of

various widths



. CHAPTER 11

UNCOUPLED ELEMENTS

The finite element method is basically the approximation
of the desired solution over évweil defined geometric space, i.e.
cuboid, tetrahedron,'etc; Interpo]at{on functions modjfied by arbi-
trary'perameters make up the general form of the so]ution. ~This
general form is then forced to satisfy the equations throughout the
well defined geometric space (from now on called an element). Though
Gt Tejnbt necess;ry, the 1nterpo]a£ion Junctions are nsua1]y picked
in sneh a.way that the arbitrafy parameters take on physicé] signifi-
cance at certain points in the element (celled nodes). What remains
is. to join several elements into a desired conf1gurat1on that has
“some degree of contnnu1ty between e]ements and to sat1sfy the natural
boundary cond1t1ons.

Convergence (and rate of convergence) to'the correct so]nfion
ﬁs of interest. It is extneme1y difficult, if’not impossib]e, to proVe’
convergence to the correcf solution for all configurations which can
be produced by finite elements. The genera11y accepted approach [19,
20] is to obtain an approximate solution to a prob]ém‘that'is,mathef
matically solvable. Successively finer ”gkids“ of elements e}e nsed
to better approxfmaﬁe this so]utjon. Percentage erron (between the
exact and approximate solution) %s p1btted against the number of ele-
ments on ]ogarfthmic graph paper. Tne slope of the nesu1t1ng curve
is an indication of the rate of convergence Beypnd this; "the proof

is in the tasting". Results for other des1red geometric configur-

wationsvdbtained from this method must be aceepted (with due caution,



of course) and if possible checked out by experimentation.

2.1 Element Formulation

It has been.found-more convenient to work with functionals
than with the actual.equations of motion and the boundafy conditions
because certain symmefries arise in the functionals that can be taken
advantage of. If a functional can be found whose étationary cbndition
satisfies the‘éqhation cf motion‘and the natufa] boundaky conditions,
then the functional can be used just as effectively 1nvthé solution of
the problem [21]. ‘Iﬁ fact, the functionals required for the uncoupled
panel and écoustic subsystems are the Hami1toniaﬁgbor action integrals

J of the subsystems o ' v Ek\

ty

J = [ [T-U] dt
. 't] : e
whére T is the kinetic energy and U is the potential energy. The

governing e ration and bouhdary conditions are obtained by sgtting the *

o

first variation to zero g
23

§d =0

The/first variation is obfainéd by replacing the required
~parameters by themselves plus a small arbitrafy increment (i.e. p 15_

}ep1aCéd by ﬁ + §p) then the resuiting equation J + &8d aﬁd tHe original -
-eQuation(J.are subtracted to givé‘theifirst variatibn.

Appendix A offers a relatively detai1ed‘fozTEléifﬁﬁ/of,théy

-acoustic finiteie]ement. From the basic acoustic and energy équations :
(Appendices Al and A2, respectively) through to the.finite e]émeht or
" matrix formaiation of the acoustic functioha1 (Appendix A4), there
was no asgumption hade as to the: form of time dependency. This Wou1d

- /

4
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“gilow the study of transient acoustic syStems;’however, since the
steady~stafe response of an undamped s@stem is-désired, the time

e

function was written as E 8
sin (ot -+ 0)

where w is the cyclic frequency and 9 is a phase angle defined by
initial conditions. Since all variables in the system-obey this time

function (A16)* of Appendix A4 can be written
(s.1 - 2P} (p ), = 0
e etle’’ WPple

which is a standard form ofvthe eige..value prbb1em‘with {p;}e corres-
pondingito the e]ementa]vnodéi pressure coordinates. For a system com-
'posed of several elements, thef'e' subscript can be drppped.
The overall [S] matrix can be'derived by noting that the energy
of the total system is a linear summatién bf‘its compaonent energies‘[ s
22] . |
T=2Té=%ngB]w$
;o ;
- %-Z {pn}e [Se] {pn}e
Qith a.éimi1ar formula'for'[P]. Leading to

(s] - WIPI} (p} =0 | (2.1)

where {ph}~is the overall pressure coordinate.

. ,‘. o B

*Entries in ( ) refer to equagions.

) {
) !



®

X

Figure 2.1 (¢) LINE PLATE ELEMENT
Figure 2.1 ELEMENT SHAPES AND NOTATION
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2.2. Rectangular Acoustic Element

Figure 2.1(a) gives the element shar *and dimension in the
X-y p1ane The encircled numbers are the nodal numbers and the nodal

va1ues of p, SE’ 3Eare P> qu qu 2, 3 4 which are funct1ons
X

of time. Since th1§ is a "pseudo" three d1mensiona1 approdth, there
‘should be an identical x—y‘p1ane:at a dietanCe d behind the plane shown.
These planes were previous]y'de%ined as rigid ane parallel, allowing the
exact so]ut1on for the z-direction to be found. This so1htion a single
Fourier cosine ser1es, can eas11y ‘be used to approx1mate many mode shapes
in the z- d1rect1on (as is shown in Appendix B1), although only the nth-
term of the series will be used in the fo11ow1ng ca]cu1at1ons to s1mp11fy“-
the notation. In the x-y plane, pressure. and pressure variation can be
approx1mated by the product of two sets of Hermitian 1nterpo1at1on poly-
: nomials f(x*), f(y*); where. x* = /a and y* = y/bf These pd?§ﬂQTle1s,
their characteristics ahd'their integrals are'given in Appenqu‘BZL The
desirable characteristics of these jnterpo]ationepo1yhomia1s’af]ow Pe>
the pressure distribution throughdut the element -for the nth node in-the

z-direction, to be expressed as . - ‘ - Co ' : <ﬁ\\

pe= (o F10x%) (%) + by @ F0) T3 (y%) + 8o, b £1(x*) f,(y*)

) : Y

* Ry fj(X*) faly*) + 5X a fo(x*) faly*) + %52 b £ (x*) f4(y*)

+pg F30%) fi(y%) + %53 a fy(x%) ']( *¥) + §£3 b f(x*) f ( *)
gy %) T3l + 8oy @ F0) Fyly) + 80y b T30

f4(y*)} cos gg; (2.2)

@
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i

where the dimensions a, b are a@esu]t of the chain-ru

8x* or

8p =
S x* 5x

Y

introduced here

where the sUpersCript "T" indicates the transpose of the vector and

(F(x*) Fy*))

gge.= 1 {f‘(x*),f(y*)}T{p }. cos nfiz
— n e ————
X a @ ' d
%Eé = l_{f(x*)qf'(y*)}T{pn]e cos nmz
%y~ b : d
%Ee = -nm {f(x*) f(y*)?T{p }.sin nmz
—_— n e v e—
z d d
The prime "'" denotes differentiation with respect to the variables in

gg_= a gg, A s1mp1er short-hand notation will be R
xX* X

pe=

(F(x*) f(y) 1 {p , cos

£0x%) £, (y%) ]

afy0n) () |

bf4(x*) fa(y*)

L -

It would be best to note here that

round brackets.

Substituting thesé formulas in the energy equat1on as done

= | - and {pn

nmz

d

e

\

T‘p]T
° 1
X

T.e.

11

in Appendix A4, the acoust1c stiffness [S ]R and pressure [P ]R matr1ces
¥ _

can be wr

ten



11 ) o
LSdg = ab s 0 |1 1F1 (%) F(y*)) 1 () Fly*)}
N 5 ao a2 -
+ 1 {F(x*) Fry*)} {f(x*) f'(y*)} | dx*dy* - J cos™ ywz dz
B2 ‘ o d . .
T d '2‘ |
Fy*)} {F(x*) f(y*)} dx*dy* - [ sin” nmz dz
) \ 0 d ‘
(2.3)
11 T - d 2 ‘ l
[Pelg = ab /7 {f(x*) fy*)} (F(x*) f(y*)} dx*dy* [ cos™ nmz dz ;s:.
 pc 00 : . _ 0. 3 g
(2.4)

| The 1ntegra1s'with respect to z are defined in.Appéndix B1, -
and the 1ntegrals w1tﬁ respect to x* and y* are def1ned in Appendix B2.
The rectangular acoust1c e]ement was programmed for the IBM '
360/67 computer and with.the aid of the IBM Sc1ent1f1c~$ubrout1ne Pack-
'age, the eigenvalue problem, as sden*by (2.1) was pérfqrmed.,‘A cubical
room of unit side and rigid boqndaries was approximated as a check for

gbnvergence; This system has an exact set of principal mode solutions

p = p* cos fmx - cos mmy + COS nmZ

where the pressure p* is a periodic fhnction»of time énd E,_m, n aré the »
number of ha1f¥¢osine‘waves between the boundartes iﬁ-the X> ¥ 2 dir-
ections, respectiQe]y Grid refinement was done only in. the x-direction.
Percentage error in the e1genva1ue (the square of the natural frequenéj)ﬂ'

versus the number of e]ements 1s p1otted for various (£, m, O)Vmode

shapes in Fig. 2.2.
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'%§i— The convergence of the results is at the rate of t/ﬁz,
(n_ béﬁng‘thennumber of ‘elements) for (£, 0, O)'modes berause of the
x-direction grid refiﬁémentexefhe two (v -1, 0) modes plotted, which
had no ;;31rect1on grid refinement, show\eg‘1mprovement~w1th increase
in element number. Note that even one e]ement made a good 1n1t1a1
approximation Although not p]otted, (£, m, n) modes would give ex-
actly %he same type of curves as ([, m, 0) curves becauée the'exact
solution between rigid boundar1es is used in the formu1at1on of the
elements- for the z-direction.

- 2.3 Triangular Acoustic Element - b‘ ‘ SN

, , o f ) < : . .
(,// Because of the change’ in geometry, the method of approxi-

g

Wnating the pressUreﬁpe witgin the element was done by a cubic po]y{

nomial in x and y, and the exact solution in the z-directioff.

]

: 3 3-m , ﬁ m '
=2 d.agy X y') cos mz
m=0 /=0 - d
where the a were a set of arbitrary constants. . A%,
fm " S , . ,

A complete cubic polynomial hastten'erbitrary"patameégls, but .
‘to approximate'the pressure and the presSure variation in x and y} o
directioﬁs for three nodes required only nine parameters.- There are
several methods to remove the extra parameter; two were tried bdt the
1one presented 1n Append1x C1 ‘was reJected,_1n this case because the
added computat1ona1 t1me requ1red did not ‘improve (and in some cases
worsened) the e]ement's accuracy...The method chosen-was to simb]y

equdte the aé] and 255 coefficients, so the elemental pressure Pe

was writtenis
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Pe = f3gg + a1g% + agyy + apqxy

| 2 2 -2 2
0% T gy Fag, (XTy 4 xy®)

: 3 3. .
+‘a3ox + a03.y }COS nsz

(2.5)

v

~ The problems with this formulation will be discussed later,
A third possibility would have been %o define an internal node where
pressure was the only parameter, but this would cause problems with

the stordge and manipulation of the resulting matrices.

?

c o Using a notation similar to Section 2.1, "
; . -t : :
: g _ AT ' ,
4 Pe = {9(x,y*)}" {a}cos nmz. , "
_where . ’ o e
= o o
L L (%00
17 410( "
f9boy)y =y Jand a3 = fag; .
3 S
Y : 403
il _Considefing the element and notaticn o Fig. 2. 1(5), it is

" now necessary to relate the arbitrary constant {a} /g/ghe/noda] charac-
’ Q,

; ter15t1cs p , ggq, _Eq, i=1, 2,-3.—Thisis s1mp1y done by wr1t1ng down

the nine‘simu1taneousfequations-fo? z=0

“qp}, = [A] {a}°

n-e
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where

{pn}e =&y

3p.
— &)

and [A] is a matrix of the nodal values of {g(x,y)} and its directional _

- derivatives {gg} and {gg} , respectively. Then it can be written
: , Sx Sy Lo ,

@) - (A1 e

If the formu1ation_was carried to completion from}this>point,k
the resu]t{ng 1ntegra]s>over the triangle would .be arduous aﬁd cbu]d
‘only ﬁe handled numerically. - It is more convenient to set up é 1ocalizéd
-x; -fy' coordinate system, for the triangle, where X' =-§_$_%;and

_ : a
~y' = n/h perform the required integratfon (shown in Appendix B3) theh.«
"rotate'l.the results into the x-y coordinate system (shown in Appendik
- B4). The formulation for the x' - y' coordinate systemhié identical
»\\to what has been présented for.the x -y coordinate system, but gives
some simp1ificatiqn5\in [A] and [A]"l, as shown in Appendix BS, The

formulation can be carried on in terms of x' and y'.

The elemental pressure can be written as

3T

Pe = {g(x'gy')}T‘[A]"1 {p}e



Note that the variables in round brackets are omitted 'in future to
simplify the formulation. fhe acoustical stiffness [Sef]T and pres-
sure [Pe']T matrices are derived'by'substituting-intn the energy

equations- (A14).

1_

. '. _ T'_ . . T )
[S'1 =1, A1 s J 3{2&} {5
Q. xn yn X
s T Lod 2 -1
+ {gg_} {gg_} dx'dy' ° J cos” nmz dz " [A]
» yl" 6yl . 0 d
d
+1 - N1 s (g (g dx'dy' 7 osin® nrz dz
0
p X'yl . d
'[A]_] - 2
d (2.6)
T--1 .. . g ' -1
where [A'] ° is the transpose of [A]
| - d »
[Pe]‘I =1 [AT]f] ;7 {qg} {g}T dx'dy' * f cos2 nnz dz ° [AJ']
=2
., PC oyl A ’ d :
: Xy K 0
(2.7)

The “integrals with respect to x'" and y' are given in
Apnendix B3. The infegra1sf¥1th respect to z are given in Appendix -
B1. The rotation of the_noda]lve1oc¥ty potential {¢$}e frdm the
X' —Iy' coordinate system, i- shown in Appendix B4. S%nce energy is

independent of coordinate transformation, it can be written

17



18

. T \ | , . , ,
Te = _;_ I(bn}e Lse] {(bn}e in x' - y' system
= 1 (ol [e]; [51 [0], Gop)g
=1 {9}, [Se] {¢-n}~ inx -y systém‘
5 ' . .

or

(5,1 = [01] [s:] [6],
where [e]a is the acoustic rdfationa] matrix defined in Appéndix B4. :
The triangular element acoustic stiffness and pkessufé
matrﬁces derived above‘werefprogrammed and the convergence tests were
run on the cubical room used in“Section 2.2. The orientation of the
elements and the percentage error versus number of elements plot, are

shown in Fig. 2. 3. The rate of convergence was slightly less than

. 1/n2 in the direction of grid refinement with a poorer initial approxi-

mation than the réc*angu]ar elements, but overall still gave good
results. It was 1nterestfng to note that by changing the pattern of
- - |

subdividfng the cuboid, even for a one-directional grid Fefinément,

“the results (and the resu]ting percentage errors) were changed, but

this could be a study in itself, so will qbt be gone 1ntorhere.
By studying the formulation of the exact solution and by
comparin, the finite element equations (2.3) and (2.5) it is possible

to ‘arrive at a natural frequency equation for thg (h, n, q) mode, in



Per Cent Error

Convergence
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terms of the (m, n, 0) mode.

& ., r

o ) ET
. wmnq “mn0 {939}
‘ : ' (2.8)
where mmﬁqﬁis the natural frequency for the {m, n, q) mode.
c is the'velocffy of sound
d is the depth of théAroom
2.4 Beam Plate Element | | ' g

A sim11ar dgfai]ed formu]ation to the one given in Appendix
A could be undertaken for flat plates, but would serve no usefu] pur-
pose; so will be forgone in favour of writing only the energy eqﬂat%ons
according to S. Timoshénko [23] for cartesian coordinates. It is, )
however, 1n1t1a1fy necé@sary to discuss the”qhienfation~of the plate.
- Toguse Kantorovich's approach the plate must be placed between the two
r%gid planes perpendicular to the z—direction, but thé’otﬁer djrectioﬁ
| must be general. It will be seen.that‘the ar rotationa]>concepf
| used in the triangular acoustic e]eﬁent can beidséd‘here. Therefore,
the plate will 1nifﬁa1]y take an x-z plane oriehtétion for the formu- .
Jatibn and'1ater be rotéted td the x' ~ z'plane by a rbtatioha] matrix

e 1.

¥

N S
T =4%"p h dxd ‘ 2.9)
Lpghp 11 " dxdz - es)



where wp is the time derivative of the transverse deflection of the
plate and dxdz is an infinitesimal surface area on the plate in the
" x-z plane. ’ E ' 7

It is also convenient to introduce the differentiation

. 2 ‘
convention w,_ = 8w, w, = ¢"w, etc. So,
) 2 2 - ‘ 2 :
U= %_ gf {wp,xX + wp’zz +‘2v W i Wpfzf + 2(1-v) (wp,XZ )} éxdz
C o - (2.10)
where '

D = Ehz /12 (1-v%) is the Plate Modulus -

N,

E is Young's Modulus . .

[t
N

v is Poisson's Ratio

Again, it is necessary to show that‘the equation of motion
and the natural boundary conditions can be derivedffromvthe action
integral by variational calculus.

The first variation is

21
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t
6d = J [p,h

: D I f wp 6wp dxdz - D S/ {w_, _ &w., .

Z x - 2% Pxx TUpixx

|

"

P

+w SW_, )

Sw s
Z XX . p’zz p’zz p’xx

AN .
p’zz;f-”(wp’ " Sw_, + W

p’z

+ 2(1 - v) wp’Xz 6wp’xz} dxdz] dt = 0 ‘ (2.11)

s e

The first term can be integrated by parts with respect to

time to give

ts ts

H s Y
Py b gf [wp‘ wp ]t] tl[ wp.6wpdt] dxdz

-

-~

: . , .
The rest of the terms in (2.11) can be integrated by parts

twice, with due care in the evaluation of the integral. The third
\ . . ~—

term in (2.11) can be written as

t, e g ’
-D . I [i Moo sz dwp,z | dx - f'wp’zzz 6wp | dx
1 ) 0 X _O
O '
+.£f Wp’zzzz'awp dxdz] dﬁ‘ o

- where the first and second terms are evé]uated_at the front and rear
x boundarJ (z=O and z=d, respectively) before théy are integrated with
respect:%o x. The Tast term in (2.1])‘1;Zd1vided into two halfs and -I}
intég?éted twice by parts;‘bne half is integratéd firét with respect

to x, then with fespect ﬁgfz; the other half is integrated 1n1the



23

5.

reverse order. Noting again that 6wp and dwp,x are arbitrary and

small and 6wp = 0 at t1‘and t2, the following equations result.

Fo = ]
r x 0 or D

§§~[dwp (wp,XX + pr’zz + (1 -v) wb’XZ)] - 0

—g_x(wp,xxﬂgw (0 -v)w, )]0

6wp[w p’zz v p’xz’

- t
-+ W, .
P’ XXX p’xzz

'wheréb1p is the Tength of the plate in the x-direction.

For z = 0 or d’{

and Qithin the plate boundaries

D(wp’XXXX * wp’zzzz +-‘zwp’xxzz pp p

)+ ph @ =0 -t

,‘,d.



conditions on & rectangular plate. According to Timoshenko [24]

My = - D (Wp’Xx + va’zz)
Mx = = D (1 - ) Ypoxz | ' | ‘ .
Q, =-D0¢( )

W + w
D’ XXX p’>xzz
- '\‘
|
|

where Mxx is the bending moment (in the, x-direction on the DTateﬁedge
perpendicular to the X—direction), MZX is the twisting moment and QX
is the shear on edges perpendicu]ar to the x-direction.

Using these relations in (2.12) . e

i
§_.[6wp (MXX + MZX)] =0
Sx
owp [Qx - %;(Mxx + MZX)J =0 | §2.15)
f =0, 1
| or X 0 i

For exampde, a pinned edge dn x = 0 is defined by Swp = 0 and
M. = 0. This allows for non-zero Q, and M, . Al1 other boundary con-

ditions [24] can be derived from these equations.
.Alfﬁbugh (2.14) has no assumption as to the time function,

it will.be considered as harmonic (the time function) and real, i.e.
L ?'u. ’ ' : _ . . .
sin SQE”f\e)' ‘

G .
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¢
For simplicity the exact solution in the z-direction will
be taken as a single Fourier sine series, i.e. pinned,bodndary con- .
ditions at z = 0 and z = d. Only one term (the kth) of the exact
_solution is to be used to simplify notation, although dgain e multi-
_férm approximationvpf a modé shépe cou]d be hand1éd. ‘
:If the notation used in fié. 2.1 (c) is adoptedv(noting that
6 = 0 for initial ‘consideration), .‘we,n write the deflection of plate
wp, in terms of a_ product of a set of Hermitian 1nt§rpo]atiqn poly-

nomials {f (x*)} and the exact solution where x* = e[gp and O:Ses;fp.

wp = {w] f](x*) + ﬁp %ﬁh fz(x?)
W, ﬁg(x*) + Zp gge f4(x*)} sip Egg ‘ (2.f6)

where Wi s §!H’ i=1,2 - .re the nodal characteristics which may vary
X
with time

. fi(x*), =1, 4 - are the Hermitian polynomials
definition Appendix B2.

This can be written in short hand notation as in Sec. 2.2

W ='{f(x*)}T {w_} sin knz
: » p « N 3
where S » 1. -]
/{ . . f] (X*) W-l
fo)f= | - andfw }=| -
LEOIH N BT
f,(x*) SW
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© stiffness matrix.

