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AWASP: AN ACOUSTIC WAVE ANALYSIS AND SIMULATION PROGRAM

D.B. (Don) Keele, Jr.

James B. Lansing Sound, Inc.

Northrldge, CA 91329

A report on the preliminary version of a general purpose
computer program for the analysis and simulation of two-

dimensional acoustic spaces under steady-state sinusoidal
conditions. The program employs finite element methods to

predict the sound pressure magnitude and phase in an arbi-

trary region at any desired frequency. AWASP is similar
in concept and usage to well known electronic circuit

analysis programs such as ECAP and SPICE.

The program has wide application in the analysis and design

of a large number of electro-acoustic situations including:

sound in ducts, horn propagation, sound in enclosures,
diffraction effects, etc. Applications analyzed include:

sound in straight and bent pipes, sound in a live room,
and simulation of a Helmholtz resonator.

INTRODUCTION

The finite-element method [1] which originally started as a process of struc-
tural analysis has become recognized as a general method of wide applicability

to Engineering and physical science problems [2] [3] This paper describes an
application of this method in development of a computer program for two-dimen-
sional (2D) acoustic modeling.

The goal of the program was to essentially solve the two-dimensional steady-state

wave equation in an arbitrary region (with arbitrary boundaries and sourc--c-e_)an-'-_-d--

yield a detailed plot of the sound pressure magnitude and phase at a finite

number of points in the region. The input and output data of the program are in

a form which allows rapid problem definition and result interpretation. The
name chosen for the program is "AWASP" which stands for Acoustic Wave Analysis

and _imulation Program.

PROGRAM DESCRIPTION

AWASP is a general-purpose computer program employing finite element technology

for analysis and simulation of two-dimensional acoustic spaces under steady-

state sinusoidal conditions. Spaces can be of arbitrary size and shape and

contain and/or be bounded by arbitrary complex (having both magnitude and phase)

boundaries. Absorption coefficients at boundaries including anechoic terminations
can be easily entered. Any number of independent pressure sources having complex

source strengths and source impedances can be simulated.
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FINITE ELEMENT METHOD

"The finite element method, Br quoting Zienklewicz [1, p. vii], 'tis essentially
a process through which a continuum with infinite degrees of freedom can be
approximated by an assemblage of subregions (or elements) each with a speclfled
but now finite number of unknowns. Further, each such element interconnects
with others in a way familiar to engineers dealing with discrete structural

or electrical assemblies." The resultant assemblage of subregions or elements
which are ail interconnected at a discrete number of nodal points is then

analyzed using formalized matrix techniques to yield output data at each node.

The finite element analysis method yields a large set of matrix simultaneous

equations (one equation and one unknown or more for each node) which are then

solved using the digitaT computer. To a large degree the method is essentially

a brute force analysis technique which has become feasible in the last decade
because of rapidTy increaslng computer power and the decreasing cost of compu-

tation. It can be shown that the method converges to the exact solution in

any region as the number of elements is increased.

AVAILABLE PROGRAMS

A number of large computer programs for structural analysis which use the finite

element method exist; a partial ]ist includes: ANSYS, NASTRAN, SUPERB, etc.

[4], [5], [6]. Some of these programs even have the capability to solve wave

equation type problems by virture of having a 2D or 3D wave element [4].
Unfortunately, due to the extreme generality and very large size of these
programs ( ANSYS code takes about 2 megabytes ) running them for small to

medium size acoustic problems is quite complicated and expensive. In addition,

the input/output is often in a form which is clumsy, hard to set up and interpret.

The intent here was to develop a finite element computer program specifically
tailored for analyzing acoustic problems which would run on a small to medium

size computer efficiently.

PROGRAM INPUT/OUTPUT

A graphical input/output format was chosen which could be used with any alpha-
numeric terminal or printer. Two-dimensional acoustic boundary regions are

input to the computer in a form which uses images of the space with symbols

having specific meanings. The output of the program is printed on the same

image with separate sound level magnitude and phase plots.

To simplify the mathematical formulation and the resultant program a square
finite element with 4 corner data nodes was chosen. The region to be analyzed

is set up using these square 2D elements as basic building blocks. In the next

section, examples of actual program input and output for several cases will

clarify these statements and illustrate the versatility of the program.

AWASP has the capability of modeling a number of different types of boundaries

including complex and anechoic conditions. Any number of pressure or velocity
sourceScan be simulated wlth arbitrary source impedances. Refer to the appendix

for a complete list and description of the programs input options.
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APPLICATION

Four relatively simple test cases were analyzed with AWASP to illustrate its
use; Case I. Square reverberent room,

Case 2. Straight pipe with matched source and load,

Case 3. Bent pipe with matched source and load, and
Case 4. HeTmholtz resonator with duct excitation.

In every case a series of pressure magnitude and phase plots were run at severe]

frequencies to show the changing distributions with frequency. Experience with

using the progranj on a large number of cases reveals that 6 to 8 elements per

wavelength are required at the highest analysis frequency for sufficient accuracy.

The speed of propagation in each plot is 1 element per second. Cited frequencies
are in wavelengths per element (wpe).

Case i. 4 x 4 El[ement Square Reverberation Room.

The acoustic space simulated is a square room with perfectly reflective walls

with a single source in the corner. Fig. 1 shows the format for the input
image for this sltuation.

The i6 flnite elements are indicated by X's.

I. Each finite element (X's in Fig. 1) has 4 data nodes associated wlth it.

2. The data nodes are indicated by +'s and _'s.

3. The +'s indicate a node without an associated source or load while the _'s
indicate a perfectly reflective boundary (absorption coefficient of zero).
Note that these two symbols can be used interchangeable on a boundary because
a "+" node without an associated element "X" is the same as a "_" node.

4. The corner source is indicated by a "$" which specifies a unit pressure
behind a unit specific acoustic resistance (pressure/velocity).

The program's pressure magnitude and phase plots are shown in Fig. 2 for several
frequencies. Please refer to figure caption for descriptive information.

To illustrate the effect of increased reso]ution and accuracy afforded by using
a ]arger number of elements, two additional runs were made at double (8 x 8 elements)
and quadruple (16 x 16 elements) dimensions for the frequency corresponding to
the first room node (Fig. 2e). These outputs are shown in Figs. 3 and 4
respectively, z

Case 2. 2 x 12 Element Straight Pipe wrth Matched Source and Load.

The program simulates a one dimensional transmission llne in two dimensions by

modeling a plane wave source and load on the ends of a 2 x 12 element region.

The source and ]o_d impedances are chosen to correctly match the characteristic
impedance of the line (unit magnitudes and zero phase).

An exact analytical solution to this problem shows that the pressure magnitude

should be exactly 0.5 (-6.0 dB) at all points in the pipe for all frequencies.

The corresponding phase distribution should indicate an in-phase condition (O°)

at the source with a linear phase lag as one proceeds toward the load. The
amount of lag or _e]ay depends on the frequency. As an example, a 1)ne wh]ch
is one-half wavel[ength long would have a phase of _180 ° at the load with a phase
of -90 ° midway between source and load.



The following output plots give a good idea of the accuracy of the method for
small number of elements per wavelength . The input image for this case is

shown in Fig. 5 with the outputs for several frequencies shown in Fig. 6. The

"#" symbol indicates a unit real load,

Case 3. 2 x 12 Element Bent Pipe with Matched Source and Load,

The program is used to model the pipe of Case 2 but with the last third of the

pipe bent at right angles. The input image for this case is shown in Fig. 7

with the output at a number of frequencies displayed in Fig. 8,

For low frequencies (Fig. 8a~b) the SPL distribution is essentially the same as

the straight pipe with the sound flowing smoothly around the bend. For higher
frequencies (FIq. 8c-f) however, where the distance to be bend is one-tenth
wavelength or more, the bend generates reflections which interfere with the

sound transmission. Note the strong standing waves in the first part of the
pipe in Fig, 8f when the source is one wavelength from the bend and the resultant
loss of level at the load.