1* denote the dimension along the sloped plate as shown in Fig. 2.1(c);////41

The elemental mass [Me] and stiffness [Ke] can be defined

by the equations

T, =1 {&n}T (M i)

N

- T C L~
Ue = L0 KD ) - I

By substituting into the respect%Ve energy equations (2,9) and (2.10),

]‘b N i * 'c'/. *. T\k\‘“4~ *. ' %37 4
[kel = Dy T L ) (61 o010/ g % v (63} (5 (x0)) (&

v {51}2 (L6 () TR0+ (6} (5 ()3 T)] s
fp2 \d | | | ‘
5 : d |
o T fosin? knz dz
| 0 d |
| -] . d ..\ | -
+ 2(1-v)

I {f'(x*)},{f‘éﬁ*)}T dx* [ cos2 knz dz {kn}z (2.17)
. - 3 i

D )
ﬁPO é 0 . d
where the third term has been arranged'to retain the-symmetry ofvthe'
n 1 ‘ . d |
[MJ=0ph S Af(x*)} {f{x*)}' dx* -«
The' integrals with reépect to x* can be found in Appendix’
B2. The integrals with réspect to z can be found in Appendix Bi.

| \Thié element can now be rotated tO'any_position, letting

26

[ sin® knz dz (2.18)



: 1
By direct comparison with A ‘
| : o~
fsin-e cos O 01 [ }
Ble; . Coxd
Wy i
| 10 .0 1| |eu
L 1 ey
The plate rotational matrix [6] can be_written
- "sin 8 -cos S -0 , W
v - - 0
| 0 0 1
[e]p = ' - ’
P v sin® <cos 6 O
. 0. o
L | 0, 0 1]

These plate element stiffness and mass matrices were pro-

¢ .

grammed for the IBM 360/67 and Convergehpe.tests run on harmonically

- vibrating plates of unit side with pinnedﬁboundary conditions on all |
. s : : ‘ A
edges. This plate has an exact principal mode solution -

yp = wp* $in rX sin kni
| . Wl = Ei%. (r2 +Vk2)2
o - Pp'p -
Gk #
. '—%d @ e . . . . ) )

‘< where r-and k are the-number of half-sine waves in -the x and z-
C g “n ) . '

. N
" direction, respectively:

. . S '
A o Py
- S |



r

Per Cent Error

10

10

10

10

- 107

Figure 2.4 CONVERGENCE OF LINE PLATE ELEMENT (n=0) _o-

- Convergence Rate
B SR of 1/n
4,0)
I/ne
C T sl ||
- : 3,0) ,
] ‘\ 2,0)
‘\‘v 1,0)
i ~
P
xﬁf
- %
g u ;}
' ‘ . 'l a 21 l 2
1 3 5 7 10 30

Number of ETements =~

28



10

W

10

10

<F

~ Per Cent Error .

10

{)

10

03

Figure 2.5 CONVERGENCE OF LINE PLATE ELEMENT (n=1)

A%

Convergence Rate
' 4
of ]/ne

6,1)
5,1)
4,1)

3,1)

2 . a2 & s Aa el

1 3 5 7 10 30
~ Number of* Elements

29



30

hp and D were picked so the coefficient in front of

p’ _
the natural frequency equation was unity, 1i.e. w2 = (r2 + k2)2.

p

There is no similar formula to (2.8) that can be easily
der1ved for a plate system so the plots of percentage error versus
’number of elements are given for both k = 0 and k = 1 (Fig. 2.4 and
Fig. 2.5, respective]y). The initial approximation in somevmodes are’
about 60 per cent in error in the squafe of natural frequency
:(8 rer cent in the natura] frequencyi. This is not good, but for-
-funate1y a §iight1y higher number of elements gfvés accuracy of
2 per cent in the lower natural modes . These Tower modes will be used
in the study of sound transmission. It may also be noted that the re—"
sults of the theory are integers c]ose‘to‘Unity for which the er}orz
}assbciated with truncation could be significant. Later results tend
to bear this up.

The plate element, as developed, was effectively a'beam.
Independently they can be used to studyv the vfbrétio“Aof rectangular
p1ates with two parai]e1 pinned boundaries while the other two
bouéﬁaries can have any combination of f%eé, fixed or pinned boundary
gonditions. Warburton [25] has produced a very comprehensive anaiytic
paper on such plates. Melosh, Papénfuss, Clough, Adini and Tocher
have produted [21] similar plate elements of'hore general application

so the use of the plate elements will be Teft for the coupled system.

2.5 Application of Acoustic Elements

2.5.1 0dd Shaped Room

“A prob]ém was required to test a combination.of triangular

s

2
-y



and rectangular aéoustic elements. The Mechanica] Enginegring

Building on the University ‘of Alberta campus, which was under
construction at the time: had;a'reverbération foom‘which ;ffered

an excellent model. Being‘p1aced directly under a sloped roof section,
~required that one Hé]f 6f the room have a sloped ceiling. The exact
profile of the room is shown in Fig. 2.6 (c), its depth being

22.0 ft. | {
| One problem, exemp]ified by this room, is what boundary con-

ditions exist at a corner such as shown in Fig. 2.6 (a). Any node

along the sloped edge has the boundary. condition

§p=-ctnnép or 6p = - tann ép
§x

Sy Sy §x
while along an upright edge
x _(S_R:O
Sx

Right at the corner néde,'there is a discontinuity,’as there
WQu1d be in a mathematical analysis (unless certain tfansforms were
undergone). Using finite element methods there are three 1091&31
possible choices of how to approximatevthis bqundany‘condition as
shownvjh Fig. 2.6 (b). The ffrst two are not correét, but on element
_refinement they will converge *n neér]y the cdfrect result. Thig
occurs‘byiQTrtue of the fact that as the elements get smaller the

effect of the elements containing the intorrect nodal value diminishes

31
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:.Scale: 1 in.= 6 Ft —— C'oarse'grid
Depth: 22 ft.

— 1st grid refinemenf

Figure 2.6 (c) FINITE ELEMENT GRIDS
Figure 2.6 SLOPED CEILING REVERBERATION CHAMBER

Table 2.1 CONVERGENCE OF FOUR LOWEST EIGENVALUES -
FOR SLOPED CEILING REVERBERATION CHAMBER

Segmentation Corresponding (x,y,z) Mode Shape to
.of Sloped ~ That for a Rectangular Room
Edge (No. :
- of Parts) (0,0,1) (1,0,1) (2,0,1) (0,1,1)
1 .02039 .03274 L06710 .08987
2 o .01976 .03215 | .06766 » .09128
3. .ov9s2 | 03202 | 06724 | .09027
Exact . Col ?ff$tqig'igii‘
Results for : ’ S 3
22 x 29 x 12 ol B
Rect. Room .02040 .03212° .06730 .08895%.
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" .
in terms of the overall-acoustical kinetic and strain matrices.
Method 3 could converge;to the exact result, but it entails 1arger.
partitiontng operationsﬁon the overall matrices (described in
Appendix C2) and is therefore more prone to numerical divergence.
It Tooked at trom a potentia1fenergy viewpoint, 1 and 2 are respectively
slightly weaker and slightly stronger than-the correct boundary con-.
dition 3 giving respectively lower and higher eigenvalues than 3 for
any particular grid configuration. Since the approximate solution
converges on the exact solution from above, it was deemed interesting
to see the effect oh gonvergence of using boundary condition 1f
_Because oﬁ its ”re1aring“ effect on the overall energy matrices, it
~is reasonable to assume that:tor a’relativewxﬁgoarse grid pattern,
boundary condition 1 will give eigenvaiues c]osertto the exact solution
than a finer grid using the other boundary conditions. The concept;of
\”f1ex1b1s1ty“ of a system 1s qu1te often used to descr1be dev1at1on
from classical results. A more flexible syskem has less ab111ty to
store strain energy and thereby results 1nta Tower natural frequency
Grid patterns for the coarse gr1d and ref1ned grid are
shown superimposed on one another in Fig. 2 6 (c). There were other
gr1ds used 1nc1ud1ng a finer one that divided the sloped surface 1nt0 ‘
three equal . §&ct1ons, but these wou]d on]y comp11cate the f1gure
given. The effect of boundary condition-1 is most exemp11f1ed for
the coarse gr1d where ‘the entire s1ope edge has the ”re]axed” boundary
condition. For c0mputat1ona1 convenience c, the velocity of sound,
was taken as unity. " o :

hY

By close examination of each column of Table 2,1ﬁit‘is easily -

L]
s
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seen that theiresu]ts for tﬁe“s]ope ceiling room are very close to"'
the exact solution for a hérd rectangular room,that.would bound the
regerberatioﬁ room. ~ This is logical since the reverberation room
"&oes,not deviate much from fhe classical rectangular form. Column -

fdne shows the (0, 0, 1) mode; whfch is #ndependent of the actual

- profile of the room, and shou]d:therefore converge exactly to the
classical result. In accordancé'with'the?energy approximation method,
the results -actually start highér than the'correct value, drop below,
thén start upwards again. This can be exp1a1ned~by the "flexibility"
of the structure; the more "flexible" the structure, the lower the
é?ﬁenva]ues. Initially the grid was not flexible enough to approx1— ’
mate the mode shape; but after the first refinement the structure
became overly f]eXib]e because ofib.c. 1. Ensuing refinement would

. lTead to closer éonvergénce because the‘system has sufficient flexi-
bi]ity.to closely approximate the mode shape, while each further sub-
division of the s]opea ceiling lessens the effect of b.c. 1 (until

one enters the region where numefica] errors become sigﬁificént).
Similar analysis can be donendn the remaining three columns, notfng
thaf the sloped roof has almost no éffect dh.the (x, 0, 1) modes but
is quite important in.the (0, y, 1) modes.

Figures 2.7 through 2.9 show the principal mode shabeé of
three rooms of differenf dimension but with the same ba51C‘shape. The
(q) figures are the actual profi}es for the reverberation chamber,
whereas the (b) and (c) f{gures shdw the changesgdue,to substantiaT]y
increasing the effect of the sloped wall on the x-diféction and

-X-y directions, respectively. The points of no pressure variation

]
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within the room are of importance when making sound measurements.

For a hard rectangular room the zero-pregsure nodal 1ine occurs at
poéitions'that are éimp]e fractions of the overall dimension, i.e.
1/2,,]/3, etc. Figure 2.7vshows*how the zero-pressure node line
deviates from the c]assica1.position for a rectangular room. The
narrowing of the enclosure at one end changes the volume distribution
as well as causing localized compreséion and rarefaction of the soUnd
wave near thé roof. A wave travelling in the x-direction, is given
an‘ﬁnba]anced y-component of force, tending to bend it into é %ath

here uniform compression (or rarefaction) occurs on both ceiling and

loor. In Fig. 2.7 therref1ectibh off the narrow end wall, floor dnd'

. & ] )
ceiling, at non-zero angles of incidence, causes "focusing" of the

pressure waves in the Tower rjgﬁt-hand corner of fhe room, giving
maxima in pressu}e levels in this région.

| Figure 2.8 1is actually very similar to Fig. 2.7 except there
are now two ﬁdde lines, i.e. two maxima and a minima, that are sub-
stanfﬁa]]y affecﬁed by the sToped roof. It is interesting that the
maxima along the full height wall in Fig; 2.8 moves from the 1ow¢r ;
left to upper left corner as the slope angle of the‘réof, n,-be&omeg
more than 45°. Figure 2.8 (c) has a Higher eigenvaTueﬁtHan Fig. 2.9
(c) so it could be séid that the diagrém ordering is 1néprrect, b#t it

is of greater interest to show the development of a mode shape.

.

o : {
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CHAPTER 111
COUPLED ELEMENTS

The elements produced thus far have their independent
" applications, but have not yet been intercoup]ed, i.e. a displacement

of the plate must cause a pressure change in the fluid and vice versa.

3.1 The Coupling Matrix

Former work by Warburton [26] and Pretlove [27] approached
coupling by usihg the exact acoustic equation with a normal mode
representation of the“p]ate Zimmerman and Gladwell [28] did a very

;k,‘treatment %§ coup]ed p]ate -acoustic systems, but encountered

d1ff1cd]t1es because they formu]ated the acoustic and plated e]ements

entirely in terms of displacement or force quantities which, if nothing

«e]se; cause conceptualization bfob]ems. Using the pressure acoustic
formulation and the displacement p1ate.f0rmu1stion déscrfbed by Mason
{29, 30] and éhe-coub]ing concept advanced By Craggs [31], the ensuing
formu]at1on is eas11y conceptua11zed and relatively efficient.

To sat1sfy equ111br1um the forces due to the f]exed panel
and the pressure distribution over the su;face area of the plate must
be conserved- Terms whose first, variatfon satisfies the boundary
condition at the interface must be 1nc1uded in the respect1ve |
o funct19nals. This boundary cond1t1on is s1mp1y that the normal veloc-

ity of the fluid must be the same as the tranSyerse velopity of the

plate over the entire plate surface
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where u - M is the normal ve1ocity component of the fluid. By ‘ 51\

differentiating'with\?eé ect to time and using equations (A8) and,

(A11)

grad pqy - E = -p Wp = -p grad b - n 4 (3.1)

where & §s the acoustic denSity and ¢, of course, f% the velocity
potent1a1 Recalling the form of the acoustic funct1ona1 and adding

to it a term whose first var1at1on with respect to ¢ sat1sf1es the

dynamic boundary condition

t :

2
J= [ p [/s/ {grad ¢ - grad ) }
t, 2 v 2

- ﬁfp-wp¢ dSC] dt

S¢

* where SC is the interface surface. This last term can be physically
interpreted as the pressure displacement work, Ba’ at the coupling

interface

B =.—£f,p 0 Wy dSC = +£I p]wpdS . (3.2)
c c

A

It must have a stationary value and sat1sfy the dynam1c boundary con-
“ditions. Th1s<ﬁan easily be seen by following the procedure of

Appendix A§ including the extra term.
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The energy added to (or extracted from) the acoustic element
dn the form of work, must come from (o? go to) the adjacent plate
element. Therefore, the work term must occur in the energy equations

for the plate, but with the ‘opposite sign. Extérna]‘forces, other

than the'acouétic pressure, can act on'the'p1ate elements but they
will be excluded from this study because it is the free vibration pro-
blem thch is of interest.

To form the coupling matrix proper, O, it is now necessary

to recall the approximations for pressure and displacements used in

Chapter I1.
po = (FUx¥) £y} {p,} cos mnz (3.3)
o d
where - .
X* = X/a

y*

for the rectangular acoustic elements

Po =_{g(§',y')}T'{pn} cos nmz ’ (3.4)
H d /}{\‘\‘3
where
x' = (e +b)
(a + b
y'= n
o h

for the triangular acoustic element. Note the coordinate system

indicated here is the TocaliZed system because this will be the system

it
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the plate will be associated with initially.

- (F(g1T tw ) sin knz | -
d

where

*:‘ 0< <
£ ses :
P =

aY

Depend1ng on the e]ement to be coup]ed to thewplatéj;1ement,

one of the two pnessure approx1mat1ons w111 be used. Th%flf
formu]at1on for the rectangu1ar acoustic e]ements w11](be used in the
fo110w1ng excursion because the exper1ments and’ examp]es to follow are

based on this e1ement.

= éf p1wp dS
c

Ba

" For th1s example, assume that the 11ne p1ate e1ement is
coup1ed to edge 1 -3 of Fig. 2.1 (a ) Where y and y* are identically

zero. Also, J* = x* and €= X, respect1ve1y So

1

= o7 LS O F(0)) £FOeNT axx £
0 . |

@ 7 ' d { ) .o i
. [ cos mnz sin knz dz] {w } }
- 0 d d n

where Orecf is thé’integraT'within the square brackets.
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The integrals with respect to x* can be'found in Appendix
B2, while the integrals wffh respect to z are in Appgnd%% B1.

Careful examination of Appendix Bl shows that the integrals
are taken over one-half harmonic interval, Thisja1ters the ortho-
- gonality of the sine - cosine product from the standard fgil‘interva]
form of Fourier [32], whereas the sine - sine and the co;ine - cosine

' o~ : . .
product integrals are unchanged. It is obvious then when n + g is an

even sum of integers, there is no coupling ihtegra] produced by this

[y

method. This would tend to indicate that in the z-direction an odd
order acoustic mode would be driving an even order plate mode or vice
versa. This 15 readily explained in such a Coupiing situatioﬁvbecause
‘for n+ g = even intgger, the net p - v work is zero giving an un-
excitable configuration. .

The 1ntegréls with respect to.x* (y* = 0) were. for coupling
for side 1 - 3 of the rectangqjar element. These integrals will alter
when another edgg of theje]emeht is sad, i.e. y* =1, x* = 0or
x* = 1" but all can be haﬁd]ed by the aforementioned Appendfces.. The
coupling %ormu]ation for a triangular dcouétic_e]ement ié the same;
substitute'(3.4) and’(3.5)‘1n_equatidn (3.2) and multiply out the
entries of matrices for a surface. Because of the randomvorfentayipn
in the x - y plane of any edgé, it is exceedingly difficult to do the
“ensuing Tine integrals. It js %nitia]1y-chdseh that the surface to
be coUp]ed,‘is to—incident with the localized anxis, as shown ih
Fig. B1. The integration caﬁ'then be performed with relative ease as

a form of

-
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1
(@ +b) f x* f(x*)dx m=20,1,72,3
0
X* = x +a
a+b
T Th = integrals can be done by hand (some of which are shown

in)the latter pakté of Appendix B2). The kesu]ting Tocalized coupling

matrix OfRI must be rotated by pre-multiplying by an acoustic rdtatidna1

matrix [ejaﬁand po%t—mu1tip1ying by a plate rotational matrix [e]p

before it can be placed in the overall coupling matrix.

. T
This completes the formulation of fhe coupling matrix.

Including thé'present'discussion, the coupled energy functionals Ja and

Jp, for the overall system can be whiiten from equations in Appendix

A#fé%d Chapter_Zg Section 4.

St - o
g = f{gaf (63T 5] 61 + pa° (31T [P 131 - p_(§)" [0] {wp}}dt
t1 ) VRS "" R . ‘."}P \5 . 2 . ) -
, o | |
J_ = f2 Vg Y M ) + 1w IKD (w)
P .f1 {é‘ p PP P p-
+ 0, ') [0] wyfat

‘ thing that p';igléfif"
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By taking the ftrst variation of both functidha]s (the -
first with respect to ¢ and the seeond With‘reSpect to‘wp) and
equating them to zero, the coupled equations af motion can be arrived
at. To give more'physica1 signif{cance to 6Ja = 0, this functional ‘
variation should be differentiated with respect to ‘time and the\pres— .

sure formulation substituted. Then,

5l
o
—
w -
- ,4
~—

([P1 G5) + [S] (o}, - [0] fi))

It
o

P .
w .
~ T
S

M) i, + K] Wb+ (0] 4p}

These equations of mc.. - are for a’coub1ed p1ate—a90usticfsystemdwitha
no external force {F} :-ting on the p1ate elements. These externa]*
foroes could be inclu -d by s1mp1y p]ac1ng them in noda] form on the :
right hand side of (3.7). {p} and {w} can take. any t1me function des1red
so0 random vibration studies, cou]d easily be undertaken A f1n1te d1f—
:ference approach could be used for stepp1ng through t1me

Since this is a steady state study, this d1scuss1on w111 not be-

pursued.. Equations (3. 6) and (3.7) can be written in a more compact

- T- : E
140 o
(0 S Lo rl) )

where the steady-state time funct1on has been cons1dered to have a fra-"

matrix «form

"
o

o

quency. w. The square brackets around the entries have been dropped for
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convenience. This equation can be used in eigenvalue solutions but
the matrices are unsymmetric, therefore, computation becomes -
tedious even by numerica1'methods. Irons [33] advanced an approach
that makes these matrices symmetric. .By partitioning the matrices
~and performing some ‘Basic matrix operations giving

5 M+ 6510 -o's7p A '

- w , = 0

0P ps7To ps™'e ) [p

The resu]ﬁ is symmetric due to the éymmetry of M, K, P and S. 'This
approath jsfhot‘éxact]yléﬁitable to this situation, as the M, K
matrices are of-the order of one-tenth the size of the S, P matrices.
To do the %nversion of the S matrfx would therefore be exceedingly
time consum;ng,*nof“to mention inaccurate (begause of the small values

of 'the enf?ies.in thé matrix). Instead, the M matrix was inverted

-and Iron's basic procedure was followed giving

s
R4

ko kMgt 210 o)) (w -

oMK s + oM Tl o plilp
which again fé_syﬁhefric'and can be used for the eigenvalue problem
more simply than. its unsymmetric counterpart.

Initial checks weré done on a simple coupled system; a
cubical foom,with one f]exib]e bouhdary (as shown in Fig. 3.1). To ..

simp]ify’§hingsyeven further the flexible boundary was made almost

‘rigid {i.e. pléte eigenvalues are well above acoustic eigenvalues)



so as to deviate only slightly from the-exactzrigid room case. The
‘computed results of fhe rigid boundaried room_and_theAroom with one
slightly f]ekib]e boundary, are shown in Table 3.1, along with the
exact results for a "rigid" room. The acoustic e]ementlis the same
grid for both computed cases. |

There are two noteworthy items 1;:the results. First, when
searchﬁng for an exact zero eigenvalue, the IBM eigenvalue - eigen-
vector routine NROOT sometimes gives a negative result. This is |
‘ unrealistic, for the positive definite problems for which:this numerfcai
‘method is designed. gjThgase negative roots must be considered as a
measure of the num rica]jerror‘in the calculations. Seéond]y, in all
cases, the eigenvdlues are lowered by the introduction of the slightly
flexible wall. Consfdering only thelggoustic equation of motion;'this
would indicate a s]igh{‘jncrease in the potential enefgy (aésociafed

with [P] matrix) with no effective change in the kinetic energy.