Case 4. Helmholtz Resonator with Duct Excitation.

A Helmholtz resonator is modeled in this case with a rather stiff source (low

source resistance) driving the duct or vent. The simple resonator of Fig. 9
is depicted by.a 3 x 3 element square cavity coupled to a 1 x 4 element pipe.
Analysis reveals resonance should occur at roughly f _ .025 or N _ 40. Fig. 10
displays the output plots for several frequencies. Note the large buildup of
pressure (+16 dB above source) that occurs at f = .024 or N = 41.5.

PROGRAM LIMITATIONS

The size of the space to be analyzed is limited essentially by the speed and
memory availability of the host computer. The current time share version of

the program which is written in BASIC language [UCS SUPER BASIC) does not use
sophisticated memory management techniques to minimize high speed memory usage.
The whole program and associated data must exist in high speed memory at the
same time. Most of the computer memory and execution time is taken up in the
simultaneous equation solution subroutine which uses a version of Gaussian

ellmlnation [7].

Analysis shows that approximately 2N 3 memory locations for number storage are

required for solution where N is the number of elements per side of analyzed

space. For example a 10 x 10 element reglon require about 2 K and a 50 x 50
region about 250 K, etc.

Regions up to 20 x 20 _ 400 elements or approximately 3 x 3 wavelengths (at

roughly 6 elements per wavelength) can be analyzed using the current time

share version of the program with 24 K words of memory available. Analysis

reveals that regions of roughly 10 x lO wavelengths or 60 x 60 = 3,600 elements
are required to properly predict the polar pattern of a horn for instance,
Please note, however, that regions as small as 2 x 2 = 4 up to 4 x 4 = 16 elements
can in a number of cases yield very useful information (see section on examples
of program input and output).
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CONCLUSION

A brief description of the preliminary version of a computer program to solve

generailzed 2D acoustic spaces under steady-state sinusoidal conditions has
been presented. The primary limitatlons of the program are for the most part

based on the speed and memory capability of the host computer and secondarily
on the programs methods of solution. Future enhancements to the program will

include rewrite of the critical portions of the program to improve speed and

efficiency and graphical output to aid in comprehension of the generated data.
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APPENDIX

PROGRAM INPUT OPTIONS

Boundary and source/load conditions are input to the computer by use of

different symbols at the node locations in the input graphical image.
These symbols are:

+ : Node which has no source, load, or absorption
associated with it. Indicates communication

between elements only.

$ : Source node of unit pressure and zero phase wlth
unit real source impedance.

A to Z = Source/Load node of arbitrary source strength and

impedance. Both magnitude and phase can be

independently specified for both strength and
impedance. Constant pressure sources are modeled

with low source impedances and constant velocity

sources with high source impedances. Load only

nodes are modeled by setting source strengths to
zero.

# = Load node with unit real impedance. Also specifies

an absorption coefficient of unity.

- 9, # = Absorption node with absorption coefficient _ as
follows.

Symbol

(or +) 0 (perfect reflector)
1 .1

2 .2

3 .3
4 .4

5 .5

6 .6

7 .7
8 .8

9 .9

# 1.0 (perfectabsorber)
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LiSY

REGIONDIMENSIONS= 5 NODESDOWNAND 5 NODESACROSS. 83t[UTD.18.3%Z8.

LISTOFDATA
41(4ELEMENTREVEREROOMSINGLEiCORNERSOURCE _3/16/78,

*Hm*****H*tH UNCHECKEDINPUTIMAGE**+*********+*m [_5,5
il 8 8 8 8 2il"itilil_D"

1( 1( 1( X 3il"XY_X"

1( X X 1( 5il"I 1(IX"
il + + + il 6il "_ + + 4 O"

1( X 1( 1( 70"I I I I"
il + + + _ _il"il+ + + 0"

I I X 1( 90" i YI X"
$ il il 8 8 95 "$ _til il _"

*********************SOURCEiLOADLIST********************* *ROY*
1DENT.TYPE SOURCE IMPEDANCE

MAGNITUDE pHASE MAGNITUDE PHASE
BEGS. _EGS.

$ SOURCE 1,888888 : ,il 1,8888_8 ,8
i

NUMDE_,OF FINITE ELEMENTS = 16
NUMBER OF NODES = _5

HALF BANDWIDTH = 6

a. b.

Fig. I. Computer input required to describe a square 4 x 4 finite
element reverberaLion room with a single corner source. The corner

source has unit real pressure amplitude and unit specific acoustic

resistance (pressure/velocity). Perfectly reflectTve walls are indicated

by zeros ("_") along the boundaries which specify an absorption coefficient

by zero. i

a. Computer printed input image.
b. Raw data as: listed in input file.



NUMBEROF FINITEELEMENTSPER WAVELENGTH(N)= 108880 NUMBEROFFINITEELEMENTSPERWAVELENGTH(N)= 51Z

FREQUENCY(I/N)= .IE-_A FREQUENCY(I/N): ,1953125E-_Z

OMEGA(2*PIE/N)= ,62831853E-_4 OMEGA(2*PIE/N)_ ,12271846E-_l

4X; ELEMENTREVERBROOMSINGLECORNERSOURCE )3/16/78, 4X4ELEMENTREVERBROOMSINGLECORNERSOURCE _3/16/7R,

**********QUICKPRINTAMPLITUDEDISTRIBUTION****+***** ********+*QUICKPRINTAMPLITUDEDISTRIBUTION****+*,H
LEVELINDB LEVELINDB

-,_ -._ -.B -._ -J ------ml---- --.6 ''6 1.6 '.6 --.6 't-

I I X X f I I X X-._ -._ -._ -4 -._ AMPL)TUDE -.6 -.6 -.6 -.6 -.6
X X X X _ , X X X X

'_ '"" '" _J_o_o dB _ ''_ ''_ ''_ 6 _'42_X X X X ) X X X X !

"_ "_ "_ "_ -'_/ -.6 1.6 -.6 -.6 -.6

X X X X _ X X X X i-._ -._ -._ -,B -,_ -.6 -,6 -.6 -,6 -.6

+**H***** QUICK PRINT PHASE DISTRIBUTION********+***** +HH*H*_ QUICK PRINT PHASE DISTRIBUTION********+*+***

PHASEINDEGREES PHASEINDEGREES

B B _ _ D -22 -ZZ -BZ -Z_ -22

x x x x F_SE x x x_ _ _ _ -Z2 -22 -B2 -ZZ -DB
X X X X I X X X

_ _ _ 6 -ZZ -22 'Z2 -ZZ -BZ
X X X X _E _5, X X X X

B _ _ _ fi -22 -ZZ -BO -Z2 -ZZ
X X X X I X I X

_ _ 6 _ -Z2 -DB -2Z -Z_ -22

a. f : I 1
lO0,o0_Wavelengths per element (wpe) b. f = 5_wpe

Fig. 2. Computer output at several frequencies for the square reverberation

room of Fig. 1. At each frequency a pressure magnitude (upper plot) and phase

(lower plot) distribution is displayed. The distributions cover the frequency
range from (a.) very Iow to (i) the frequency of the first room resonance mode

where the sides of the room are one-half wavelength long.

a. Shows the distribution at the very low frequency of f = 1 x 10-5 wave-
lengths per element (wps) which is about }4 octaves below the first room

mode. Note the constant pressure amplitude and phase distributions wlth

the respective values being equal to the source (0 dB and 0°).

b.- f. As the frequency increases the pressure amplitude decreases and the
phase shows an ever increasing l_g.

g.- h. A diagonal node line appears close to the corner source and shifts

toward the center diagonal of the room as the frequency increases.

i. This is the frequency of the first room resonance mode. Note the

amplitude node or null line extending diagonally from corner to corner

with divided regions being 180° out of phase.