= {w} SJ{y}
{w} [PI{y}

where {w} is a principal mode shape.
is
From this po1nt on’ 1t,can be said that there are no further

1 -l

independent plane modes, i.e. (x, O, 0),_(0, Y, 0), (0, 0, z) modes.

This is indicated by the reduction of eiggﬁ%a1ues (square of natural

frequency) for cases in wh1ch the plane wave is para11e1 to the flexi-
& -

“hle boundary It can a]so be shown by inspection of the plate eigen-
_vectors, wh1ch show deflected plate positions for the. above ment1oned

case. The 1ndeoendent p]sye wave notation will still be used 1n

48
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Figure 3.1 TEST.ACOUSTIC MODEL . -

Lade Loy

SR R g i
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: 37n

B v, R
5 W (/,9 *1, i ; 2
. : BEA g
Yo oy >, T e w3
TP, N . = \:;,‘ = S i

et

S 5 ﬁ?
A Tab]e 3.1 RESULTS OF.TEST‘MQDEL.'

. &

Equivé]ent

Eigenvalues

Acoustic Eigenvalues for a Rigid”Room 5 for.
Mode (x,y,z) Exact. Calculated Test M?de]
L . o o N A e ;AT"; Q?‘}

©+(0,0,0)
(0,1,0)
(1,0,0)
(1,1,0)
(0.2.0)
(2,0,0)
(1,2,0)
(2,1,0)
(2,2,0)

0 -] . -.000000 * | -.00141
9.86960 | . 9.872300 |  9.70643
9.86960 9.872320 9.86831
19.73921 19950510 | 19.93450
39.47842 39.529200 38.77500
39.47842 39.529300 | 39.52610
49.34802 49.401200 49.22090
49.34802 49.401300 . | 49.36150
78.95684 79.058300 | 78.72000
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following discussions,‘but only fqr descriptive purposes.

3.2 Sound Transmission Between .Panel Coupled Rooms

The culmination of all foregoing work would be applicable
~in the study of plate-acoustic systems such as genera1‘f1oor areas
(wjth a rigid f]oorband ceiling) enclosed by or-containing flexible
’ floor-to-ceiling panels. This is reasonably broad, and therefore
the simple case of direct sound transmission betﬁeeﬁ fwo rectangular
rooms through a variable width floor-to-ceiling panel was carefully
analyzed and checked. The widths of the rooms were left unchénged
but tﬁe length of one room was altered. An experimental apparatus
was construcfed to approximate the theory. Al1 ”rigid” surfaces
were made of 3/4 inch fir p]ywood capbed on the inside surfaces with
1/8 inch masonite. A 4 inch speaker was attached to the source room,
acoustically exciting the interior of the room through énlorifice.
Precision oscillators, frequency countégé and pressure amp]itudel
monitors were used to measure the standing wave patterns within the

receiving and source rooms. The source room had fixed dimensiorgyof

7- inches x 19 inches x 23‘1/2 inches depth,.whjle the.réCeiving roqm
had simi]ar cross—sectioﬁa] dimensions but of variable debth} "he
components of the appa;atus are shown in Fig. 3.2.(a). Figure 3. 2 (b)
shows the ”dr1ver” For the source room as well as the basic hard wa11
construction of the(roomsi -Figure 3.3 shows the basic 1ayout Qf
VGQuipmeﬁtT ' o ' : | "_ s n%
Detail "A" in Fig. 3.3 shows the mounting. frame for the f]éij-
b1e1p1ate To approx1mate a zero def]ect1on boundary condition, a 1ength

of 1/2 1nch x 1/2 inch a]um1num bar stock was accurate]y mach1ned to
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Figure 3.2 EXPERIMENTAL APPARATUS
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accept all edges of a 1/8 inch aluminum plate to a depth of
1/16 inch. To assure no air Teaks, the bar was carefu]]y fitted
to the r1g1d plywood wall and silicon sealant was used at all con-
nections. Though not shown, the upper and.lower bar stock rails //
were also fitted to the upper and Tower panel with sealant. A
well defined fixed or pihned boundary condition is not feasible by
this construction. It was, therefore, necessary. to give both the
fixed ahd pinned ana]ytica] result.
| Detail "B" is the edge connect1on between the rooms. Firstly,
.the r1g1d interior wall (or aluminum frame, depending on the flexible
pane1 s width) was completely sealed to stop air Teakage from one
enc]osuré to another. The sealant and the saw cut isolated either room
ifrom structure-borne yibrations in the exterior walls of the other
room. This.e1iminated a large-amount of flanking transmissﬁon throuéh
the exterior boundaries which are not -ideally hard. The cord binding,
used to align the rooms and accurate]y seal the boundaries, was suf-
l1c1ent1y Timp to transmit a m1n1mum amount of v1brat1on As wi11rbe
seen in later results, this isolation was 1neffect1ve, in a few cases,
but on the”whole was very sat1sfactory |
On ‘a more gehera1 scale, the entire apparatus . iso]gted
from the laboratory tables by 3 inch foam mats. A1l boundaries “where

‘leaks could occhr were either caulked and g]ueg or temporarily caulked

with silicon sealant. The holes for the pressure probe were sea]ed
with brass plugs when not heing useaﬁd1rect1y in tests
It is of note that the var1ous plates were chosen so that ¢

their fundamenta] modes were between 300 H , and 500 H,, which is well
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within the range of the first few acoustic modes of either %oom,
i.e. the plane starding wave parallel to the plate surface ‘in the
y—direction was 355 Hz'

3.2.1 Theoretical Cinsiderations

To obtain accurate values of pp (plate density) and c
o (ve10c1ty of sound), careful measurements were made in the test 1abor-

atory. They are, respect1ve1y
: 4

= ,003217 s]ug/1n3' (for aluminum)
c = 13,560 in/sec

Other constants were‘acceptedratftﬂ@ir textbook values

©
H

1.376 x 10'5@s1ug/1n3
_ 6 . 2 L .
E=10.3 x 10° 1bf/in~ (for aluminum)

1/3  (for aluminum)

<
1]

":'oa

LT L . >

L for ) ) .
W ' : {’_‘)

These measurements proved to be va]uab]e because the errors

' assoc1ateg w1th pub11shed constants are of the same order as the errors

due to tk e e1ement approx1mat1on
\\% 3.2.2 “;su1ts ' i oo /!
. -::\ : S ’ . 3

The description of results is broken into two parts:
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i) Effect of changing panel area and stiffness.
on unchanged.room volumes.
ii) Effect df_changing Tength of receiving room

on unchanged source room and panel .

Figure 3.4 through Fig. 3.8 are the five 1owést non-zéro

modes‘for identical source and recéivfné rooms. Each of the diagrams

in any given figure shows a différent panel stiffness and surface area.
These panels represent IOO/per cent, 73.7 per’cent and 42.5 per cent L'l
.of=%he coupling wa]],\(ggﬂéctive1y. ‘Because the rooms are syﬁmetric o
R about the panel, the principai mode shapes are symmetric, therefore, L
’/6n1y one half of the mode shape will be<p1otted. The positi&é\ang nega-

tive;signSj?ndicate the relative pressures.and rarefactions at_any\?iven
instant. ;This particular configuration would be equivalent to being.on '
the 1iﬁeg'de51gnated as "B" on Fié.‘3.]3 through Fig..3.15.

-~ These principal mode shapes can be roughly divided into
acoustically and panel dominant types. The acoustica11y dominaﬁt modes
are characterized by mode shapes and natura] frequencies fair]y.c]ose_
té the classical acoustié cases for a hard room. Figure 3.4 15 an
examp]e.of this type of mode. Figure 3.6 shows a pane] ddminant moder
shape which has a natural fFéquenqj'c]ose]y re]atgd to the'“in vacuo"
response for thc panel and a highly disturbed acoé%tica] mode shape.
,Fof each panel. dominant mode there are twolacoust1Ca1 dominants.'

| Further inspection of the mode shapes §howlthat thg'nodal
11nés (zero,pressqre 11ne$) have moVed towards the flexible panel
fbr'the acoustica]]y dominant.modes and away from the pane? for the

panel dominant mod This. can be explained in terms of "mass" and
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"stiffness" effects, as prle&us]y described. . For any g1ven en-

”ciosure the pane] and the .air in the adJacent reom act as a "limp"

(i.e. unst1ffened) Nass on the end of theaenc1osure to give the
g i :

lower acoustica]]y dominant mode. The second acoust1ca]1y‘dom1nant

mode oceurs whep the adJacent room reaches a frequency where it acts

. m

'as 3 st1ffep%r for the "1imp" plate.  Panel dominant modes occur at

frequenc1e£‘where the mass or stiffness effects of the rooms re-

"x‘"

spectively decrease or increase the "in vacuo"- panel freguency.

It is noteworthy that Fig. 3.5 shows the %aradoxica] case -
of sound transmission with no panel motion. Though such a case can
not ex1st with damp1ng present, a natural frequency closely re1ated
to the one for this conf1gurat1on was measured.

I;UF1gure,3.9 through Fig. 3.15 re1ace‘the.effects of changjng
receiving room length on the natural frequencies and principal mode

shapes for“any given pane1 Figure 5 9 through Fig 3.12 Were scaled

LA

'}ycahth respect to the maximum pressure and the individual room lengths

It is to be noted that good agreementMOCCUrSifor all cases except
where there is little or no pane1 motion, i:e. transverse modes and
symmetric acoustical modes. These adverse confiqurations are highly
dependent on damping which is not considered in thfs thes 's. To the

right of the sca]ed pressure diagrams are scaled displacement diagrams

of the p]an view of the coupling panel.

The-principal mode shapes w1th1n the coupled rooms can

basica]ly be‘described in terms of strain energy or frequency; the

.higher the strain energy stored, the higher thegnatural frequency

68

_ to give a basis for comparison of theoretical and experimenta] results.
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to maintain the energy ]eseﬁn~rACOhstica11y, the.]owest strain

energy state is the un1form pressure mode in wh1ch “the room's

overall pressure ra1ses anz towers "en mass" wh11e the second Towest

is a~s1ngle5noded stand]ng wave in the direction of the maximum room
dimension. The panel fis at its lowest potential state when unf]eked,
nhi]e the next higher'state is a set of ha1f-sine‘wayes fh:%he two
planar directions, as‘previous1y des%ribed. When excitfng a coup]ed
“system with any given frequency, the individual components will react
more v1o1ent1y if the exc1t1ng frequency is near one of the: components
natura] frequenc1es. The resulting overall natura],frequency‘w111 3 ’
therefore be a modification of the components"natura1 frequencies

(.c

"The paragraphs that fo]]ow qescr1be each of the Towest five
overa]] natura] frequencies as a function of rece1v1ng room length
starting with a short receiving room. In both the acoustical and
o fTexural sense "mass" effect Towers a component's natural. frequency
wh11e "st1ffness“ effect 1ncreases it. A]so, included is some 1ns1ght
Las to the effect of chang1ng the. panel area and stiffness on the over-
all natura] frequenc1es The'vertical 1ines'"A" "B" and "CJ in
F1g 3.13 through 3. 15 will serve to 1ocate zone po1nts dur1ng dis-
cussion. ' | ‘ 2

For the 1owest'overa11‘naturai frequency near point A, theﬂ
receiving room has an almost zero-frequency uniform pressure which
acts as a mass in tandem with the mass effect of the panel Towering
the component frequency of the source enc]osure :As the configuration

‘moves towards "B" the acoustical st1ffness of the receiving room drops

to equal the st1ffness of the source. room; the wall still acts as a
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. ) . 1
Timp mass, lowering the component frequency of either room. Moving

towards "C" the receiving room develops a 1ongitud1na1 single node
standing wave, while the’source room goes to a uniforn pressure state.
In this region the frequency is cTose to but above tde component
frequency for the receiving room. As the panel frequency increases
and the panel forcing area decreases, the plate st1ffness tends to
raise the acoust1c frequency of the system to the po1nt where the
source room appears to be acoustically hard and the»frequency is that
" classically calculated (a% in Fig. 3715). It is to be noted'that when
the source room is shorter than the receiving room, the stiftness of
,the pane] 1ncreases -the frequency of the tota] conf1gurat1on over that
which would norma11y be calculated for the rece1v1ng room.

The second mode. is extremely dependent on the frequency of -
the coub11ng plate for unsymmetric rooms (points A and C). For the
first two pane] widths the natural frequency is close to the frequency
for an ”1n vacuo” pane] with a s]1ght 1ncrease due to the acoustic

. stiffness of both rooms. When the rooms are symmetric, sound trans-

mission with no wall motﬁon.takes place (totally 1ndependent of the
plate frequency) at the natura1'frequency of the hard boundariéd source
or receiving room. _For other‘cbnfiguratiqnsi'acousticé] mass effectsr
.0f'either room tend to 1qwer the frequency df the. panel. o

Beyond this point the overall n&tural'frequencies and pringi-

fpa] mode shapes become d1sorgan1zed It is best to discuss Fiqr 3.13
- and Fig. 3.14 and then F1g 3.15 separate1y
. ~ The th1rd pr1nc1pa1 mode for the two 1arger panel conf1g-

urations is governed by a single node longitudinal acoustic wave in

oo '
) Iy -



the receiving room in the victnity of "A" and by the fundamental panel

frequency between "B" and "C". The fourth and fifth mode shapes have

71

.. _transverse wave patterns in both source and receiving rooms regardless

of\receiving room length. In the fourth mode the wave patterns at
any po1nt near the coupling" panel of one room. is 180° out-of- phase
with a point immediate]y adjacent“to it in the adjacent room, causing
a net force to be incident on any part1cu1ar sect1on of the pane]
Since the fundamenta] frequency of the p]ate is be1ow the overa]]
natura] frequency, the 1ntercoup1ed plate-acoustic system has a
natural frequency lower than that which would be ca]cu]ated for simi-
larly dimensioned ”hard” rooms. Thg fifth mode has the adJacent wave
-patterns in phase so that the’pane1 has no effect.

y For the more uncoupled conf1gurat1on, F1g 3.15, the second

- and third modes are degenerate 1nvthe reglon of ”A“, The frequency of

the coup1ing panel is sufficient1j-aboye theffreqUency of a transuerse
jacoust1c wave that the prev1ous]y 1ndependent frequenc1es assoc1ated
with the “out of- phase" and "in- phaseT acoustic mode shapes are the '
same. Th1s o d 1nd1cate that the rooms are effect1ve1y hard These
‘mode‘shapes are s1m11ar-to the'fourth and fifth mode chapes: for the
wider pane] conf1gurat1ons In the region between "AY and "B" the
second mode becomes dependent on the. 1ong1tud1na] acoustnc mode 1n
>‘the rece1v1ng room and from "B" to "C" on the fundamenta] longi-
tud1na1 acoust1c mode in the source noom. In the reg1on of "B" the

C.

third and fourth modes are degenerate and remain as such for further

, 1engthen1ng of the rece1v1ng room. The fourth acoust1c mode 1s de-

A'pendent on the "1n vacuo” panel frequehcy near’*A" but becomes bt

. . "o L -
[
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dependent on the fundamental longitudinal acOustic mode of the
rece1v1ng ‘room between “"A" and "B". Beyond th1s, the acoustic and

panel modes become coupled as the fundamenta] frequency of the panel

is arrived at. )
\ .
Cases of "weak" intercoupling produce frequency curves that
are almost discontinuous at.points of curvature. These lines are

i th those‘caicu]ated by “hard“ room-and "in vacuo"

i?

a]most co-incident

pane1.theor1es, Ong noteworthy except1on is the longitudinal standing .
wave ih the recetvxng room. The panel st1ffness has some effect 1in

1ncrea51ng the ]ower frequency results and the mass effects of the

¥

panel dec: eas1ng the h1gher frequenc1es g

In Fig. 3.13 through Fig. 3. 15 the vert1ca1 distance between
the pinned-pinned and pinned—fixed lines for any given mode is an 1nd1—
cation of the mode S dependency on the pane1 E boundary cond1t1ons
This exemp11f1ed 1tse1f when measurements were made on the exper1ment
apparatus. - Resonances assoc1ated with narrow distances between pinned-
pfnned and pinned—fixed boundary conditions were pronounced over a |
small band width uhereas resonances assoc1ated w1th wider d1stances~
vbetween the‘boundary conditions had a much w1der-25k1rt". An adverse

A

.effect'of the different “skirt“ widths was the disappearance of
\-s, .

¢

certa1n 1ess prom1nant resonances, Aiso, a shift occurred in the peaks
‘of two c]ose]y adJacent resonances because of the phase p1ane add1t1on
of the respect1ve skirt zones. Examples of this can be seen ino
F1g 3. 13 and Fig. 3. 14 marked with "*".

.In'th. 3.13, , 'V denotes a resonance s1tuat1on of the uﬁ@ér

rigid® panel of the receiving room and the coupling wall. It is given
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because it appears as a resonance peak for the given configuration

but is not sufficiently large in any of the other configuratiohs.

>

e

3.3 Sound Transmissjon Between Orifice Coupled Rooms

~ Some interest was shown byAHérris anégFeshbaék [34] in

the coup]ihg of th }ooms by a.window. Considering the similarity in
rooms studied, a slight diversion was taken to show the natural fre-
queacies for a room with-orifice coupling in a pang] that represents
43.7 per cei.. of the coup]ing wal].;»A'seconqiset éf frequencies were -
calculated for an orifice coup]ing‘which‘represen£éq 4.25 per cent of
the coupiing wall. These are shown in Fig. 3.16 éﬁg;Fjg.'3.17, re-
spectively. o

‘For the 1argeﬁcoup11ng window there is no extensive change of
modal patterns from any éjven é]assical principal mode'shape due to
the excellent acoustic fiow between.the rooms.. The constriction causes
‘1oga1 pressure buf]d—up in the‘corners adjacent to the coupling wall in
1ongitudiné1 modes (shown ih Fié. 3.18),'which'is common for'bothrwidths
- of constrittﬁon: The narrow window is effectively a 11nensource of
sound in the shorter'room, whether it be the gburce or

ot

(shown in Fig. 3.18 (b)). o | \

.....

. : Y
From Fig. 3.16 it is reasonably easy to see that the coupling

' window has very Jitt]e.effect'on the principal frequency. The'ndtUra1
'\frequehcies for a simi]ar‘room With no window are superimposed with a

k)

9g$méd. ‘The‘d@viation is. due-to the slight’ increase

E.ithe flow pagses through the common boundary. It.

‘the cdmputétional error. is sma]];"as?ianéated by
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the agreement of slope and on]y slight reversal of lines for ‘the
, (3, 0, 0) mode.

For the narrow passage, the natura1'frequenciesfand'mode
shapes vary considerab1y from}cTassica] geometrically based calcu-
lations. Again, the frequeneie$~for the lowest mode are close to {)
those for the (1, O, O) mode for a similarly dimensiened room with no
coupling wall. Larger dev1atrons occur due to greater. k1net1c energy
through the orifice (much s1m11ar to two coup]ed Helmholtz resonators)

v For higher modes, there are 1nd1cat1ons of 1ndependence Gn
room character1st1cs due to a sma11er coup11ng surface ‘Modes'three e
and four are both transverse wave patterns with the wave ”1n phase" p;?
and "out- of phaie”3 -respectively, much s1m11ar to ‘the panel- coup1ed —
rooms.. .The greater frequency assoc1ated with mode four 1s due to a
‘slight pressure gradient that has 1ts peak at the or1f1ce and dec11ne§
towards the end wa135

Modes twd and six also disptay th1s part1a11y uncoupled

"characteristic. When the receiving room is short the receiving room

has a transverse wave pattern, while the source room has ai¥ong1tudina1
standing wave. As the receiving room lengthens, the'transverse wave

1n the receiving room is gradually repTacedvby a 1ongitud1na1‘wave in
mode two. For mode six the transverse wave does not disperse.but a
1ongitudina1:wa@e’deve1ops 5n the reCeiving room: o

Mode five has a longitudinal wave pattern mnch similar te'the .

;(3,‘0, 0) mbde.ofvthe equiva]ent]y:dinensioned'ungoup1ed;configUration.
.As in mode one, the frequencies are lower because of the Helmholtz

-..resonator effect’.




4.1 ,Discussion

CHAPTER IV
© DISCUSSTON, AND RESULTS

. n

There are several 1nterest1ng effects wh1ch occur when :'

‘)

“'the natura] frequenc1es of - the coup11ng p1ate éne w1thin the range

of the natura] acoust1c frequencies . i._.‘ o '_-*}M4r’- e

“[f),

o

‘ 5fduenc1es'neakfthosejc]assicaTTy Caicuiated'

",changes 1n p]ate mode shapes are not apprec1ab1e. .' u/z

nconsiderab1e deformat1on 1n acoust1ca1 mode

fﬂshapes . ?