NUMBEROF FINITEELEMENTSPER WAVELENGTH(N)= 256 NUMBEROF FINITEELEHENTSPER WAVELENGTH(N)= 128

FREQUENCY(I/N)= ,39_625E-_2 FREQUENCY(i/N)= ,?8[Z5E-_2
OMEGA(StPIE/N)= ,245436qSE-01 OMEGA(SsPIE/N)= .49_87385E-_1

4X4 ELEMENTREVERBR00HSINGLECORNERSOURCE _3/16/78. 4_4 ELEMENTREVERBROOMS[NCLECORNERSOURCE _3/1&/78.

**HHHH QUICKPRINTAMPLITUDEDISTRIBUTION**_H***** HH**_*H _U[CKPRINTAMPLITUDEDISTRIBUTION*****H**_

LEVELIRDB LEVELINOB

-Z._ -_._ -2,_ -2,8-2._ '---1- -5,2 -5,2 -5,2-5.2 -5.Z -----'r-'

t-Z._ -Z.# -Z._ -Z,_-2._ -5.2 -5.2 -5,_ -5.Z -5.2

X X X X X X X

-s._-5.:_-s,2-s.z-5._ _A/3_

-Z.I -Z._ -2._ -1._-Z,_ ._ -5,4-5,3-5,3 -5,2 -5.2
X X X X X X X [

-2.1 -Z.t -Z.) -_,8-Z,_ -5,8 -5,4 -5,3 -5,2 -5._

_*H**_H _U[CKPRINTPNASEDISTRIBUTION+*+H*H+_H_ +*_*_H _UICKPRINTPHASEDISTRIBUTION_*H*_+H*_*

PHASEIRBEGREES PHASEIN_EGREES

-39 -39 -39 -39 -39 -59 -59 -59 -59 -59

-39 -3g -39 -39 -39 -Sg -59 -59 -59 -Sq
X X X X [ X X X

-39 -3_ -39 -39 -39 -59 -59 -59 -59 -59
X ! X _ X _ _ X

-39 -39 -39 -39 -39 -Sg -5_ -59 -5_ -59
X X X X X X X X

-39 -39 -39 -:39 -39 -5? -59 -5? -5? -Sg

I I

c. f = 2_ wpe d. f = 12'-2-_wpe

Fig. 2 (continued)



NUMBEROF FINITEELEMENTSPERWAVELENGIH(N)= 64 NUMBEROF FINITEELEMENTSPERWAVELENGTH(N)= 32
FREQUENC¥(I/N)= A56_SE-61 FREQUENCYH/N) = ,3125E-0l

OMEGA(2*PIE/N)= ,9817477E-_1 OMEGA(_*PIE/N)= ,1%34954

4X4 ELEMENTREVERBROOMSINGLECORNERSOURCE 63/16/78, 4)4 ELEMENTREVERBROOMSINGLECORNERSOURCE _3/16/78,

+*H*HH* QUICKPRINTAMPLITUDEDISTRIBUTION**_**_H*t *HH*HH QUICKPRINTAMPLITUDEDISTRIBUTIOR*t_*+H*_

LEVELINDB LEVEL1NDB

-1_,6 K-10,__-l_'_X -q,9 ) -9,g -_ -[5,(l-15.31't5.¢l'14,81-1A,7"--' _-18.1 -16.1 -18,8 -9,9 -9,9 -i5,7-15,5-!5.2-14.9-1A,8_

X I X X 'Tk/, X I X I '_/(2
--i_%_'[_1:3'18,1'16,8--18,6 _Z'/_ '16.R--16.3'15.6'15,2--15,8

I X X X / I X X I J

-16,9 -18,6 -18,3 -l_,1 -18,8 _ -19.7 -17,7 -16,3 -15,5 -[5.3
X X X I X X X

q2,5 -[8,9 -18,4 -18,1 -18.8 -45,1 -19,7 -16.B -15,7 -15,4

+*H**mH* QUICKPRINTPHASEDISTRIBUTION*HH*H+***H +***H**H QUICKPRINTPHASEDISTRIBUTION***H**H*****
PHASEINDEGREES PHASEINDEGREES