Pressure 1eve1s 1n the rece1v1ng room can

=be_h1gher than those tn.the;sourte room.;«

AcousticaT]yfdominant-modes‘occurvat fne#_f R

'“_lwitht0n1y4s1tght detormation otnthe:aCOustic. 4:f g,gQ
fdmode shapes In th1s s1tuat1on the exc1t1nd“
..frequency 1s suff1c1ent1y removed from the

'natura1 frequenc1es of the pane1 so that the

“pane] acts as a ”pass1ve” spr1ng (st1ffness)'..<

or. “11mp“ mass on.an acoust1ca1 system |

:‘P1ate dom1nant modes have natura] frequencies

he that vary as’ much as 8 per cent from the :

1n vacuo” c1ass1ca1 pane] frequenc1es, though

7

“The’ mass and st1ffne55\effects of the adJacent
‘7f,ac0ust1ca1 systems have cons1derab1e effect on-

't'the overa]] frequency, but subsequent]y suffer ,

[ — —
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-acoust1c e]ement, a circular p]ate e]ement and a cy11ndr1ca

79
In the orifice coupled enclosures the effect‘of the

aperture is not s1gn1f1cant until the open1ng is less than 10 per cent

of the commonjwa11 area. In this range the He]mho]tz resonator effect o

causes the'natura1 frequency to drop consxderab1y, while the rooms
become acousttca11y uncoupled to somewextent. As the opening becomes
sma11er the stra1ght 1sobars of- a c]ass1ca1 hard b0undar1ed room pe-
come:. d1storted into curves because the orifice becomes a stronger‘“11ne
source radiating into the room that is the least acoust1ca11y exicted.
For both types of coupling, the 1nsert1on of an 1ntermed1ate,
surface, be it a hard boundary with an air slit in it or. a coup11ng
pane] causes pressure build ups at these surfaces Th1s is due to

the increase in potéht1a1 energy and the decrease of k1net1c energy

because of reduced transverse velocities at. a wa11

‘The principal mode shapes produced give an 1ns1ght of the

f;facoust1c 1sobars and the deflected form of the panel for a given resonant

Lona

" condition. With the mathemat1ca1 character1st1cs of linear comb1nat1on,

) visua1izat1pn as well as,ca]cu1at1on of compos1te‘sound,f1e1ds is readily

poss1b1e

4.2 Future Research

There are some other poss1b1e extens1ons of the Kantorovuch ‘

approach in p]ate acoust1c systems One wou1d.be to study the random

~—

“,dynam1c response of the aforement1oned rooms and structure Another

wou]d be to change coord1nate systems By developing a cy@gndr1ca1

ﬁshe]]
3

ReRif
R

- element (with the @ d1rect1on be1ng used for Four1er approxrmat1on) o

1 .



and thébrequired codp]ing matrices, the dynamic or resonant response
of submerged closed cylindrical sections could be studied. The form

of the approxjmating functions would be

" F (r,z) (A cos no+B sinn o)

~which would lend easily to the approximation of thé/gg;;;;/;;nCtions

_ -
used in the solution of classical equations. Notably there would have
to be care taken to circumvent the singularity that would occur at the

origin (r = 0) of the element configuration.

4.3 Results

The finite elements produced nge a good apbroximation of
the principé]’mode.shapés and natural frequencies for a coupled plate- .
acoustic system with two parallel surfaces and perpendicular sides. |
The agreement is best when the configuration is least dependent on
internal hysteretic and viscous damping. Convergence of the approxi-
maté,meéu]ts to the exact solution is at a rate of 1/ne4 or ]/ne5 for
. all cases studied. The use of Kantorovich's appkoximation and Irdn's
symmetricizationS;%KEKMre produced a significant’saving in computing
time and storage A | 3.

Such an approach is suff1c1ent1y genera] to al]ow study of
many acoust1c paneT configurations w1th little a]terat1on to t%e maJor ’
: pQrt1ons of the»comput1ng program. If the ptoggam is to be Jsed for
. various prob]ems of‘varyihg geometry, the fiﬁiﬁe element approach is
much more attractive than other ana]yfica] methbds (i.g. finite |

d}?fékence)n

&
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: ’ usv,w = displacements in the X,Y;Z
d1rect1ons respect1ve1y
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APPENDIX A

o . ACOUSTIC FORMULATION

“.1 Equations of Mqtioh for Acoustics

. A derivation of the equations is given by H. Lamb [8],
) _ i -
- therefore what 1S'presented here will only represent a condensation

of the above author s work ' @
: Cons1der1ng the element as shown in Fig. A1 (withsthe
1nc1uded notation) and def1n1ng the d11aé%t1on A as the ratio of the

y
spec1f1c_vo1um?>gncrement to the or1g1na] spec1f1c volume, we get

¢t

_ \
, | 1 5
] | .f ’A = (v - VO) F VO: g o //
X . ' o - : // .
Vo= Vg (1 + 4) ' el (AY) .
\ ,
. , ‘ ) : Q -
Similarly, condensation s can be derined for densities - . -
' v v | 3{@;
“s=(p-pg)l 7/ py
L) - . '
p=py (1 +5s) : (A2)

The density is the inverse of the-specific vd]ume,»thereﬁorel
SRR U N o
Considering only small di]&tations and .condensations, it can be
éhown that
A = =S - ‘ : (A3)
Looking mqke_cioseTy at the dilatation, it is defined by

Al
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(dx + du) (dy + dv) (dz + dw) - dxdydz

dxdydz
, »
-
NegTecting»secbnd order terms,.it becomes . '
A =-div u (A4)

where,
Ag_i Gﬁiv,w) andg _ div = §

- Y '
-—‘ri N Vo .

, P : 0N
Poisson and LapTace consider the thermodynamics of Sound to be almost

>

adiabafic, which’ag}eed well with experimentsl Therefore, from,(AZ)

- ~.

Yo | Y
L 7=‘ (L) = (] + S) v
P00 VP |

. where’yfis the ratio of the specific heats. Agaih, assuming a small

~ dilatation : : : ' (,//
- p=pg (1 + ys) (A5)
Byztaking,a force balance in;éach of.~the prinéibéi dinec@ions, we

—

T -
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- p,62v - ,QQ_ (A6)
, stz Sy~
" \
-p 62w-'_‘ Sp
stZ T 8z

“with the minus s1gn 1nd1cat1ng the direction of acce]erat1on

"

re]at1ve to the pressure gradient. Equation (A6) can be‘wr1tten

1n'more efficient hotation as ’

2 : : ,
- S : : : :
It is: worthwh1]e to nofe that the Ve]OCTt]Em‘?d tne d1fferent
Tcoord1nate d1rect1ons w1th1n the acoust1c e]eme/;/t"hebe d1rect1y re—

lated to the condensat1on s by

D t b 4
su_ Pol s s %sat ~ :
§t p. 6 e
A .
/ Sv = -POY\ / 2 s dt

]

hi
>
[u
°|
o|or
<l
)
8
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In acéustics the excess pressure (p - pg)s is used rather
than the overall pnessuré"p. Réarrangiﬁg (AS) to get the excess i
pressure p,, and making subsfitutions from (A3) and (A4) o o ﬁ

N

. p] = _pOY d'lV y_ s . lt. (A8)

The excess pressure can be directly substituted into

’

(A6) and upon combination with (A7)

T~

- div (grad py) - p_ o =0 ‘ ’/)
. -0 Yp . .

. O
~

The'divergence of the gradient_of a scalar is. the
. _ a {

Laplacian opé—rator'v2



Volume * .

i
1

ar i,
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t

andfxgo is the square of the wave vetocity, whiph from SwaSﬁ:;: q
. P T - ’ S NG

the've1oc1ty of sound

v ; : . '32#?
. }\ . - AS
. a . .
. 2 _ ‘ 1 a
N C - XRO : i
N R i
N A B & R
B ~— | Sl AT
A.2 "Energy Equations for Acoustigs Loy

written as T e, Co Vo

3 4™

T

T=1p I/ 6u-édudv «
2, Vst st

[

=
<%

‘L

~The potential energy U can be found by 1ntegrat1ng the shaded area inT
Fig. A2 over the who]e volume' V o
U= J1s pgly=vy) - l_(p0 - p) (v-vq)} dv
v Voo 2 VA
0 0
Since the average vo]ume;change/over“thngho1e is zero, the first term

disappears and by using (A1), (A3); 8). and (A]d), it can be written

that T

nergy equat1ons Craggsv[15] studied the tran-~
ed. the

[

L 2

i 9T



,‘J
=

S ,

N _: ._)

sient response and, theré%ore, his formu1atidn\had_to pe more
genéra] but is, 1in some.fespects, easief to\fo1low and wi]] be used
fdr Lue,time being. | ‘ | |
A{ve]otity potential ¢.must be defjned
5= -c® Ssdt+ g

v/

—

where ¢0:is the value of the integral at time,. ty.

C

It can be derived from the prev1ous equat1ons w1thout much

d1ff1cu1ty that o " )
. Sy = grad ¢
t
divu =1 &¢
cl 5t
! p'l—"pé_(b
5 (A11)

"’NotE‘that from ‘here on"a’superscrfptv”h” indicates differentiation

3; p‘ w1th respect to t1me . The value of the potential lies in its ability

f

to deflne the tota] charac%gf\of a vector quant1ty u by a scalar,

i'a'“a1xho‘gh at a 1oss in phys1ca1 interpretation.

It 1s’now worthwh11e to show that the first var1at1on of

1ntegra] of the Lagrangian, J, actually gives the correct

".7 o

vf equat1on- Mak1ng,subst1tut10ns from (A11) in the energy equation,

.‘!'? Lo fl '/.‘J. B
SRS
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Integrating the second term by parts with respect to time,

and knowing liail S
"2 ;
= (T - V) dt a
2 ' | 2
rod- . gred - grad o dV -1 p SIS ¢ dV} dt
! ,
L. J
Lc-ting 1 veteoonsd.
T ) : ' . .
&8J - f ¢ 7 grad ¢ - grad 8¢ dV -~ 1 SSS é dé»dV} dt
t c2

S t, t
o T se |- T
ce t] t]

2 . ‘
¢ 6¢ dt} dv

Applying Greene's theorem, the first term of &J can be written as

. -~
t, , _ o
S p (£S5 VP 66 dV + S 60 grad ¢ - dS} dt
t . . ’ . t
1

Where Sfis the surface of the volume of interest. But §¢ is zero at

7 t1 and té, therefore

b | -
2 | . | o
;e s (1 0-v20) 66 dV -  °f S¢.grad ¢ - 8} dt

84
t

Since'GJ

0 and 8¢ ixarbitrary bétween t] and t2, the integrands
. _ | . |

s

must be-zero.
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cZ

grad ¢ « &S = OAon.S ' (A12)

These,equations can be derived from'(AT])uand represent
respect1ve1y, the wave equat1on and the natural boundary cond1t1on
‘It is only right that the “ve]oc1ty po@ent1a1“ obey the wave equat1on
~ as does the pressure p in (A9). The natural boundary condition can be ﬁt;
trans]ated either as the normal pressure grad1ent or the normal ve1oc1ty

Lo

being zero at a rigid boundary

A.4 Matr%x’Formu]ation of the Functional .

Let the velocity potential within an element be& written

T (1)), - (A13)

o, = {F(x)}

. .

where {F{x )}(;;ﬂa co]umn vector (of some 1ength)"of functions of x,

the coord1nates used to def1ne the geometry, such that {¢ (t )}é

a column vector of the same 1ength) is-the value of ¢ which varies w1th

(a]so

"time at points called nodes. The. right- hand side of (A13),may be
~differentiated and used in the desired equatidns"tontaining ée’ but it

should be realized that the equations are now ‘approximate. Therefore,

= {grad‘F}T {¢n}e
i o

and

o



e term with respect to t1me g1ves

95

/
neglecting thé\var1ab1es in round brackets The energy equations
~for an o]ement can now be written ’ ) ‘
2 T - T oo
. T, =0 {6 Y 1 /57 {grad-F} - {grad F} dV {¢ }
5 n'e - n'e
: 2 . T T .
U.=p" {¢_} 1 fr57 {F} {F} dV {¢_1
e > n_ e D_CZ ¥ . n ev (A]4)
. 7*,.\;

N
The products within the 1ntegra1 signs are now matr1ces,

b1

-' ~ 2 . ~(T' _.. .
T = 07 (6,15 IS, (o).

. _ - T :  ._ - ;
/j : Ue - % {(bn}e [Pe] {¢n}e . ‘} \(A]S) ,

rd

)

The square of tre acoustic dens1ty p is kept aside for cons1stency of N
units in tater work where [S 1, [P ] are. the’é]ementa1 acoust1dh] - ~
‘1 stiffness and pressure matrices. These matr1ces,can easily be defined "

by compatison of {A14) and (A15). .
g | Substituting these equations.in the functional \ ‘
—— 2 . ‘
_ ',/é Sor T A o aT s
J._ %1 t‘f ,[{¢n}e [Sel {¢n}e i{¢n}e [Pe]<{¢n}e] at
1 - . :

Tak1ng the flrst var1at1on of this equat1on and 1ntegrat1ng the second/} 7/

¥

.

]
o . .
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- \'?‘\“

7

[
t

' t) 2 L .
[Pe]>{¢n}e] dt=0

. nl’ ] '. T
[Pe] {¢nje R {6¢n}é I:[Se] {(b'n}e‘+
SRS B o

6 é_-{6¢n}£
This can be. S

The first term is zero because ¢&¢ s zero at t, and t,

seen from the pbtentia]:energy'equation in (A14)y knowing that
. : v : ‘:; | N oo
A - T _ . o .
,_SQM— {F(§)} (8¢ 1, at t; = 0 and ;Q =.0
\ . . Y o : R :.f/
Since 89 is also'arbitraryvbetween t] and t2 s vf,éfﬁ’ . ;; _
’ ! ~ ) N g )
> A!S "/ ‘.'. - ' ’., ’ ”",7
! [Ség {¢h}e + [Pé] {¢n}e ' (A16)
S ® .
. . \ y .
The ve]oglfy potent1a] lacks phys1ca1 s1gn1f1cance ) rather yﬁan us1ng
|
the nod%] vector {¢ }, (A16) ‘can be d1fferent1pted w1th respect to t1me ,
’ and rewritten ifi terms of the e]ement noda]QEXcess pressures {p } by R
A — . ) < v e
us1ng (A]])_u/ .2 ,"? o ' f ' T
L Yy » L . . R . o
. R [Sel {pyle f [Pl {pyle = 0 o ef(AQZ? -
. , B ‘ e L .
This Tast formula will beﬁusgd in the finite e]?meﬁ%!aﬁa1ys1s.
'.' A . ) . o N . N - h; . y
of acoustic enclosures witl rigid boundaries >: L B s
| A
. / K oy )
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-7 APPENDIX .
‘ MATHEMATLCAL TABULATIONS_AND OPI}RA'HONS o
Y c . . o i . X _-»1"
2 i c ' R TG ‘ P

N B.i Four1er Approx1mat1on and IntegraTs Over One- Ha]f Pe{WOd '
' Let h(z) be- a furction that sat1sf1es the ane ¢QUat1on

and boundary cond1t10ns thau 6h = B\et z=0 and’i 1f lt is:

' p1ecew1se cont1nbous and f1n1te w1thfh\the 1nterva1 then , '
: LN . ~ d .
4ﬁh(?) = f e' cos-nﬁz, ““aw ,{
: cp=0 " T4 r
3 ks PR 6 R . Ve f‘Y .
. d N . .
v ) . ‘o N
where 5 _ L i /.
' g ; *d RV - (
" ' eg =1 J h(z) dz _
; e ‘.‘ a a--.ol l_*" B ) ‘ o N
R ;A"f : * : . B ' L
B ‘ o ;‘en =2 J h(z) cos nnz foryp £.0 ’
(. . a0 d . . o
1] ( . ‘ . - %\7
o ~ The fo1lpwing'iﬁtegraTs will bé:hsefu1 in futurg ana]ysi§ '
: N L I A N .
- d .- . ) . P :
L N J sin gnz sin¥inz dz=0 . gq=n=0
S S S DO T
o ;el o I a
TR DRV =0 q#n
| ‘ )
\ = g ) q=.n ;‘ 0
Lo 2 A A
> R : .
d . ' - N . 3
- S cos-qnz cos nnz dz =.d q = n'="0
0 d . d - o
‘ L o * " . ‘:_"~
= ’ " .
> ,=0 q #n ; NN ;,,/-
- =d ' @4=n#0 .
97 Yo
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S sin gz
d

o

0 d

.

B.2 Hermitian Interpolation Pp1yn6mia12.

i) Polynomials: Q <'e <t

—
—t
—_—
4]
i~
I

2) =3

25 N f2 (e) =-e'-‘2e ’+fé

f3 (e) = 3e2 - 2e3
A
fa (e) = e - e’
-
i1) Characteristics:
” f f2
floy
T 0
~\\\.;
f(1) ;. 0 0 '
df(0) 0 1
e . .
df (1) '
A .0 0

.

1 - 3% 4 283

cos nnz dz = 0 for all q,n;"

RS
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- . ¢ 3 ‘\
'ii1) Integrals: - ( ?@
. | . T | i
. P - - | ,
N o | Of f.(e) fJ(e) de‘
. . &\
f fa f3 fy
. ’ &i
N fy 13/35 ( 11/210 9/70 -13/420
N . s ,
- f, S 1/105 13/420 - 1/140
.1 ‘ |
"\ fy Symmetric 13/35 -11/210
)4 | o ~ 17105
1
Jf.'(e) '(e) de
- lO [ B
- £ £, ! | fy'
o 1.2 0.1 1.2 0.1 -
’ L o .
L fyt ©4/30 | oﬂ/ | -1/30°
f3' | Symmetric o 12 -0.1
) | o . 4/30
} |
- 1
i) fi (e) fj (e) de
0
f]ll ‘..f2|l .f.‘.3ll f4l|
. e 12. 6. S120 6.
" . 4. - 6. 2.
fy" /7 Symmetric oo 12. ,; . -6.
'f4“ : 4
Y

-Note: f'(e) is the der1vat1ve of the function f- w1th respect to the
: quantity in brackets



~
. 1.2
] f) -U.1
“~1 o 1.2
f, -0.1

B.3 Triangular Integral

1

S fi(e) fj“(e) de

0

.f.‘2ll .f'3|l .F4|l

-1.1 1.2 -0.1

-4/30 0.1 1/30
: < )

0.1 -1.2 1.1

1/30 0.1 . -4/30

Figure BI
(-b,O)_
Section I:
Section II:
1
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o= ™ nima)™ K2 |
-\b (m+2+n)T N -b

I}

. ) O )
- E_n+1 ! r xm (x + b)n+1
b (HITE! -5 _
: _ n+1
u= (x + b)

du = (n+1) (x + b)n

V= X
m+ 1
dv = xm
‘ 0 n+l
(x + b)n+1 Xm+1 AN
m o+ 1 -b b -b

0

(1) IR (e e
(m+2+n)1 - <B>
(-1)" min! pMT N
' (m+2+n)!

N
_ m!n‘ (_b)m+1 n+1

i
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e

IT =

a- :
n+1 1 fw’xm (a )n+1 dx
a (nt1) 0 '
u=(a - X)n+1
du = - (h+1) (a-x)"
v = xm+1
om o+
dv = X"
‘@ a
Fo | + s gn xmﬂ'éa - x)" dx
(m+T1) 0 0-\a m+
after n integrations
_ a ‘
M iy g ™ gy
(mtn+T)! 0
' m+n+2

e
3 .g(a—x) L
S s xmwy dydx
0.0 : )
c
3 " 5—(a—x)
A rx oy dx |
ntl - 0 0

n+],m!n'
al T2t
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o ini .m+l n+t
= mln! a c

Total integral over area of triangle

S '
g XM yn dydx = min! ) Ml (am+] - (—b)m+])

(m+n+2) T . _ o

B.4 Acoustic Rotational Matrix'

Since %he-e1emen% 15 orientated so as torsimpjify the surface .-
integral, it must-be’rotated to-a ﬁosition\wheré tﬁg nodal characteristics
are compaﬁjb]e‘with adjacent elements.’ The ‘symmetry of the [P] and [S]
hatricés can be retained if thevinvariancé of’the'ehergy equqtibns are

_used. The rotation to a new-system (x'; y'):from the old system 0

(x5 y) is a simple one:

'p.remains unchanged

8p = 6p 8x + dp &y
6x'  8x 6x' Sy 8x'

. 8p = 38p &x + &p Sy
N sy’ Sx Sy Sy 8y'
i
6x = cos ©
&x' ~ .
8x =-sin B

gy»
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§X_ = sin 0
Sy L
“
8y = cos © ‘
Sy
Thus, for any given nodal point ’ o
[ ] 1 0 0 ] [ b
§p = 0 cos 0 sin © 'QB.
¢ 8x'p _ ‘ : S 8X ¢
sp n 0 -sin © cos, 8 o Sp
k(S}/J . 8 - . _ | ' kayi .
To rotate the.total pressure vector for the triangular ‘ §§\

element, three such rotational matrices must be placed down the

. . - .. . b -
diagonal of a large matrix, [0], whose remaining entries are zero

'l
also [p]

re1" (]

[0]T-[p']%ggancbe easily proven
A ) ,‘;,‘ 'A . kS .