-76 -76 -76 -76 -76 -98 -96 -9_ .t6 -gg

X I X X X X X X

-76 -76 -76 -76 -76 '98 -96 -78 -96 '98
X I X X I X X X

-76 -76 -76 -76 -7& -98 -98 -98 -96 -98

l X X X X I X X

-76 -76 -76 -76 -76 -_0 -98 -98 -16 -98

I I X X I ) X X

-76 -76 -76 -76 -76 -98 -98 -9_ -9_ -98

_F le. f = wpe f. f= _ wpe

Fig. 2 (continued)



NUMBEROF FINITEELEMENTSPERWAVELENGTH(N)= 16 NUMBEROFFINITEELEMENTSPERWAVELENGTH(N)= IZ

FREQUENCY(l/N)= .6251-81 FREQUENCY(I/N)= .833333331-_1
OMEGA(2_PIE/N)= .39269988 OMEGA(Z_PIE/N): .5_359878

4X¢ ELEMENTREVERBROOMSINGLECORNERSOURCE _3/16/78. 4X4ELEMERTREVERBROOMSINGLECORNERSOURCE _3/16/78.

+*H*t**** QUICK PRINT AMPLITUDE 8ISTRIBUTION ****++**** ++H**e++e QUICK PRINT AMPLITUDE BISTRIBUTION****+HH*
LEVELINOB LEVELINOB

'19._1-19.2X-18.1)=-17'2X-16.9_ -28.Sl-19.6X'17.2x-l$.4X-14.8-----_-21.2 -28.3 -18.8 -17.6 -17,2 -24._ -21.8 -18.4 -16.2 -15.4

X X X X _/. X X X X '_k,/_

-28.1X-24.5X-Z0.8X_18.8X-18.1____1'¥_ -34.8X-36.2X-22.8X-18.4X-17.2 /0

-25.3-Si.l-Z4.5_2_.3-19.3 -15.8-22.1-36.2-21.8-19.6

X X X X X ) X X

-11,9 -25.3 -ZB.! r21.Z -19._ -7,4 -15,8 -34.8 -Z4,_ 'Z_,9

++*****+*+QUICKPRINTPHASEDISTRIBUTION*****+**++**t* +H++****+QUICKPRINTPHASEDISTRIBUTION*+******+_+***

PHASEIR DEGREES PHASEIN8EGREES

-185 -185 -1_5 _1_5 -1_5 -I15 -il5 -Ii5 -115 -115
X X X X X X X X

-1_5 -195 -185 _1_5 -185 -115 -115 -115 -115 -115
X X X X X I X X

-105 -l_S -I_5 _1_5 -105 65 -I15 -115 -115 -115
I X X X X I X X

75 -1_5 -1_5 _I15 -185 65 65 -115 -115 -115
I I I X X I X X

75 75 -185 -1_5 -185 65 65 65 -Ii5 -115

1 l

g' f = T_ wpe, a node lineappears h. f = _ wpe

Fig. 2 (continued)



NUMBEROFFINITEELEMENTSPERWAVELENGTH(N)= R

FREQUENCY(I/N)= .125

O_EGA{Z,PIE/N)= ,78539816

414ELEMENTREVERBROOMSINGLECORNERSOURCE _3/16/78,

+HH_}H( QUICKPRINTAMPLITUDEDISTRIBUTION**ft+HHt
LEVEL IN OB

-25,1-ILl '5._ ._ 1.5 ----1-
X X X X

t-13,2-2?,4 -8.2 -1.7 .#

X X X X

-4,5 -7,2-3L6 -8,2 -5._ _
X X _ X

-,6 -[.8 -7.2-27,4-18,1

X I X X

-.6 -,6 -4.5 -13,2-25,1

+_H_H_ QUICKPRINTPHASED1STRIBUTION**_*H+++_+H

PHASE IN DEGREES

-Zl 1§? 159 159 159

I I I X
-_1 -ZI IS9 159 159

X I I X

-21 -21 -21 159 lSq
X I X I

-Z! -Z1 -21 -tl 159

I I X l
-2t -21 -21 -21 -21

1

i. f : _)- wpe, first room resonance mode

Fig. 2 (continued)