1l

<’

T



ke s
g

[A] =

i
S g

a2 O 0
2a 0 0
0 a 0
b2 0 | Ll

2b . 0 0

0 _.b ~0
0 0 c
0 o 0
0 0 2c

~

Letu=a'+l?f-c

3¢
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APPENDIX C
METRIX FORMULATIONS

C.} Decreasing the Order of a Matrix

The’so1ution to the eiqeﬁva]ue problem for a single trianqular
acoustic¢ element g1ves ten eigenvectors {n} , of which {n}1Qb1s of the
1east interest for this ana]ys1s (because of its high eigenvalue). These
eigenvectors are orthogonal through the [Se] or [Pe] matrices of the

_equation
(s, -e? P o} =0 N

* This would mean

([

.
nts [s.] {n}j

constant i = j

=0 i# »—~»_‘\\\\y¥

constant i = j

1]

T

=0 i#j I

1]

where i,5 = 1, « « + 10

The orthoqona11ty of ‘the e1genvectors aliows any pressure

{pg} within the element to be defined by

g~ S
- fpe} = mzi a_ {n}

m

By addfng’the constraint that the tenth eigenvector does -

107
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‘not contribute to the pressure distribution, a new ﬁféssure.vector

{pe*} is arrived at such that \

(Pt (4] g =0 ” (c1)
~
where [A] rep]aces the [S ] or [P ]

By part1t1on1ng the vectors and matr1x as follows

.P]* ] -rl-| T '
- . : pz*' : nz
BOUEN RN RO R
Pg* Ng 374
P10”] 1Mo}
; R L DI T P
e e
) 1
A1 1 P

wherevAZ], A]é are vectors and A22 is a sca]ar

Let {p *} ‘be a vector of the upper . nine elements of {p *} and

{nc}10 be the upper portion of {n}]o. Then (C1) Lan‘be wr1tten_as
T
{p } [A]]] {n }]0 + {p *} [A]zl {n]o

s T T : _
gt [yy] Iyt By Bagpd iyl = 0



/’ Therefore

A

“

: e

L

T +T
wheré ll

A = FEA]1] o t [Ay5] {nyp}]

Again;'using orthogonality -

{pe*}T [A*] {pe*} = constant

- can be partitioned

& | T e
(el Thyp*] ¥, {Pé?I [Ay2*11dpy )

.+ {pye*} [AZ]*] {pé}c*+ {py*) [A,,*] {p]o*}i='constant

A

Substituting from (C2)

. *}

e e [[A11*14+ (A% 1A' /8

+'[AC'] fAz]*]/ B 3

+ 1A [ay*1 1A /8% | e,

“where [A*] can also be either of the elemental matrices. The matrix .



| / : _ o - 1o
kl$ is]now seen that the vectorl{p'} can be looked on as a condensed
/\ ( pressure vector wh11e the resu]t in outer square brackets is a‘oon-
densed ACoUsS”, xC Stiffness or mass matrix depend1ng on the def1n1t1on

of [A*]T , ) - | 3

i

C.2 Agp]y1ng Boundary Cond1£1ons

The overall matr1ces when initially assemb]ed ‘have no
] '
boundary cond1t1ons Tre system must be “t}ed down" before the eigen- \i)
va]ue prob1em can, be performed because thé unconstra1ned matrices- are

singular.

d

P

‘ Severa1 of the noda1 characterh,t1cs are related to- other
_"noda] character1st1cs, i.e. _E.‘ - ctn n 8p, or are zero. The 1atter
_ character1st1cs can be hand]gg by s1mp]y gngV1ng the rows and columns ”
wh1ch they- f%he zero‘Pharacter1st1cs) mu1t1p1y w1th because they
supply noth1ng to the energy of the system. The zero character1st1cs
are then deleted from the overall‘nodal character1st1c vector {p 15
Teaving. a “shrunken” energy matrix and noda] characterlst1c vector.
‘Th? other def1ned nocal characteristic {p*} can be separated from the
undefined ones {p } by. simply sh1ft1ng rows and co]umns of the overall
6/,Amatmces SO that the calculctions rema1n the same, i.e. -
}T,[B‘] e} = P, T',[B] bq = éonstant‘i ;

- ‘ _. . ’ ' 3 p* ) )\\ p*
L

where the ]eft hand side s the or1g1na1 noda1 character1st1c vector

and or1g1na1 matrix and the r1ght hand s1de is the re- arranged @orm



W

A-relationship exists between {p*} and {pu}i

u/ - {pf} = [R] tpy?}

r ) . 3 B
/;§ partitioning the matrix simi]ar]y to the way shown in

Appendix C.1, a new overall energy matrix [B*] can be found in terms
s
of the unknown noda] characters ~

5 - (3 0l [B/(ZT/ﬁ/ RI" (8,1
. .' +Uu,«££221 [R] S

. . 5 G . v-
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ABSTRACT

T

The life history of Entomoscelfdis amcﬂicﬂﬁg.Brown was follow-
ed for the 2 yearé 6f Ehé éthy, 1971 énd 1972. Distribution in
Iqrth America includes the 4‘western Canadian provinces, Xﬁkon
Terristory, Alaska, Washington, Idaho, Nontaﬁa, Wyomihg, éolorado,

North Dakota, Wisconsin, and Minnesota. The range'of E. amenicana

o

is limited by mean daily July temperatures in excess of 700 T and -
~below 55° F, and by annual precipitation in excess of 32 .inches.
Mo evidence of a lower linmit of precipitation was found. 'Diapéusq

- . - \\ //
was terminated in 'the laboratory by“cold treatment. The larvae and

ﬁéwly;emerged adults %%e photo-positive. SAgstivatingAagfiﬁ%fakgv.

. photo-negative'and show‘thigmékinesis.in éqnjuééioﬁ'with ﬁpi;t.éﬁﬁ—'
strate. 'FollowinghaestiQatién,'the.édulgs.are again photo;posiéive.'
Disperéal'occérs‘in-Augusé, following which, males respond%to.femélq
odoufé. E. amesdcana is oligophagous and'restrictgd to the Cqui—
ferzae. Fooa plant finding by‘the~lérmae is\lafgely by trial and
error, aithbugh food plént odours aét aS'érreggants at élose range
and non—foéd blént'oaours can act as repellents. Adults respond‘to

‘ i ' 9

\}food plant odours:during awuagust dispersal. Food plant acceptance
visbdétermined by at Teast 2 piant ci.=rm’ als'in thé Crﬁcifereae: an

aldehyde stimulates larval feeding and sYhergises with a compound

that Hgs phendlic prdperties to stimulate adult feeding.

»
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The:réd'turnip Beetle, Eniomoéetﬁib.aménicana Brown was

< - ob
-first collected in Canada in 1875 during Sir John Franklln s,second
B : Vv N . N ~

northern land expedition, and untll l94l was . considered identical to

N

,the 'Eurasian species,,EnfomOéceEXA agonLdLA Pallas The Vorth
»
’American species Wwas re —described as 5/ amenlcaﬂa 1n 1941 By Brownf?
b o \r

p L f ’/’g_v»‘ . . . 5 ot
(1942)» G‘) f . “ . / H e S - . T

S " Both larval and adult stages of E ame&&cana aré ollgo—
', . '\
phagous and restriéled to cruc1ferous plants. The adulto were first
¥

reported attacklng cultivated;@lants at Regina in 1885, and min@r, 4

outbréaks occurred on ‘the Canadlan prairles in 1918 1921 and

-~
2

- l936. The red turnip beetlecls a sporadic pest of cruciferous

2, 4
<

garden crops.in the 1nterior,of Alaska, and along»the-Mackenzie* =

Riveg valley in the North. West Terr%Epries, CEE
’ Burihg the past 30 years, L. .amerdicana received little at-

. . . » ¥ 5 - —~ ' i . ‘ > 1‘ S, " .
tention;in Canada sifice' it is not a pest-of ‘the cereal and forage

. . - ; ! ¢
N .

. A . . . o
crops-that have béen prominent in.western Canadian agriculture. It
. N X
has been largely 1gnored by American workers as- 1ts range in agri—

" A FURN

cultural areas is chiefly'restricted to the Canadian NorthrUest. ;

o kX

The preference of‘E ameh&cana for cruc1ferous plants causes. o

1 o> . ] . .
it to be an 1nterm1ttent but often severe pest of ‘the increasing
K K 4 #
. .

rape acreage (Bnaéblca campeét&&b L.)uin Western Canada. Although

the beetle completes its, larval stages before mostggape crops are l
sown, thefadults emerge when thesercrops are in the seedling stage}

and it is at‘thisgtime,,especiallyﬁin;the'parkland areas“of.the‘

7
T



! ‘ ' . 2

prairies provinces, ‘that the red turnip beetle is often a severe agri-

cultural pest.

The object of this study is twofold: firstly, to provide
, N o .

a comprehensive desériptioq of the sﬁages; life cycle and habits of

e

E. americana, and secondly, to investigaﬁe the mechanism of food
plant selection.
Field studies were conducted in the St./Albgr{_area of
. : - '

Alberta_during4the growiﬁ@'seasons of 1971 and 1972. Experimental '
T : ‘ L :

.work pertaining to food plant selection, taxes 4nd kineses, embryo-—
) . ) é._;_/‘\ .
logical development, and the development of rearing techniques were

carried out in the labofatories_ofvthe Department of Entomology,
University of Alberta. Thé\experimental plants used in this study
were cultured in the greenhouses of the Plant Science Department,

\

Univer=ity of Alberta, on.the university campus.

e~

Y
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2. .LITERATURE REVIEW

2.A. Entomoscells americana Brown &

The Eurasian red turnip beetle was first noted in th. liter-

' ature by Pallas (1771) as Chnusomaﬂa adoni{dis, the specific name

derived from the food plant Adon&é autumnaklA L., a herbaceous annual

"of the faleyRanunculacea. The same 1nsect species was described by

by

J. C. Fabricius in 1777 (Zlmsen, 1964) as ChhgéOﬂCLa tilineata, and

design 1 EntomOAceﬁLA adonidis by Redtenbacher (1874).. Under this

latter ".signation, adult morphology was describéd b§‘Linné (]789)‘
and larval mo;phology by Weise (1893).  | ) |

¥ The first feport of the North'American red turnip beetle was
from Manitoba, néar Latitude 54° N, in 1825; several specimens Qere'
collected during Sir John,Frankiin's second inland expedition, desig-
nated adon{dis, and placed in the genus Phaedcn Latreille bvairby‘
(RichardSon, Swainson, and Kirby, 1837);2 Fietcher (1893) and
Chittenden‘(l902) désﬁribed.ghe life histgry andlboth'followed Kirby

in referring North American Specimens'of'Eniomqbgeﬁié Chevrolat to

‘the Eurasian adonid{s Pallas. Powell (1941) also used this designa-

tion in his desériﬁfion of the genitalia. Becausé of:stfuctural dif-
ferences bepween the Eurasian ané Norfh Amériqan species, Brown
(1942) refdescribed the létter as‘EntomogcéZiA ameriéana.

The first cultivated crop recorded attacked by E. amanicdna

was turnip at Regina in 1885 (Fle:ci~-, 1888).#s5The Canadian -Insect

Pest Review (1924) listed latéf reports ‘and included the known dis- .

A ‘ Coe , . .
tribution of the red turnip beetle in Canada. First reports -of



Lo

attacks on cruciferous vegetable crops in other areas include
7 .

Manitoba in 1890 - - 1900, British Columbia in 1905, and the
Yukon Territdry :n ": . = e red turnip beetle attracted attention
in Western Canada o .inor outbreaks at Edmonton in 1918, (White-

1 ‘ z

house, 1919), Saskatchewan in 1927 (King, 1928), and in the' park

3

belt and adjacent prairie regions of Saskatchewan and Alberta in
1936 (Twinn, 1936). Arnason (1948) and Strickland and Hocking

(1950) outlined'contfol methods, and a brief description of the red

turnip beetle was provided by Beirne (1971).

2.B. Plant selection by phytophagous insetts
| Earlyiworkers recognized th;t many phvtophagous insects are

réstricted to particular plaﬁt taxa Zor feeding or oviposition.
Burmeister (1836) noted that éertain fjon beetles display a,marked
preference for cruciferous piant;sf Fabre (1918) referred to a
similar preferenqe~in the cabbagé butterfly, PZQ&Lé &apae L. as
"botanical instinct", and wrote, |

"The botanist, to recognize a crucifer,

requires 2z indication provided by a

flower. ... e P{esis surpasses.us ...

and she knows this group of plants to
perfection.” (p. 294, 295)..

’

The classical work.of Vg?schaeffelt (1910) removed part of the

mystery of Faﬁre's botaﬁical instinct byvdemonstrating that mustard‘

'oilvgluc;sides, éommon in cruciferous,plants, érébfesponsible forv

;ttracting Piénis napae./ﬁérues (l920)lsuggested thaf such botapidal
. y .

instinct may be noth%?g‘more than extreme sensitivity to a complex

’of chemical and physical stimuli provided by the plants. Food plant



' discrimination by lepidopterous larvae was shown by Dethier (1937)
to involve bo;h gustatory apd olfactory‘stimuli.

The literature frem 1864 to 19é4, on plant specificity in
phytophagous insects was ;eviewed by Brues (1924). Thorsteinson
(1960) provided a review to 1959 and Jacobson (1966) continued the
review to 1965.

’_Persohy(lQBl) proposed thét Qolatile components iﬁ pine bark
such as aldehydes and estérs were responsible for attracting the
western pine beetle, Dendroctonus b&au{ccm@s LeConte to its host, how-
ever he cited 1ittle.evidence‘to support his proposal. As the result
of a limitéd number of tests, Déthier (1941) reported that several
essential 0ils of a number of umbelliferous plants we?e attractive to
~larvae of ‘he swallowtail, Pap{fic asieiu$ Cramer. “

| Durimg later years many botanical cbmpounds; of little impor-
tance towinéécts nutritionally, were requted attractive to various,
specialized phytophagous insects. 1In well-docum:ted studies,

Thorsteinson (1953) and-Nayar and Thorsteinson (1963) showed that

/

the larvae of the diamondback moth, PLutella maculfipenindis Curtis //
. //

were stimﬁlated to feed by sevgrai mustard oil glucosidés extracted'
frqm tissues of plant species in thé families Crucifereae'and
Tropaeolaceae. Aléohols and aldehydes in mulbérry leaves were re-—
ported attraétive to 1afvae oﬁﬁthe-silkwormg Bombyx mosd L.
(Watanabe, 19583 ﬁamamura, 19595”Nﬁyar and Fraenkel, 1962). By "
means of a simplé bio—asséy ﬁethéd, employiﬁg plant éxtrac;s on

i . : . \ )
filter paper, Yamamoto and Fraenkel (1959) showed that unidentified,

‘botanical glucosides were responsible for food plant selection by



larvae of the tobacco hornworm, Prctopa‘tce séxtg Johanson, and the
Colorado potato beetle, Leptincfarnsa dacmnﬁihaata Say. Coumarin, an
+ .
odorous principle of‘sweet clover plants, attracted the sweet clover
weevil, Sitona cylindnicoffls Fahraeus (Thorsteinson, 1960). Nayar
and Fraenkel (1963) provided strong evidence to show that.giucosides
from the catalpa ﬁree elicit a definite response from the catélpa
sphinx, Céﬁ&fcmid.aafaﬂpae Boisduval.
Feeding stimulapté for the boll weevil, Anthenemus gnand@b
Bohemaﬁ includé volatile éxtracts from thé leaves of cotton seedlings»
-~ (Keller et al., 1963;_N¢ff agd'Vandefzantb 1963), andAwatervextracts‘
froﬁ all‘pafts of the cofton~p1aﬁt‘(Jenkins et ﬁﬂ. 1963)
.Loschiavo, Beck, and Norris (1963) reDorted an unldentlfled feediﬁg
stimulant from the American eim attractive to the smallér European
elm bark beetle, Scoﬂgtué muﬁ«&étﬂ&dﬁ&é Marsham. “This feedino stim-
ulant vas later 1dent1f1ed as a pentacycllc trlterpene (Baker and
Norris, 1967) and represents the first chemicél stimulaﬁﬁf;o be‘iso*‘
lated from the wogdy.tissue of a pereﬁnial plant. Derr, Réndall,
and Kieckhefer‘(l964j éxtractéd an unidéntified, noﬁ—nutrﬁ ‘onal
component-froﬁ_corn plants that had a stimulatory effect on the corn
rootworms, DLabhotica Kongicénnié Say and D. ve&g}ﬁeta LeConte. In
"a brief repoft phat lacked suppofting-evideﬁce, Chambliss and Jones
(1966) reportéd that certain_tetfacycliCAtriterpenes, bitter prin—
ciplés presént in the Cucurbipgfeae,‘were attractive to the spotfed'
cucumber beetle, U’ia‘bnou’cd ‘undec,{mpgmamta howand< Baner:' .In a-
well-documented study, David and Gar&iner (i966) reported that 9

mustard oil glucosides extracted from t. . 'rucifercae elicited a
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i,

vj?ffong fesponée from the Furopean cabbageworm Pieiis brassicde L.

As the resultbof én in-depth study involving many field experiments,
Feeny, Paauwe, and Demong (19705 dembnstgatéd ﬁhat aliyl’isothio—
‘cyanate, én aglycone isolated from cruciferous plants, was a bower—
ful attractant for adults of the flea béetle, Phyllotreta cruciferae
Goeze.

Of the nutritional plant components that have a stimplatofy'
efféét, sucrose. is one of the most widespread. rThis‘effect was dem-
onstrated in thé Mexican *bean beetle, Epildchna varivestis Mulsant
l(Nayar and Fragnkel,.l963a; Augustine ¢t af., 1964), the European
corn-borer, Pgna@ﬁta nub(€alis Hubner (Beck, 1965), and the aphid
Myzus petsdicae Sulzer (Dethier, 1966). Amino acids are géﬁerally
non-phagostimulant, but the exceptions are of interest. Thorpe ¢t

, v ‘ «
al. (1947) presented considerable evidence to show ;hat several
amino'aci&s ;aused aggregatiéﬁ in wirgworms.‘ In well-designed ex-
periments employing agaf—based media, Beck and Hanec (1958) demon-
strated that larvae of Pyrausta nubl{fafis were stimulated "to feed
By'sevenal amino acids. A similar effect in the large milkweed bug,
Oncopeltus fasclfatus ballas was reported by Feir and Beck (1963). |

Aﬁino acids also éynergise with other éompounds.‘ Serine‘aﬁ@_
glucose enhance feeding by larvae of Pyiawsta nub{laldis (Beck aﬁd
Hénec,’l958); bOth leucine and methionine increase the Qéceptability?
of sﬁéroéé by Hyzus persicae (Mittler and Dadd,vl964). 'E;bline‘ana
glufamipﬁacia syncrgise:ﬁith sucrose for larvae éf the sﬁfuée bud;.
wo1Im, CIL.O‘/LI/L&I‘_'O‘I}CLL/LCL 5Lun£.5mana Clementsjv(Heron,_ 1965), S'yn‘ergvism

reported among other compounds include sucrose and sinigrin for



-

larvae of P?uchCa macwl{pennis (Thorsteinson, 1953 Nayar and
- Thorsteinson, 1963), glucose and an unldentlfied plant component for
P&ofovamce sexta (Yamamoto.and Fraenkel, 1959), and glucose,

glucosides, and an unknown volatlle plant component for Epcﬁachna

S

;
ua&&&cst&b (Vayar and Fraenkel, l963a)» As the result of an exten-

sive behavioural, ultrastructural, and’eleetrophysiological study,
Chun, (1972) demonstrated that sucrose'synergises with'musterd ail.
glncoéides, amino acids, salts, and ascorbic acid for larvae of
Pilenis brassicae:

The fact that both nutfitional and non—nupritionel‘plant
chemicals have e stimuiatory effect gaVe rise to considereble contro—
versy regarding the mebnanism of food plant selecﬁion:in oligo—
phagous, plant-eating insects. Two snoordinate dueétions from ﬁﬁich
this controversy arose were cited by Dethier (l966)§

"Are thc :ffecztive stimuli token or nutrient?
Is oligoph. ,y-based on the unique acceptance

of paercular compounds, or rather, geperal
rejection of many”” (p. 48).

Fraenkel (1953 1959) contended that the leaves of all

plants were nutritionally adequate for phvtophagous 1nsects, and

that food plant specificity was based on the:presence of secondary
_ . ; :

'plant’chemicals acting as. token stimuli.” He noted that many plants
contained non-nutritional chemicais sucn as_gluéSéides,AélkiIB' S5

and essentidl oils, and since these chemicals appeared to have no known
)foiebin basic plant metaboiism, he referred tofthem as secondary

chemlcals.. As the result of crltic1sm of his genefalization regard—
J

ing food plant spec1f1c1ty (Thorstelnson, 1960 Waldbauer, 1962;



- r..'

Beck l965 Kennedy, 1965), Fraenkel (1969) ccnceded -that nutrition-—

al values may vary slightly in plants. He alsoﬁadmitted that certain

plant .trients may act as attractants, -but maintained’ rhat this
could not explain plant specificity in the specialized insects since

plant nutrient composition varied greatly with season, soil, age, and

light condltlons, yet plant spec1f1c1ty was relatlvely unaffected by

such variations.

Jermv (l966)’contended that plaﬂts developed secondary chem-

l

icals as deterrents to herbivores, and insect sensitivity to such‘

deterrents was more important}in determining food plant range than |
adaptation to specific token stimuli. . Kennedy (1958) favonred a
"dual discrimination" theory of fodd plant selection involving re-
sponse to both nutrient and token‘stimdli. Thorsteinson (l960)

maintained that food plant finding was by chantew and plant accep-

-

tance initiated by secondary chemirals'that act as arrestants - 1
N - :
also lower response thresholds to nutrient phagostimulants that

‘release feeding activity. ‘ A

/ No single theory of food plant selection can be satisfactor-
ily applied to all the specificities existing between phytophagous
insects and plants. Fraenkel’s (19599 token'Stimuli theory may
explain plant selection i1 several lepidopteran species (Ehrlich
and Raven, 1964), but does not explain the relationships betneeni
rmany aphids and their. food plants where nutritional components play
a elonificant role (hennedy, 1958). Jermy‘s (1966) chemical

‘deterrent theory may‘explain the comparative immunity enjoyed by .

certain plants, but does not explain food plant selection pet 4e.

» ;‘

=
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. s . .
W,Keﬁnédy(s (1958) dual discrimination theory has.the advantage of
flexibility with regard to the role of physiological changes in the
inséct and its foo? plant, however it assumes that all ﬁhytéphégous'

insects are capabl% of nutritional assessment of food plant value.

Verification of Thorsteinson's (1960) theory that secondary chem-

icals 'éwer response thresholds to sapid nutrients will reduire de-
'taiied electrophysiolpgical analyses of receptor systems as suggest-—
ed by Schoonhoven (1968) and then may only apply to certain plant-
f??ﬂing insects; |
Much of the controversy regarding the mechanisms of plant
selection by oligophagous insects stems from the féct that most re-
search into factors regulating quality'discrimination\emphasizes
nutritional rather than ecological factors. From aﬁ eéological
viewpoint, the plant may often be considered a place to live as
weli'as a feéeding subégrate (Kennedy, 1953; Dethier, 1970). P;an;
selection may be a compromise between meeting the nuﬁritionai fef_
quirements of the insect, and such écological.considerationé as
habitat selection (ﬁolloway; 1964);_predators (Brower, 1958; Browér
‘and.Brower, 1964; Alpin, Benﬁ, and Rothschild, 1968), and parasit-
ization (Downey, 1962; Stride and'Straatman, 1962). | ,
Dethie 11954) contended that the,éi&erse patterns of"

feéding habits in phytophagous‘iﬁsects‘rep;e;ehted a dynamic equi-
1ibfium‘between two evolving systeﬁs, the plénts and the insects.
The effects ofbsuch co—evolu?}on on particular adaptations in -
plants and ipsects s ‘discussed byTBrééalove and Ehrlich (1968)

2

and Muller (1969). Plants are evolving in an atmosphere of
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mﬁltiple selective pressures of which insect ﬁredatiqnvis but one,
and ‘respond to these pressur;; by developing morphcmﬁgical modifica-
tions, emigration to new habitats, and the elaboration of new chem—
icals. Phytéphagous insects are evolviné new feeding habits as a
result of structural modifications, metabolic modifications_thét*
overcome plant toxins sueh as glucosides, alkaloids, and tannins,
and neural modifications that permiﬁlbehavioural diversity (Deghier,
1970). The types of insect-plant relationships will vary as the
evolutionéf? pathways wﬁich culminate in them vary. Consequently,
no-single theory o% plant selection will apply to all the specif-
icities e#isting between insects and plants, and many of these must

be investigated separately.
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3. ENTOMOSCELIS AMERICANA BROWN

3.A. Geogriphical diétribution

‘Pridr to 1942, the geographical distributions of Enfto-
moscelis amerlcana and E;'adonidié Qerejcombined, aé these species
' weré‘then conéide%ed identical. | oy

LeConte and. Horne (1883) described the range as the boreal
regions of North America aﬁd Eurasia. Hamilton (1894) reported the
North American distribution as e?erywhere through the Rocky
Mounﬁains to 11 thousand feet, as well as Morbgna, the Hudson's Bay
region, Alberta, Manitoba, aﬁd the North-West British provinces? ‘
and the Eurasian distribution as Southern Europe, France and Cérmany,
and west and east Siberia to Turkestan. Chittenden (1902) reéérged
thét,the‘range‘consistéd-of the boreal parts of both the 01d énd
New Worlds. ’'Leng (1920) gave the North Ameriéan dist}gg;gibn as the
Huds&n's Bay Territory, Montana, Alberta, and Colorado. Essig |
(1926) ‘1listed the diétribgtion as‘bofeal North-America, Siberia, and
Eurépe, with the»North America distriEution including Colorado,
ﬁontané, Washington, Britisﬁ Columbia,'énd Alaska. Beller and
Hatch (1932) rgp;rted that the Eurasian rangeuextendedsfrom Southern
France and Bavaria to fersia and Siberia, ;nd showed the North
American range as extending from Alaska and the Hudson's Bay regioﬁf
to ﬁontana,vColdradé, and Washington.‘ ) )

Figure 1 shows the knoﬁn distributiqn of E.‘amaﬂiéand in
North Amgricé; and was cpmpiled from déta received fr%F Unitéd'

- States Déﬁartment f Agriculture, Economic Insect Survey Co-
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L

'

ordirfators, and from federal and provincial departments of apri-
culture in Canada.

P The distribution of E. amesicana in British Columbia is

confined to the central po;tﬁqh of the province and has not been re-

In the southern, interior portion

of British Columbia, dist:x@ﬂtion is restricted to higher elevations.

.

‘Such diétrib@tion in British Columbia suggests a preference for.a
codl, fairly dry climate, so that the range of 'E. ameficana may be
i

limited by high summer temperatures and high precipitation. Absence

 from areas of high summer temperatures is also evident in Washington,

P )
Idaho, Montana, Wyoming, and Colorado, where distribution is
restricted to higher elevatjons. In the Dakotas, E. ameiicana is
only reported from the extreme northern pértion of North Dakota,

where the ave}age daily July tempéfature does not exceed 700 F. )

_E. americana has not been reported from Ontario, although its range
< . ) 3

- S : ' o 1
doés extend to Minnesota and Wisconsin where annual® precipitation is

comparable to that of Western Ontario. Although E. amealcana has
‘not been reported from Western .Ontario, it is probably present in

tgis region, especially in settlements where market gardens are

Q%resent .

retation to mean daily Julybtemperature and to average annual pre-

figure 1 shows the known distribution of E. ameiicana in

cipitation. The July isotherm was chosen since, in Alberta, E.-
amerndicana spends this month in aestivation. The southern limit of .
E. amenicana does not extend below thé 700 F July‘isbtherm,

suggesting that its range is restricted by high summer temperature.



&
, oo

TQ% limit of northern distribution coincides with the July 559 F

1sotherm whfch also lles fairly close to the permafrost llne in.

Northern Canada ‘Tne nnown range of E ame&&cana also’i&appearss

llmlted by annual prec1p1tat10n inexcess of about 32 inches, which
e L
-may explain itsﬁapparent absence from Eastern Canada and the coast-

~al ‘regiocns of Pritish cOiumE-‘f';p,

Y

The 70° F July isotherm and the 1sohyets plotted on Tlgure

1 are from Chapman and Sherman (1967) . The Alaskan 55° F July

-

W

1sothermkls from Watson (1959), and the Canadian 55° F July disotherm.

is from Thomas (1953).

-
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Flg 1 The dlstnbunon of Entomb }icana Brown in North America in relation to temperature and
precipitation: A, mean daily July temperature below 55° F; B, mean daily July temperature above 70 F;C,
annual precxpatxon in excess of 32inches. - | - . . N
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358. Description of stages ' ™

4

3.8.1. Egg TR ' .
When first laid, the eggs are bright. orange-red, graduélly

darkening/ko dark brown. The egg .surface is finely reticulated with

/
/ :

. small hgﬁagonél areas’ of about 0.15 mm diaméter.» Tﬁé egg shape is .

st
+ .
.\\/“' °

—

. -hours of hatching; the ventral surface also darkens but retains a

i

prolatglspheroid with the length about twice the diameter. Length
and diameter méasurements are of the order reported by Chittenden

(1902), 1.> X 0.7 mm (Table 1).

’
I

3.B.ii.  Larvae

\

- There are 5 larval instars, the average measurements of

which are shown in Table 1. ‘Larval length measurements vary because

"of the extendable abdomen and, accordingly, were taken from specimens

B

preserved in 70% ethanol. JHead capsule Qidths were also recorded.,

. - \ . - . . .
The average ratio of increase of head capsule width ;n/gucce551ve

)

[

instars is approximately 1:3C. ' B R
Finst Tstat - The newly-hatched lgrvaé are orange-yellow,

except ‘for the mouthparts, antennae, stemmata. thoracic legs, and a-

pair of'iaterally—placed tubercles on‘each thoracic segment, which

‘are‘all black. The dorsal surface darkens to near bliac: “ithin 6

N

AN

slight.orénge hue. The first instar larva is wedge-shaped, about

53 -

2.0 mm in lehgth by abou;-0:75‘mm in width at the head capsule whic

"is the widest part.

. ¢
The mouthparts are of the generalised, chewing.type. A fride,
curved clypeus largely overlies a narrower, bi-lobed labrum. E?hh
. . - ¥y N '{” ‘

p
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!
of these structures bears % large bristles. ¢ mandibles are wide

" between the'condyle'and ginglymus,‘aﬁdbeach . -ars a well-developed

retinaculum as wel}‘ast large bristles. .The laciniae are short and
: Y

~ have cuticular spines at t gir apiceé. The mdkillary palpi are dome-

fshaped, 4—segﬁented, and eagh ha;vié bésiconic sensilla at tﬁe apex.

lThe labium is short and nafro?fand'is equipped with é-short bristles
at the distal énd and é&ionu;r ﬁristles at the posteriof'er. The
labial palpi are 2-segmented and eaéh 5ears 12 basiconic sensilla at
the apéx. The antennae are wide-set and each consists of a single

’

article or scape set in a well-defined antennal socket. Each

;ﬁteﬂna has 4 trichoid scnsilla'at"the distal - end. The sfemmata are -

laterally—placed and:lbqated immediately‘behind the antennal sockets. .

‘There are 6 stemmata‘on each side of the head caésule;'a of which

are arranéed in a squaré and lie slighti& above a suﬁordinate'ﬁair.

,fhe thoracic legs are all 3-segmented, eth-bearing numerous hairs

and téyminating in a single, simple claw. Each thoracic segmeﬁt

bears a pair_of dorsal; transversal rowé of fuscous tuberg}es,-wifh

from 6 to 8:tpbercles in each row. Also located on each thoracic
gment is a pair‘of.laterally—piaced, prominent tuberclés qut

‘above the 'stigmatal line. Smaller.tubercles are also lﬁcated‘later—

ally of each thoracic segment below the stigmatal line, and 2 smaller

- series on the ventral surface. There are 7 abdominal segments. The

e —

rﬁrrst 4 have a pattern of tubercles similar to the thoracic segments,

{

s : : ) P
\exgept that the prominent, lateral tubercles are lacking. The 5th

N 3

and 6th abdominal segmernts .taper abruptly to terminate in a bi-lobed,

prehensile structure used in locomotion.
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‘Second Inétan-— After the first moult, the body remains
wedge-shaped, with an average length of about 3,3 mm. The width of
thé he.d capsule is about 0.98 mm. The -body is flattened on‘the
ventral surface and rounded abovef The head\is sub-rotund, slight-
ly depressed atsthe apéx, and aBruptly trunqéfe at the anterior end.
The appendégés, mouthparts, .and stemmata. are thé}same és in thé
previous stage. Thé dorsal surfaces of the abdominal and thoracic
segments are divided by transverse folds. The ecdysial.suture is
apparent ?s a narrow, siightly—depressed, dorsal groove running from
the apex of the head to the posterior abdominal segments, and is
more distinct where it cfosses the thoracic tergites. The coloﬁr of
the body‘is velvet—blaék on the dorsal surface aﬁd'blackish-orange
on the ventral surface.‘ The tubercle pattern is thevsame as in_the'
previous stage. o |

Thind Tnstar - After the 2nd moult, the body is less weége—
shaped and more elongate. AThe head capsule and thoracié segments
are approximately the same width - about 1.28 ﬁm, and the bodyA
length is aboﬁt 5.2 mﬁ. Tubércle.pattefn, colour, and appendages
ére‘the same as-in the previous stage.

Fourth Tnstatr - The body length is about 8.1 mm, and the

ZThe head capsuie is slightly’\g

‘head capsule width about 1.67 mm.
. N .
, . %

narrower than the thoracic segments, providing th¢ body with a more
eiongate shape. Iﬁe orﬁgmentation is the same as in the.previoug
stage, except that thé cuticle on thGIQentral surface is more trans—
lucent, providing a Aull, orange hue in this region. A pair of

small, indistinct projections is preésent on the vontral surface of
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the 4th, Séh, and 6§h agdominal seémqﬁts.

.Fiﬁth Instar - The length of the final instar is about 12.0.
mm, and the width of the head'cépsule about(?.l7'mm. The body is
more elongate iﬁ this‘stage, with the héad capsule noticeably narrow-
ér than the thorax. The émall pfojections on the 4th, Sth, and 6th
abdominal segments are more pronounced iﬁ‘this stage and:appear as 3
‘pairs of transiugent, bag—like”bseudopodia‘that can be éxtendeq from
median slité in‘ghe ventral surfaée. These sérve_as pro.cgs aﬁ& are
‘ﬁsed in conjupttion with the bi—lobed, terminal abdominal segment
during locomotion. Thé remaining ornamentation and .colour is the
same as in the.previous stage, except that the ventral surface is

yellow in many specimens.

3.B.iii. Pupaa

?he average pupal ‘dimensions are 6.1.X 3.1 mm. The colour
is chiefly.bright orange, wigh théJ;ntennae, elytra, and leg cases
yellowish-orange. Thé spiracles are rotynd and fuscous. The
elytra cases each bear 3 longtitudinal striae. Tﬁe ecdysial suture
is avshalléw, median groove on ihe dorsal surface of the meta-
thorax. The thorax is covered with fine, short~bristles and simi-

lar bristles are arranged as median, transverse ridges- on each

abdominal segment.

3.B.iv. Adul.
The form and colour pattern were described by Chittenden

(1902), Tletcher (1905), and Brown (1942). The outline of the body, .

o



from the dorsal aspect, is elongate oval. Average fbmule bédy”

dimepsions are 9.1 X 4.9 mm, while the males are smaller at 7.6 X

{ .
e
v

4.2 m (Table 1). . K
| The colour pattern is the same in botﬁ'sexén. .The dorsal
surface oé the head is red; and bears a small, black triangle on the
median line at the Posterior margin. The mouthparts, clypeus,
antennae, and small areas surrounding the eye. aré_black. The prd—
notum is red with a broad, black median area as well as a small spot
on each sLde’also‘in black. The black median area on the pronotum
is bell-shaped, widest at the posterior edge, and covers about two-
fifths of the té%gi%e. The scutellum is a small, b;ack triangle.
The elytra are red;xeach with a narro&, black,_sutural‘margin exéept
near the Scutelluﬁf and a wider sub—median_Qitta that is pointed at
-each end and approaches, but does n6£ meet, the base and apex of
each elytron. The punctufes of the pronotum,‘elytra,'and sterﬁa\aré
fine, dense, and scattered. .5
The tapéal segments of_the anterior‘and middle legs are
-wider in the male tgén in éhe female, ana are probatly of advantége
to the males‘during Eépdlatio@;} The terminal, abdominal segments
are flattened at’fhe middlef The postefiqr,margin of #he atdomen

is bisinuate in the male, and simply truncate in the female.
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americand Brown.

~

Stage

Egg

First instar larva

Second instar larva -

, Third instar larva

'Fourth instar larva
»

!

Fifth instar larva

Pupa

" Female Adult

Male adult .
-y

*head capsule width
**excluding antennae

Length+
1.5 % 0.11

(1.3 - 1.7)

2.1 *o.12

(1.9 --2.2)

3.3 ¥ 0.10

(3.2 - 3.4)

5.2 Y 0.07

(4.8 - 5.3).

e

8.1 £ 0.43

(7.6 - 8.7)

12.0 £ 0.73

C(11.1 - 12.9)

5

6.1 % 0.91

(5.2 - 714)'

9.1 La.67%*

(7.8 = 9.7)
7.6 110.49%%

(6.8 - 8.2)

S Table 1. The dimensions in mm of all stages of Entomoscells
Ege and larval measurgments based .on 10 observa-

'fions, pupal and adult measurements based on 20 observations.

CWiden'
0.7 ¥ 0.12

(0.6 - 0.9)

I+

0.75 © 0.013%

0.73 - 0.76)

1+
(e}

0.98 .023%

(0.96° - 1.01)

.043%

t+
(o]

1.28

(1.22 - 1.31)

C.1.67 % 0.056*%

(1.59 - 1.73)

2,17 < uU.059%

(2.09. - 2.25)

3.1 1 0.45

2.3 - 3.7)

4.9 %:0.30

(4.3 = 5.4)

4.2 1 0.23
(3.7 - 4.5)

+mcan #S.D.
(range)
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3.C. Life cycle dnd habits
3.C.i. flatching

. E. americana is uni-voltine and overwintersvas eggs in the
soilir.in 1972, eggs in the Edmohton.afea hatched during th?{first
week of May. Muscﬁlar cohtﬁactions in the embryo begin Qithin 6
’hours before hatchlno and are readlly observed through the egg
ehorlon Eclosion is accompllshed by means of a{rupture of the
vitelline membrane and ehorion that originaheQAanterioriy and then

extends along the dorsal side of the er’. Ho cuticular hatching

spines are evident on newly-hatched larvae.

3.C.ii. Habits 04 the Larvae

| ‘The'first instar tlarvae are stronly photo—poeitive and
'climh up plant stems seon aftef hatching. While no cultiveted
cruciferoue crops are available in early May, the’larvae feed on
such cruciferous weeds as volunteer rape, F&aéécca campeAIﬁAA and
‘shepherd s purse, Capéefﬁa bwisa~ pa5£0&4A (L } Medic. The'larvae
‘feed both during the’day and nlghc. When dlsturbed "they drap to
the'sbil, where thelr coloratlon blends well w1th that of the 50115
"The .5 larval instars are completed in about 3 weeks The mature
larvae then enter the 5011 to a‘depth of about l inch and form
small; smooth cav1ties within which they pupate. The pupal. stage

lasts from 2. to 3 weeks.

3.C.i1i. Habits of the adults

Most field studies were conducted on 2 adjoining, one-
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quarter section fields in the St. Albert area, located on the North

%3 Section 12, Township 53, Range 35, West of the 4th Meridian.

One ficld contained roughly one acrevqf volunteer rape at éne
corner which was 1eftlintact dﬁring the 2 years of the study. 'In
ié?Z, the adults began emerging in the volunteer rape during the-
first'Wjek of June and populations were highest during the second
week of jpne. Feeding activify is greatest during the first 3 weeks
.éftér emergencg, and it is at this time tﬁat‘E. amesiicana can cause
éonsiderable damage to cﬁltiyated:rape Crops.’
At the beginning of July, E. QM¢miaana beéins a period. of

aes 1w “ioﬁ'that lasts for about one month. During this period,

th.e beet 2s are found undér plant debris, in spil crevices, or

. Sy .
-buried in loose soil to a depth of about cne inch. When the aestiva-

;ion period endé, the beetles diépefse by walking and flying, and are
thén found in previéusly uninfested rape fields or on patches.of
cruciferous weeés. The:plants that served as food prior to aestiva-
tion are‘pfoducing éeed aﬁa‘haégllbét most of their‘ieaves.
0 The 2 fields where much of this study‘was.conducted were

both ;own in bérley during the spring of 1972, amd most of the weeds
later destroyed with a herbicide. Many smail, isqlated patches of

volunteer rape persisted in both fields however, these having sprout-

"ed from seed in late May. _Such later‘grOWth has an»abundance of

blossoms and leaves, and aﬁbears ta be an attractive séurce of food for
" the dispersing beetles. The isolated growths of volunteer rape.in both
%%} : '

7
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o /
fields were checked twice-weekly during August and the bectles were

found progrés;ively further into the barley fields at each check.
Thteé wecks after dispersal began, both fields were infestea‘
throughout, and at the end of Augusﬁ,the beeties wgre.discovercd in
a previousiy uninfested raﬁé field one mile distant.

Immediately after dispersal, copulation occurs. Oviposition

begins during the first weék|of August and continues for abdﬁt oﬁe

month. The eggs are deposited in masses of up to 80 on the soil :
beneath food plants and are féund under ieaf litter, in SOiliCDéViCéé,

or buried in loose soil to a depth of about one-quarter inéh. The

abdomens of the females remain swollen after oviposition and these °
when dissected, are found to contain no eggs but rather, a yellbw*in

haemolymph. In the field, many specimens of E. ameiicana die ‘f?i
shortly after oviposition, while éthers pcrsiét until ﬁid—Octobef.;:f

- .’

3.D. Laboratory rearing of E. amendcana

3.D.i. Rearing fechniques ‘ A S T

Larvae and adults were reared both dirr-tly on cabbage leaves

2

and on potted rape plants in rearing cages. Ope‘ings'in,th§ flo6} éﬁ

the reafing cage permitted the use of plastic planters that were ';"Ma,

suspended in trays of water beneath the cage. This system simplified Fane

~watering of food plants and also provided that the soil in the

s

planters and the floor of the rearing cage were at the same level,

allowing easy access to food plants by the larvae.
Detached rape leaves are unsuitable as food, since such

leaves, when_detached for 3 days, are toxic to the larvae. A

¥
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naturally-occurring enzyme, such as a glucosidase, may belnresent in
rape foliage. Although mustard oil giucosides are non—toxic,A
cleavage of éucn glucoside molecules will yield glucose and mustard
oils. 1lany mustard oils, according ‘to Ettlinger and Kjaer (1968)
are strongly irritant and can cause damage to animel tissue.
Egg-gathering was simplified by mainfaining copulating

couples in small containers that were lined at the bottom with

layers of paper towelling. The females oviposited between these

layers, and the egg masses were easily b;nshed of f when the paper

-

towelling was changed.