NUMBEROFFINITEELEMENTSPERWAVELENGTH(N) = 16
FREQUENCY(I/N)= ,625E-81
OMEGA(2_PIE/N)= .392699_8

8X8ELEMENTREVERBROOMSINGLECORNERSOURCE 82127/78,
HHHHH QUICKPRINT AMPLITUDED!STRIBUT10N*HH+*tH

LEVEL IN BB
-37,9-3I,I -16,?-1_,8-5.7-2.8 -.9 .1 .5

I I )_ X
-25.6-38.6-19.7 ill,Z -6,4 -3,3 -1,3 -.2 ,l

X X X X
-is.7-lo.l-,,.s-ls.R-o,7-4,9-z,_,-1,3-,v

x _ x _ /_M?L/TUD_
-9,6 -18.7 -15,8 -42,9-14,Z -8.8 -4,9 -3.3 -Z,8

-5,5-6,Z-8.5-132-44.1-14,Z-8,7-6,4-5,7
X X X X /

J
-2,8 -3,3 -4,8 -7,8 -I3,7-4_,9-15,8-11,2-1_,8
X I I X

-1.1 -1,4 -Z,6 -4,0 -B.5-15,8 -41),5-19,7-16,9
X I X X

-,2 -,4 -l,4 -3.3 -6.2-10,7 -18.l -38,6-31,1
,juuRC=--.._ x _ x x

-,1 -,2 -1,1 -2,8 -5.5 -9,6 -15,T -Z5,6 -37,[?

+*****+*H QUICKPRINTPHASEDISTRIBUTION_*H*H*H****
PHASE IN DEGREES

-IQ I7tf 17_ 178 178 I7_ 170 t7e 17_
X X

-[_ -le 178 178 178 178 178 178 t7e
X X

-re -le -re 17e t7e 178 178 i78 178

x x F_HASE-l_ -1_ -18 -1_ l?ii {.78 178 178 17_
X X

-iii-1_ -1_ -I_ -1_ 178 178 17i{ 178

x x DEGS.-18 -18 -18 -iii -18 -I_ 17_ 17il 178
X l(

-18 -10 -iii -1_ -I_ -10 -lit 178 17_
x x

-1_ -t_ -1o -I_ -18 -18 -18 -18 ITii
I x

-18 -I_ -i_ -18 -I_ -18 -ii) -18 -18

Fig. 3. Double size 8 x 8 element amplitude/phasedistributionfor the
reverberation room of Fig. 1 at the first room mode (2 times expansion of
Fig. 21 with 4 times the elements).



,UMBERoFn,ITEELEMENTSPER,_VELENGT,I,I: 82 A wiPLIT'LJD E

16116ELEMENTREVER}'ROOMSINGLECORNERSOURCE 83181/78,

******H*_ QUICK PRINT AMPLITUDE DISTRIBUTION ****+*****
LEVEL IN DB

-58,: -43,4-28,_'-21,6-16,7-i3,_-18,1 -7,8 -5,9 -4,3 -3,_ -2,_ -1,2 -,6 -,2 ,1 ,Z
X X X X

-37,8-50.4-31.7-22.7-17,3-18,4-10.4-S,8 -6,0 -4,5 -3.2 -2,1 -I,3 -,7 -,3 ,_ ,I
X X

-27,6-29.'_-50.9 -27.1-I0,3-14,6-11.2 -8.6 -6.6 -').9-3,5 -2.5 -i,6 -i._ -,5 -.2 -,2
X X X