3.D.ii. Tewmination 04 diapause

‘Daily, microscopic examination of freshly-laid eggs revealed

.tnat embryological development progresses for about 3 weeks. The late

_embryos then enter diapause which lasts, in the field, until the

first week of May. Several thousand eggs that had completed embryo-—

logical development vwere stored in a cold room at 15° c. After one .

week all but 500 eggs were transferred to a cold room at 10° C, and

-

one week latep, all but 500 of these transferred to a cold room at

© ¢. 1In this fashion, the eggs were successively introduced to

: » RE . o . - ,
lower temperatures until a minimum of -157 C was reached. Each

o week;‘SO eggs were removed from each cold storage unit and returned

2l

to room‘temperature. These were placed on moistened discs of paper

. ., towelling in covered Pyrex glass petri dishes and checked daily to

determine the esvcentage hatch.

u,j«é
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‘Table 2 shows the fesuits ofithe cold treatment. Diapaﬁse
was most effectiyely'terminated‘by cold treatment at 09 C,_Qith
maximum hatch océﬁrring éfﬁep 6 weeks exposurée to that tehéeratute.

Mos¢ ofj&hb eggs hatched between 24 and 36 hoﬁrs after

. removal from the ~ld storage unit.

A

!

3C§' "Adult taxes and kineses
{ ,

While the photp—-positive response of the larvae-is obvious

and requires no experimental confirmition, iqsimilar, but discon-
. < -
“

tinuous response that varied with time was observed in the adults.
Experiments were desigﬁed to evaluate the pﬁotofresponse of newly-

emerged and aestivating adults.’ Other experiments were conducted

@

tnto test the response of aestivatimg adults to moist substrate and
DASIAX . : e 7 . . :

also to determine if they‘Showed thigmokinesis.'

U™ 3.E.i. Materials and methods
The-response of field-collected, n;%ly—emerged adults to

light was investigated by means of an opaque, lastic cylin-
_ P >
P

- : 7~ —
drical choice chamber (30.0 X 4.0 cm) that admitted light at one

!

end only. The 1ighﬁedvend of the choice chamber was coVered‘With :

, , i
a 5.0 cm, Pyrex glass pe;ri dish and illuminated %rom above by a
fluorescent light fixture equipped Vith a single, lsfwétt'dayligh£
;ype, 16-inch tube. The light sourcé was suspeﬁded 6 inches
aBove the choice chamber and‘providéd~appro#imately.260 foot-

candles of incident light at the lighted end of the chamber. "Five

groups of 20 adults were placed in the choice chamber for 2—hou;



. y“g
8
§

'ﬁ‘periods and the numbers in the lighted and darkened regions recorded

[P

“ at the conclusion of,gach trlal The inténsity of reaction was de-
. T L &‘»A‘ ) v M I ) '

termined from the rati' , the percentage in the 11ghted end to the
i . ﬁ’ﬁv-"' b

»percentage in the dd'kenedzena (L/D) ,Photo—responses were similar-

ly 1nvest1gated at the bcg:nning, durlng, and at .the end of the

2

aestivation perlod. ' : S
The response of aestivating adults to moist substrate was
determined by placing groups of 20 in'a rectangular choice chamber

(17.0 X 9.0 cm) thap)was lined at the bottom withva‘single_layer of

pépgf towelling. Five groups were'pla&ed in choice’chambers with
dry‘subétrate, their_pbsitiéns recorded after 30 minutes, and then
placed in chpice chambefs with one-half the paper s&kitrate moist~
ened, for a furthe;.BO‘minutes. During these teéts; thes choice
chambers were kept in a darkened contaimer that was rotated 90°
between Erials td*discoﬁnt the effects of any stray light entering

the system. : . ’ '__ L )

A thigmokinéfic response in conjunction with moist sub-
strate was investigated in aestivating adults by repeating the

moist substrate tests :with-one-half the paper towelling folded to

-

provide parallel, tunnel-shaped openings”%etween the paper towel-
ing and the floor of the test chamber (Figure 2). Five groups of

20 a@gﬁ%s were placed in cheice chambers with,drf substrate for 30- .

_mindté&ﬁerlods, their positionsvreéordeg, and then placed. in test

M

chambers with the folded subef:ate m01stened for ‘further 30—

mluute perlods. ; - e

%"(



3.E.ii. Results ’ T

»

S0 e
Table 3 shows the results of the tests with the light—dérk
. - J '

/

choice chamber. The regggdiags aré totals of 5 trials listed in

Aﬁpenaix 1. Of the ﬁewly—eme;ged adults, a total of 94 were found

at the lighted end of the chamber. At the beginning of' the aestiva-

tion period, only 10 were found at the lighted end, and the response

was rbughly neutral.when the aestivation period was about 75%
complete. At the end of aestivation, a total of 89 were found at

the.lighted end; S h ‘ /

) in_}rials employing mﬁist subsfréte, all the‘éestiyating
adults régponded positively to the moistened paper towelling, while
in ﬁrials emp%oying dry substrate the beetles e located randomly
in the éhamber. | . i

The resulgs of__the tests to. determine thigmokinetic
fesponge to:openings in moist substrate ére\shown in Table 4 which
iists the totais of Sitrials listgﬁ in Appendix II. 1In trials
employing dry'substifte, the beetles were dispersed randomly in the

ow .
test chamber. and a total of 9 were found in the openings provided

p—

“SbX the folded paper substrate. When the.foided paper substrate was

méisteﬁeﬁ'all the beetles were found at the moist end of the test

charber and a total”of 77 were iz;pd within the-openings.

-

.113.F.ﬂ_01factory response of males to females .

Approximately'oﬁe'week after completion of the aestivation

period, copulation begins. Experiments were conducted in the labor-

atory to determine if the males, at this time,_yould féépond to the

8. .
N

o
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Fig. 2. The choice chambes used to evaluate moisture and thigmokinetic responses of aestivating adults of Entormoscelis

americana Brown: a, tunncl-shapcd openings between paper towelling and the floor of the test chamber; b, paper towel-
Ling.
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" Fig. 3. A T-tube :ppunus'uscd to ecvaluate olfactory responses of Entomoscelis americana Brown: a, plastic tube cow

plings; b, flat 20-mesh, saran screen discs; ¢, 7S°. 20-mesh saran screen cones; d, opaque plastic cover,

30



Table 3. The photo-response of adults: of Entomoscelfis ar:icana

Brown in a light-dark choice chamber. The results are totals of

5 trials.

Level of

’ Maturation

Newly-emerged adults

(June 6th)
o

Beginning of aestiv-

ation (July 5th)

‘Aestivation 75% com-—

L3

plete (July 25th)

Aestivation complete

(July 31st)

Light

94

" 10

51

89

Dark

90 -

49

11

L/D ratio

15.66 .

0.11

0.96

8.09

*level of significance from chi-square tests’

L.s.*

0.005

0.005

0.5 - 0.9

0.005

31
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odour of the females.

4

. 3 v

3.F.i. Matenials and methods N
The response of males to the odour of gravid females was

evaluated by placing groups of 36 males in a darkened, movingfair
olfactometer and employing 6 females as an odour source. The olfact-
’ometef (Fig. 3) is similar to that used by‘Hocking and Lindsay (1958)
;nd consists éf a Pyrex glass T-tube, 34.0 X 3.4 cm, including the end
pieces. The outer surféce was covered with black, vinyl tape to ”
lexclude light. The end pieces containe?/;;sect traps made from 20- '
mesh brasg screen and were joined to gi; T-tube by means of polyvinyl
chlofidé'coupiing sleeves which, acco@ding to the mandfécturer, ére
odourlesé (Hocking and Lindsay, 1958). Laboratory sérvicé{air vas
deodourized’by passage tHrough a 250 ml tower éqntaining act_vated
carbon, and moistened in a similar tower containing wet, ?~m glass
beads. The air flow to the olfactometer was adjusted to 7 _itres/
minute (7.7 meters/minc ) by means of a tapered—tube flow meter.
:Thejtemperature of exhaust air from the system ranged betWeen 19 and
21° C, while tﬁe relative humidify r;nged between 70 and 80%. Test
specimens were placed in the maianody of the T-tube by means of‘the
stem, and a strip of paper towelling served as a Qalking substrate

fof the beetles. ”

Before tests were conducted with .females as an odour

source, groupsiof 36 males were first suvjected to 2 preliminary

T - -
runs in moist air, one run.with the air flow in omne direction,

the second run with the air filow reversed. These runs werc of

1~-h»ur duration each, and the numbers of beetles in upwind and
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‘down-wind traps were recorded at the conclusion of each run.

Be?tles that did not enter tﬂg insect traps were listed as neutral.
Féllowing the pairs of runs in moist air, 6. females were placed in
the Ddoﬁ} source terr and the pairs of runs repeated. The tower
containing the fema;es wa$ washed énd the system purgéd for 15 min-
utes with moist air between alternate runs to remove odour tracés.

A total of 10 pairs of runs was conducted with 5 groups of males:

5 pairs in moist air,'énd 5 pairs in moist éirbplus the odour of the

females.

3.F.ii. Results

. Table 5 shows the results of the tests in the moving air -
: olfactometer. The results are the totals of the 10 pairs of ru;sl“
iisted in Appendix III. Whén moist air with no odour source was
ruSéa; a total of 237 males remained in the main body of the |
_olfdctométer and were listed as neutral, while 62 entered the up-
wind trap and 61 entered tﬁe downwind trap. When graVid.females
were used as an odour source, a total of 133 remained in the main
body of the olféctometer, while 198 entered the upwind tfap and

29 entered the downwind trap. .

T
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Table 5. The response of males of Entomcscefis aneriicana Brown to

the odour of gravid females in a moving air olfactometer.

are totals of 5 trials).

Neutral Trap #1* Trap #2
3
Moist air only 237 62 . 61
Moist air plus
odour of females 133 198 29

(Level of significance from chi~square test: 0.005)
: S Vi

. R

., LN

*odour source trap

(Results



4. TFOOD PLANT RELATIONSHIPS OF E. AMERTCAZA

I}

f
kaoligophagous insects, successful utilisation of food

plants depends largely upon prdperly co-ordinated interaction be-

2

tween the insect and the host plant - (Dethier, 19545 Thorsteinson,

1960). While the behaviour that is involved in food plant selec-

tion has been dividgd iﬂﬁo several components by a'nﬁﬁber of
workers (Dgthiér, 1953; Thorsteinson, 1953§ DeWilde,,1958),ftwo
majbr components were considered in this stﬁdy:
(1) Orientation and movement toward the food
plant, or food plant finding.
(2) Recognition of the food plant, or food

i

plant acceptance.

4.A. Food plant.finding‘by the larvae

The newly-hatched larvae need not search far for'propef
. food plants since the adults deposit their eggs on soil beneath
crucife;oué plants. The proximity of hatching larvae to food
plarts gives rise to two distinct possibilities regarding food
plant finding: (1) food plant finding is by trial and error and
the larvae‘cannot recognize the proﬁgr plant until actual contact
has been made or, (2) food plant finding is ﬁot random and thew
- larvae will orientate and move toward tﬁe'plaﬁt from a limited
distance, by response to alstimuius such as odour. Experiments

were conducted to evaluate the response of larvae to the odour of

food plants, non-food plants, and to growing plants.

g $

36
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b.A 1. Materials and metheds

a

Two groups Qf 10, newl&—hatched larvae were placed iq a
pair of choice chagbers in a darkened container. The choice chambers
measureq 23.0 X 12.0 cm, were.covered with 20-mesh, braés scfeéni?g;
and were designed to fit over a pair of ib.O cm diameter Pyrex gléss
petri”dishes. In one choice chamber, fresh, whole rape leaves were
placed 'in one petri dish and moistened paper towelling in the other.
Thé second choice chamber acted as-a control and fresh lettuce
leaves werd used in place of_rapé foliége. Previous tests revealéd 4
that”t e larvaé will not eat leftucg. The two‘tests were run sim-
ulténeo.sly and the location of the‘iarvae in the choice chambers
recorded 10 times at‘lS—minute/interQals. The darkened container
that held the choicé chambers was rota%qd 90° at each chéck tb_dis—
count the effects of light and laboratory éir currents;

Five groups of 60, newly—hatched larvae were placed in the
moving air dlféctometer deséribed in sectionx3.F.i. (Figure 3) fdr
l-hour periods. Each group of larvae was subjected‘to 2 pairs of
runé in £he olfactometér. The first pair of runs involved moist
air only with the air flow direction reversed between runs, £01low-
ed immediately by a pair‘df runs using freshiy—picked, whole rape
leaves as aﬂ odouxpsource. |

Groups of lQO, ngwly—hatched larvae were each subjected to
two runs in the olfactometer, ;éch of l-hour duration, td evaiuate
their response to the odour of non-food plants. Each group was

first tested in moist air only, followed by a run using fresh,

whole leaves of non-food plants as an odour source, and with the



e .
air flow direction reversed. The non-food plants tested includéd
leaf lettuce, Lactuca sativa crispa L., da;ndelion, Taraxacun
officinale Weber, lamb's quarters, Chenopodiwn albun L., and'whité
Dutch runner beans, Phaseofus coacineué albus B. |

| One—hundred,'newly—hatched larvae Qere offered,a choice of
growing food plants and non-food plants. Two plastic planters were
ﬁsed, one containingAsix, 6—inch'rape plants, the cother containing
six, 6-inch lamb's qua;pefs plants.  The plantefs were set 10 cm
apart in opénings cut in the floor of a cardboard cqntainer'thaf
measured 60.0 X 30 cm at therfloor and with walls 60 c¢cm high. The

container was open at the top and %dluminated from above by a

fluorescent light fixture equipped with four, 40-watt daylight type,

48-inch* tubes. The incident light reaching the floor of the test

chambef waé meas;red with a photometer and the light source adjusted
to préﬁide even coverage. The larvae were placed on the floor of
the test chamber at a point midway betWeen the two planters. At 15-
minute intervals, the locations of ghe larvae were recorded, and the
teéf chamber rotated 90° to discount light directién and laboratory
" air currents. At each check, larvae.climbing dp the inner wélls of "’
_the test cﬁamber wvere returnéd_to the floor, midway between the
planters.
4.A.ii.  Results . o

The testé with the 2-way, screened choice chambers'did ot
indicaté a ‘positive larval‘reépoﬁse to the odour of rapeffoliage,
and their distribution in thédchamgérs was fairly even at thé end

9
I

/"‘v MY
) .
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of the ten recordings (Appendix IV).
Table 6 shows the results of the tests 1in the moving air
olfactometer and lists the totals of runs entered in Appendix V.

In trials employing rabe leaves as an odour source, significantly

|

'~ more larvae remained in the main body of the olfactometer than

when moist air alone was used. When rape leaves were used, equal
Aqgmbers of larvae were found in the insect t%aps at the conclusipn
of th%}runs, indicating that lgrval response to the‘odouf of raﬁe
1éayes is not orientated movement toward the odour source, but.
rather that larval mévéﬁeﬁt is“&rrestedvin the presence,of such

amb's quarters,
N

odour. In.the trials with lettuce, dandelion] aw,il

s

signikficant numbers- of larvae moved away from ther™

*

N

.

when comﬁagéd with runs in moist air, and were:foundﬁin‘t e,‘@vn:'
wind insect traps. ﬁhen bean foliage waé used as an odour source,
no significant difference was detected in larval movement when
compared to runs in moist air.

Table 7 shows the numbers of larvae on food plants and non-
food plants at‘15—minﬁte intervals dufing the testé wiﬁh growing<
plants.l Aifﬁéugh approximately equal numbers of larvae climbed up
both types oprlants ét'the bgginning of the test, those on rape
ﬁiants soon settled downlto feed, while the larvae on lamb;s
quarters plants éontinued climbing and walking on the %Faveé until
most had fallen back to the soil. Very few larvae fell from the

“rape plants ;nd the number of larvae on these plants increased at
each IS—dénute interval, Qﬁile the number on the lamb's quartersl

5

plants corfespoqdiﬁgly decréased.

a
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"
e

1

éiﬁ} Food plant finding by the adults
At the conclusion of the‘agstivation pefiod, the beetlés‘

J;tively disperée aqd are -then foﬁndron late-growth crugiéerous .

pléqts that have an ébundance bf foliage and bléssoms. bispersing@

field-collected adults were returned to the laboratory ‘and tests

' 5\\\conducted to determine .their response to the odour of fresh rape

'

0y

foliage and bl&éséms,

4.B.i. Maternials and methods

| i
Groups of 20 adults, unfed for 24 hours, were placed in the

;mpﬁing air olfactométer‘déscribed invsectiénlj.ﬁ.i. (Figure 3) and
tested i; moist air only. Many ofvthe test»specimens,entered the
steh of the T-tube duriné,the‘funs in moist air, and in order to
'overcomé tﬁis difficulty the olfactometer was quified\to providé
pwo, separate alr streams entering aé the énds df tﬁe.appafatué; and
,béth exiting through the stem. This method was successful in -that
it provided airvmovéﬁeht in the stem and very few spééimens then
entered ‘the stém. .A'secoﬁd 250 ml tow;r was addéa‘és‘ah alternate
odour source and ﬁﬁe~3pparatﬁ§ supplied Qitﬁ a;second taperéd tube,
air‘row;meter. AThe‘air flow entefingveacb end was. adjusted to 7
litres/minute (7.7 ﬁeters/minute). ‘Five grpups.of 20 adults were
.each sgbjected to a pair of runs in the olfactometer, oﬁé\fun‘inv'
moist air only,,fol}owed immediately by a run in which rape
foliage or blossqmgygeégfemployed as an odour source. ‘Freshly-
‘picked, whole le%ves or blossoméﬂwére uéed. Runs were of 1-hour

el

duration, and after each pair of rums, the odour source tower was

~



' ; . /( : ' * [‘43
S - ‘ - o . . .
' / ' K ‘ . N .
waéhe@(aad’tﬁg/;;;tem purged with moist air for 15 minutes to remove

G
I . . [

- odour ‘traces. The odour source was placed in alte;natéttowérs in
consecutive pgirs of runs. 1In this fésﬁion, STSefies of trials were
éonducted tévgvaiuaﬁe.the the'olfactory'fesépnse of: |
;(1) Malqs and femalés (mixeds to foliage{
//aﬂ(Z)iwfemales fo‘foliage;‘ -
( ‘ ‘(3) Males to foliage;
RN
(4) TFemales tovblossoms;
(5) WMalés to bloéséms.'
.

4.B.ii. Results

Table 8 shows the results of ,the tests in the double air-

’

. . . . S
stream olfactometer = . 1°~:s the totals of 5 pairs of runs recorded

in Appendix VI. When moist air alone.was used, é large number of
specimens femained in the ﬁaiﬁ body of the olfaétometer, e those

. ghat enﬁereq the:insect traps displayed no distinct preference for
either trap. 'Whén mi$ediﬁales and females were exposed Yo the odoﬁr
oftrape foliage, 607 entered the‘odour trap. However, since these
were mostly\females,bthe sexes were sepa:ated in shcceéding trials.
wﬁenltheir response to the odour of rape foliéée was chééked
sgparately; 75% of the females entered the odour Crap,‘while the
:ﬁales'sﬁowed no distinctlﬁreference. When the odour of.rape blbssoms»

was used, 877 of the females and 777 of the males were found.in the

‘odour trap.
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4.C. Food plant aéceptance

While phototaxis plays a major role in difectihg the larvae
to the proper envirdhment for feeding, and plant odours direét the
adults té the proper plants, it is assumed thét.qhe ultimate forces
that determine food planp1acceptance, or final recognition, are:
.largely gustatory response td chemicals in food plant'tissue.

Although E. americana was not observed feeding on non-

o . A

éruciferoua!plants ip the field, tests were conducted to determine
if ﬁﬁe larvae or adﬁlts-would feed on such plants. Other tests
were condudted to determine if chemicals in rape seed foliage were
resﬁonsibie for food plant acceptance by E.‘ame&iéaﬁa, and whether
both larvae and adults responded to the same chemicals. Finally,
.larval'andvadulf responses to sinigrin, a musﬁardroil glucoside

common to the Crucifereae, were tested.

4.C.i. - Matenials and me,tlwd/sv
BZO—aAAag method - Figufe 4 illustrates the test chamber
used gohévaluate tﬁe resﬁonse of E. amenécdna the.Abn—cruciferous
: ﬁlaﬁts, to chgmidal fractions of rape foliége, and ﬁo sinigrin.
Leaf discs of 2.0 cm diameter were prepared with a stainless:steel
punch and mounted on inseét-pins that were equipped with-0.5 cm”
.diémeter plastic discs to support the leaf discs. The insect pins
were imbedded in a 1.0 cm layer of styrofoam piaétic that was
covered‘by é‘siﬁgle layer of moist paper towel%ing-and contained in
a 10.0‘qm diaﬁ%%er Pyrex glass petri dish. The leaf discs were

held é%out 3 mm?above the paper towelling during adult testing, and
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about 1 mm for larval testing. The entire arrangement was covered

with a stoppered, giass funnel.

Non-cruciferous plants - Groups of ‘10 adults, unfed for 24
hours, and groups of 50, ‘newly-hatched larvae were offered non-
.cruciferous leaf discs in the test chambers for 4-hour periods. At

the end of these periods, rape leaf discs were added to the test

chambers, providing a choice of leaf discs for a second 4-hour

period. Thirteen species of non-cruciferous plants, representing 5

families, were tested (Table 9). '

_ Chemical gractions of rape foliage - Neither larva.e nor
adults of E. americana, starved for one day, will‘eat‘lettuce. In
order'té evaluate their response to chemical fractions of rape
foliage, they were offerea a choice of lettuce leaf discs treated
with thé.chemical fractions, and untreated lettucé leaf discs.
Choice trials involved groups of 10 adults, unfed for 24 hours, in
the test chambers for 4-hour periods, and groups of 50, newly-

hatched iérVae for 12-hour periods. The adults were field-collect-

. ~
' Ty

ed, and tested ﬂurihg_fhe first/j weeks after emergence. The
o 2 Ao - -
dlarvae were from eggs hatcuaed %n?the laboratory.

‘A1l chemical fractions from the plant extraction process

were evaporated to dryness and dissolved in minimal amounts of
: ! .
methanol. Lettuce leaf discs were treatéd by immersion in the .

methanol solutions for one minute, &nd thén air-dried.  Control

lettuce discs were immersed in methanol for one minute, and then.
~air-dried. Immediately following edch- trial, the leaf discs were

removed and their outlines accurately recorded on graph tracing



Fig. 4. The choice chamber used to evaluate the rcsponse of Entomoscelis ammcana Brown to food plants and non,food
plants: gf, glass funncl ip, inscct pin; 1d, leaf disc; psd, plastic supponmg disc; pt, paper towelling; fpb,! foam plastic
bottomlayer; pd, petri dish.. .

47



Table 9. The non-cruciferous piants tested for feeding accept-

ability with Entomoscelis americana Brown. g

Test plant
CHENOPODIACEAE
Chenopddium albuwn L.
Beta vilgarnis L.
Beta vulgaiis ccela L.
: LN
Spinacia oleracea "
LEGUMINOSEAE |
Pisum sativum L
. Medicago Aaxiua L..
TROPAEOLACEAE
- Tropaeofun mai:a Lu .
U

- SOLANACEAE

Solanum tuberosum L.

3

i
L

. Nicotiana tabacunm L.
_ - e ]

£

 COMPOSITAE
Taraxacun officinale Weber
,Ciﬂéiumranvenéa”(L.)%Scop.

Lactuca sativd cilspa L.

Q&g‘ Lycgpenéicoﬁ?ebcuﬁéntum Mill.

Common name

o

lamb's quarters
garden beet’
Swiss chard

spinach

garden pea

alfalfa

large nasturtium

" potato

tomato

tobacco

dandelion
Canada thistle

leaf lettuce
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paper. These were then reproduced by direct contact on Kodalith
photographic film (Canadian Kodak Co., Toronto, Ont.j,;and enlarged
5.66 times with a projector. The enlarged image provided a circle

2 which, when traced with a polar planimeter

with an area of 100 cm
(Hughes aﬁd Owens Co., Tofonto, Ont.) gave a reading of 100 when the
instrument was set to yield a 1:1 ratio. The ratios of the areas of
the partially—conéumed'discs to their original areas were determined,
and the areas consumed expressed as}percentagés of the whole.

Two methods of chemical fractionation of rape foliage were
carried out in this>study. Tﬁé first method iﬁvolved the fractioﬁ—
ation of solvent extracts' by means of ion-exchange chromatography.
Thig éystem was abandoned since it failed to concentrate tﬁe
chemical feeding stimulants iﬂﬁgefinite fractiqns.' The second frac-
tionation method—was designed, wigh minor modifications, after the
méthod used by Nayar and Thérsteinson (1963) to isolate must;rd oil
glucosides . from plant tissues of,species in the families Crucifereae
and Tropaeolaceae. Fig. 5 is a flow diagram of‘the fractionation

procedure employed in this study.

Fresh rape leaves were dried in a%%eléctric, ventilated oven
o & . ) .

7SN

T o - . !
(Cenco Instruments Corn., Toronto, Ont.)ﬁgétiat 80~ C, this tempera-

ture selected to inactivate naturallv—occurring-ﬁlap; enzymes that
may tend 'to break down compounds. - (As noted in sectiom 3.D.i.,
. ’ - £

‘ ‘ ke - — . . .
rape lcaveﬁgéetached for 3 days are toxic to the larvae.) ' The dried
leaves were ground to aepowder in a Sorval Omni-Mixer and stored in

. o .

glass jdrs at 07 C. A 100-gram sample of the leaf powder was -

extracted 3 times in petroleum ether with a Sorval Omni-Mixer.



 6-25, these were combined, reduced to lO ml by evaporatlpn, and ™"

1
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Each extraction was for 30 minutes in 300 ml of petroleum ether that

was removed by filtration between extractions. The temperature
during the extraction procedure was held near 20° ¢ by meéﬁs of an
jce-water bath. The liquid fractione were combined, reduced by
evaporation, and tested for a feeding stimulant with E. americana.
Larvae and adults were each subjected to 5 trials iu test chambefs.

to evaluate their response to this fraction.

The residue from the petroleum ether extraction process was

then extracted 3 times in 80% ethanol, following the same procedure
employed in the-petroleum'ether extraction, and was similarly tested
with E. americana. Since the ethanol solution contained a feeding

. ' . e
stlmulant it was reduced to 10 ml by evaporatlon, and chromato—

graphed on a 2. 0 X 36 0 cm” column 0f°AdSOfDD10n Alumlna, 80 200

yie i (Bﬂ
A .
mesh (T1Qher Scientific Co., Falr Lawn, N. J.§ packed aﬁd eluted@ ?
;.LJ'/ . . & ’ L' . ;,ng& -
T ac) i “, SR

with 80% ethanol. Column flow was adjusted to 30 ml/hour and lO—ml
: 'g» ’*;J)
fractions collected with an automatic rotary fractlon collector S

(Buchler Instruments Corp., Fort Lee, N.J.). Each lO—ml,fraction

was tested for a feeding stimulant with the larvae and adults of E.
/- 9]

amenicana. Since a feeding stimulant was piesent in fractioms % 1

chromatowrauhed on a 2.0 X 36.0 column packed with a cellulose

. ;
slurry in, and eluted with,‘7OA ethanol. 10-ml fractions were

again collected and, when tested with E. amesleana, a feeding
stimulant was detected in fractions 5-16. These fractions were
combined, reduced to dryness by evaporation, dissolved in 20 m1l .

of distilled water, and pléced on a 2.0 X 36.0 column of activated
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carbon (J. T. Bakér Chemical Cb., Phillipsburg, N.J.). This column
was eluted with 250 ml of distilled water, followed by like amounts
of ethanol solutions in concentrations 50, 60, and 907, respectively.
‘Each of the-a resulting fractioﬁs was tested S times with the-larvae
and adults of E. amenicana. Since a feeding stimulant Qas present
in thé water and 60% eluates, these were coﬁbined, evaporated to

'

dfyness, and dissolved in 100 ml of distilled water at 50° C. The
‘water solution was cooled to 21° C and shiken for 10 minutes in a
separatory funnel with 100 ml of diethyl ether. The fesulting 2
.ffactions were each tested 5 times for a feeding stimulant with the
» larvae and adui{;.‘ Finally, the 2 fractions were re-combined and
again tested with E. americana.

Tests with sindgain - A 0.1 ém sample of sinigrin (Nutri-
tional Biochemical Corp., Clevelaqd, Dhio) was dissolved in 10 ml
.qf distilled water at 210 C. The larvae and,éﬁults were each
tested 5 times in choice chambers, employing lettuce leaf discé that
had been imﬁersed in the sinigrin solution for one minuté aﬁd air-
dried. Control discs were immersed in distilled water for one

minute and air-dried.

4.C.ii. Results

" Non-cauciferous plants - Qf the 13 species of non-cruci-
ferous plants tested, none were accepted by E. ameilcana. Im all
tests, when fresh .rape leaf discs were added during the’second

4-hour period, these were readily accepted by both laxvae and

adylts.
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Chenical fractions of- n,a’,;fove 5(;?,&(9@ - Table 10 lists thc
results of the tests with che%&cal fractions of rape foliage. "The
control leaf discs rémained'intaét dur%ng all tests and are not
included in the table. E. wiericana dia not accept leaf discs
treated with the\pet;oleum ether fraction; however, both larvae
and,aéﬁlts acgepted leaf dists treated with the‘SOZ éthanol extract
and eéch cqnsumed abou;.49.82;ofvthé leaf areas. The results of
indi?idual trials with the ethanol extract fraction are listed in
‘Appendix VII.

N 0f the fractions collected from the adsorptién alumina
coigmn} thé larvae accepted fra;tions 11-17, the adults, 6-25.
Greétest accgptance by both 1ar¢é¢?&pd édults was detected in
fractions 13~15. The .ldrvae accep%éé-fractipns 7-14 from the
“‘¢ellulose slurry column, the adulﬁs, 5—16. Greatest response was
to fractién 9,\for leaf disés treated wiﬁh Liis fraction were en-—
tirely consumed by both lafvae.and ad‘ullts. E. an:é«’ulcana did n(;t
accept leaf discs treated with tie 90 and 30% eluates from the
activated cnrboh column. 9Of the 1eéf”discs treated with the dis-

/v . o,

tllled water.and 607 ethanol eluates, tde Larvae consg

An

average of 72.6'and 30.67,, e%pectlﬁely, the adu]ts, 34 8§ﬁnd :
. "; é‘»* J?@
30 87 respectivelv. Thesc averages are computed from a total

EA'-

of '5 trials each for the larvae and adults, llsted in Appéﬁ@lx

S
s "

VII. o ?.,

Both larvae and adults accépﬁed leaf discs treated with
the water layer from the éeparétory funnel, ‘although larval re-

sponse was greater. As tHe result of 5 trials each (Appendix VII),
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Table 10. The response of Entomoscelis americana Brown to lettuce
leaf discs treated with chemical fractions of rape (Brassica

campestriis L.) foliage.

Approximate area of ) ,
Froction ‘ : discs consumed (%)
Larvae Adults

Petroleum ether extract

{Result of 5 trials)‘ o 0 0

© 807 ethanol extract

(Average of 5 triéls) ; 49.8 49.8

Adsorption alumina column
Fraction No:

5 0 ‘ 0

6 0 6
7 0 13
8 ; 0 H 19
9 0 19
10 ° - 0 .25
11 ' | 8 J ' 38’
12 E 13° 36
. . ' ¥
13 ‘ L 18 29
Y e N 84

16 | 23 47



Table 10 (continued)

Approximate area of

Fréction discs consumed (%)

Larvae Adults
. , .

vAdsorption alumina column

Fraction No:

17 R n 35
18 : , 0 a2
19 | o 31
20 0 22
4% | 0 19
22 | 0 16
Y o 0 16
| 24 ; 0 13
25 | o 12
26 - o o' ‘ 0

. o ' Sy

Cellulose slurrv column

e
Fraction No:

4 . 0 0
] 5 _ 0o 26
o . ) Q

6 0 28

7 20 36

8 32 30

9 100 100

10 T ; 92 100



Tabie lO‘(continﬁed)

Fraction

Cﬁyiulosé(siurry'colpmn ~
. Erattiqﬁ No:
‘~lf
12
13
14
15
16 -

17

Activated. carbon column

‘(Average of S"Erials)
90% géhaﬁbl
60% ethanol
30% ethanol

Discified w?;é}

i

Sefaratory funngi;f%éctions
(Avérage of 5 tre

£)  Wate: s (1)

Diethyl ether layer 2)

. (1) & (2) comBinedv

Approximate area of

discs consumed (%)

‘Larvae

63

46

49

40

- 30.6

72.6

45.4

48.8

Adults

72
63
52
23

24

30.8

34.8

55
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[y

the larQée constmed an average of 45.47 of the treated leaf discs,
the adults aboﬁt 21._ 7. The larvae did not accept leaf discs treat-
.ed with the diethyl ether layer, while the adults displayed a slight
response, consuming an average of‘6.22 of the 1eaf‘areas. When the
2 fractions from the separatory funnel wererre—combined, no signif-
icant change was detected in léfval.response énd they consumed an
average of 48.87 of the leaf area. Sgph re—cémbination did signif-.
icaﬁtly affe;t adult response'howéver, for they consumed an average
of 73.47 of the treatgd leaf area.

" Tests with sinigrin - E. americana did not accept leaf discs

treated with sinigrin.

4.D. Pfeliminary tests to classify plant cbmpounds

Preiiminary tests were conducted to classify the -unknown
compounds in the water and diethyl ether layérs from the separatory
 fdnnel. The scope of the tests was'limitedvdue to(the small amoun£
of residue obtained, appr ximately 0.1 g froﬁ the diethyl ether .
layer and about 0.0l g from the watér'iayer.

Diethyl ether Layetr - Evaporationof the diethyl ether layer
yieldedva dark—brown, viscgﬁs sqbsténce that would not dfy completef
1y when exposed ;o air. 2nd had a dis;inctive, fruity odoé@. ‘fhis
substanée is insoluble iﬁvwdter at room temperature, and soluble in
dilute sodium hydroxidé énd dilute sodium bicarbonate. According
>toHShriner, Fuson, and Cuffin (1967), low volatility combined‘with

these solubility properties indicates either a ﬁigh—molecular—

wcight acid or a substitut. phenol. The distinctive odour suggests
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"the latter.

‘Wﬁtén Layer - The watér layer fractioq has a pH af 6.9,
is odoufless, and yields & positive reaction Qith Benedict's solu-
tion. According to Shriner, Fuson, and Curtin (l9é7),'a positiv
reaction to Bé;edict's sol;tion combined with holsolubility i
diethyl éther>indicates ﬁhe presence of aﬁtaldehyde with a free re-
ducing groﬁp. Con#rol tests, using Benedict's solution, were run

with glucose and sinigrin,’ and both yielded a positive reaction.
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CONCLUSION AND DISCUSSION

,

The distributién of E. ameiicana in Nor;h Ameriéa and -the
habits of the stages indicate=adép§ation to a cool, fairly dry,
continenfai type climate. Winters are spent in the’soil'aé eggs,
diapausing in the late embryo stage, while.thé warmest summer.month
in Alberta is spent in’aesgivatioﬁ.

3 E. amehié@ﬁa is olig phagous anc restricted to the Cruci-
fereae. Hatching occursn = cgﬁciferous plants at a time when

these plants are in the seedling stage, and the larvae need not

seafch:far for food.f PhotQtaXis plays-a major:role in directing
the larvae to the proper'environmeﬁt for feeding and this may be
'Jgssisted by geotaxis and hyéfotakis. Althouéh no direct:d ~ovement
by larvae toward foéd plaht’odours was demongt%ated, sucr odcurs
act as arrestants at very.glosé'range, possibly when the'l :iva= are
'walking,on the food plantafwhile non-food plant odours can act ag
o Do S -
repellents. That these two effects may éombine to direct the larvae
to the:proper plant forlﬁ;eding was demonstrated by the fests with
growing food and ﬁon-fbﬂd planté'(Table 7). Thorsteinson“(l960) 5
yconpended that food plaﬁt finding by phytophagous\insects is 1ar%%—
1y by>chance, and no response to food plant bdours was reported'by
ﬁosﬁi@ilq(}972) ig larvae of several lepidoptéran and coleoptgran

pests of sugar cane. Although Chin (1950) reported that Colorado”

‘. S
8 - ) R . o .
potato beetle larvae responded to the odours of potato foliage from

a distance of about 5mm), Bongers (1970) concluded that such re-
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.
e

. perlod,

insgqueﬁtIy,Hdispersal and foodjpiéhfbfinding is critical after

H

sponse 1s not necessary for survival since the eggs are‘normally

e

deposited ép ppﬁatOVIéaves. Sihilarlx, the eggs‘of;E;famemLcaha
aréﬁlaid on soil bénéath‘food‘plants énd long raygé“response to
food plantibdouré by_fhe larvae is not critigéi ﬁég\surviﬁal.
Alﬁh%ﬁgh no‘reépoqse to food plaﬁ%:béguygwas deteéted-in

\ il
e

neﬁly~emefgéandults,'fdbdxplant finding is not critical at this
'timgfséﬁcé the plants'that served as larval food still have an

v

';yﬂfampie'shpply of foliage: During E. amesicana's July aestivation

7

thé$e'plants form seed pods and the leaves scnesce. Con-

N . -y . : ' \
: - T 2 ‘ , e T . . . .
~aestivation, and the,resppns%f;o food plant odours coincides with

) )

‘1,_ gctiyéfdispersél invéarly"ﬂﬁgust..

2 The sfrikiﬁg reversals of phototaxis displayed by the

‘adults coincides with other behavioural changes. Newly-emerged
, R | . o |
adults are_strongly photo-pdsitive (Table 3) and are found on

- ':‘-:b-.‘ . ' : . ‘ )
plant stems. The reversals of phototaxis at the beginning and end

of July are in syhchrony with the aestivation period. The photo-
- . - . ’ ¥ :

s .

-neéétiﬁe response of aestivating adults is coupled with a positive
N . ‘ : :
résponse o moisture and a thigmokinetic response in conjunction

qith mo%st substrate. ‘Thesé-3 responses combine to direct E.

amesiicana to the proper enviroument for aestivation, since th‘s

60

pefiod is spen% under leaf 1i;ter and in soil crevices. The second

o/ -

reversal of phototaxis coincides with the termindtion of the
aestivation périod.‘
Copulétion was not . observed until immediately after dis-

persal in earLy August, at hhich time males regpbnded'to female

|
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-
odours. Copulation after dispersal prevents inbreeding in a local
population and increases genetic variation '+ through exchange with

other populations.

During the rape foliage fractionation process and later

‘A

tests to characterize chemical feeding stimulants, it was demonstrat-
ed that an aldehyde stimulates larval feeding and synergises with a
compound that has phenolic properties to stimulate adult feeding.

The fact that larval response is confined to the aldehyde indicatesv

T

that it is not a nutrient phagostimulant such as a sugar, but ,more

¢

likely an aldehyde peculiar to the Crucifereée,§§ince'the ld%vae are

4

‘restricted to this plént family. Although the larvae do not * |
respond to éinigrin or to nasturtium foliage which.pontaiﬁs sinigrin,
a mustard oil glucoside cannot be ruled out as a feeding sgimuiant o
éince'several such glucosides may occur in a single plant (&ayér and
Thorsteipson, 1963). Adult feeding response was greatest to Eﬁé
combinea effects of the>a1dehYdéband a compound with phenqlig_pfo;
perties. Hsiao andvF}aenkel (l9§l)5;eéorted1thatra,phendlic coﬁ—
pound in potato foliage may be a Spec;fic stimuléﬁt é@ﬁ%&he Colotado
potato'beetle, and as discussed in theflitératgf%&reviez? cases of

" synergism in phytophago?s insects has been widel; reported.

" Since little previous research,regérding E. amenicana has

. beén reported, tﬁis study can'form the basis for;further investiga-
tions into ;he biology, foéd plant relationships, and control of E. f&
amesticana. The deScriptiéﬁ‘of the stages will aid in field iden-

Eification, while the information regarding rearing techniques and

termination of diapausefwill be useful in establishing laboratory
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.Colbniés. The information régarding the habits of the stages and

v

'féod plant finding is useful in developing cultural control
methods ., E. americana has recently a..racted attention as an eco-
¢

nomic pest because of increasing rape acfeage in Western Canada,

and will‘COépinqe to be a pest as-long as volunteer fape is allowed
to'spfead through agricultural l;ndé. Crop rotation, spring tillage,
and more efficient methods of rape seed harvesting will help to

~—— ’ '

suppress volunteer rape and can be investigated as methods of
_cultural control of E. ameriicana. »--

Further investigations can be conducted to identify the
plang compounds in rape foliage that initiate feéding.by E. mn@mé—
cana, These chemicals. may then be Lsed as bait in insect traps to
estimate field population densities. Perhaps'varigties of rape

lacking these chemical can be developed, much in the samevway that

. 3 - / . 1 ’
rape varieties with lew erucic acid content were developed (Williams,

1972).
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7. APPENDICES

Appendix I. -The photo-response of adults of Entemoscelis americana

v

Brown in a light-dark choice chamber.

Level

of maturation ' Rﬁn‘ Light Dark

Newly-emerged adults .

% 1 19 L1
2 20 '”.0
) 3 >201 0
4 18 s p
. q5 T 17 3
Beginning of aestivétion 1 3 I ¥
R 2 2 18
3 0 20
4 1 S
" s 4 16
AestiVation 75% cb%pleé;, Y 1 * 8 ] .ilé
Yy 2 X 13 7
3 ‘1 9
- 4 8 12
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’Appendix I' (continued)

Level

of maturation

" Aestivafjon gomplete

U
Sz, N

Run

Light o . Dark
18 -2
19 |
i 17 3
| 16 4
19 1
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Appendix VII. The response of Entomoscelds amerilicand to lettuce.

" leaf discs treated with chemical fractions of rape seed foliage..

Approximate area of

discs consumed (%

Trial . Larvae Adults
807 ethanol extract: 1 55 49
2 60 59
3 4k " 68
4 43 22
5 47 | 51
Activated carbon
'cblumnz o
60% ethanol eluate- 1 .‘ 39 o . 23
- 2 33 ' 28
3 .‘ 32 26
- ;:,-*4 ) 30 “ 32 7
s 19, C4s
fﬁgﬁ'ﬂh | .
Distil}kéd
~ -
eluate 1 | . 75 \ 43
| | 2 79 36
: 3 63 _,37u
.
4 72 28
5 74 30
o

&
e TN

s
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Appendix VII. (continued)

Approximate area of

discs cons.umed (%)

Trial - Larvae Adults
Separatqry funnel
ffactions:
Waﬁer 1ayer (1) 1- | . 47 4'* .18
" 2 4 22
3 w2
4 53 26
5 w17
Ether layer‘(2) 21 0. - )
2 0 | 7
3 =0 4
- 4 | 0 6
5 Lo Y
. - /\?
@ & (2) :
combined | 1 65 77
) 2 50 79 |
3 45 " 76
4 4, 38 64
5 46 71

A

N
B
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