-21.0-22,1-26.1-51,7-24,3'17,2-12,')-9.8 -7,5 -5,6 -4,2 -3._ -2,1 -I,4 '1,_ -,7 -,6
X ! %

-16,4-16,9-18,9-23,6-52,8-22,5'15,T-11.7 -8,9 -6,8 -S.1 '3,8 '2,8 '2,1 -1,6 '1,3 'I,2
X K

-12,8'tS,Z-14,4-16,9-22.0-54,B-21.3-14,8-ihs -8.4 -6,4 '5,¢J-3,8 '3._ -2,5 '2,1 -2,_
1(

-1_.8-18.3-lI.I-12,7-I5,5-28,9'55,3-2_.5-14,3'10,7-8.2 -6.4 -5.1 -4,2 -8.5 -8,2 -3,_
X X

-7,7 -7,'?-8.6 -9.7-11.6-14,6-20,2-56.2-2g.2-14.1-1_,7 -8.4 -6.8 -5,6 -4,9 -4.5 -4.3
X I

-5,0 -6.¢)-6.5 -7,4 -8.8-i8.9-14.1-1(/,9-56,6-2_,2-14,3-ll,_ -8.9 -7,5 -6,6 -6,_ -5.9

-4,3 -4,4 -4,9 -5.6 -6.7 -8.3-1_,6-14.0-1f',9-56,2-28,5-14,8-).h7 -9,0 -8,6 -8,8 -7,8
X %

-8,(_-3.2 -3.5 -4.Z -5,1 -6.4 -8.2-i0.6-14,1-20.2-55,3-21,3-15.7-12,9-11,2-18,4-[_,1

X 1[

-2,0 -2.i -2.5 -3,_ -3.8 -4._ -6.4 -8.3-l_.g-14.6-28,9-54._-22.5-17.2-14.6-18.4-13.S
:( !(

-1,2 -1.3 -1.6 -2.1 -2// -3,8 -5.1 -6,7 -8,8-11,6-15.5-22._-52,8-24.3-1%3-17,3-t6,7
X X

-.6 -.7 -1,6 -1.5 -2,l -8,8 -4,2.-5.6 -7,4 -9,7-I2.7-16.9-23,6-51,7-27,1-22,7-21.6

X l( X )_

-,2 -,.:.; -,6 -I,0 -1,6 -2,5 -3,5 -4,9 -6,5 -8,6 -ll,l -14,4 -18,9 -26,1 -5_,9 -31,7 -28,9
X X X X

,0 -,0 -,3 -,7 -1,3 '2.1 '3,2 -4,4 -6,_ '7,9'1_,3'13,2'16,9'7-2,1-29,9'58,4-43,4

X X ){ X

-.6 .6 -,_. -,6 -1.2 -2.,_-3._-4.3-5,8 -7.7-1_.,-12.8-1_.4-21,_-27.6-sT.s-s_,2 m

'"_50L)/_r_.: a. Amp1itude

Fig. 4. Quadruple size 16 x 16 element amplitude/phase distribution for

the room of Fig. 1 at the first room mode (4 x expansion of Fig. 2_ with

16 times the number of elements). The exact analytical amplitude distribution

for this frequency is: IP] = P (x, y) = ½ (cos _ x + cos _ y) where _ is the

length of a side wall. The phase should be 0°Jn the source side of the _lode
line and 180° on the other. This computer generated distribution is quite

close to the theoretical values, a. Amplitude plot. b, Phase plot.



F)HtSE

+****H+**_UICKPRINTPHASEDISTRIBUTIONH**Htt++H*t
PHASE IN DEGREES

-i 179 179: 179 179 179 179 179 179 179 I79 179 179 179 179 179 179
I ! I

'I '1 17_ 179 179 179 179 179 179 179 [79 179 179 179 179 179 179
X

-1 -t -I 179 179 179 179 t79 I79 179 179 179 [79 179 179 179 179
X

-1 -1 -I -1 179 179 17_ 17g 179 179 179 'I79 179 177 179 t77 179
X

-1 -1 -11 -1 -1 179 179 179 177 179 179 179 179 179 179 t79 [79
X

-I -1 -i -1 -1 -I 179 179 179 177 179 179 179 179 179 179 179
I

-1 -1 -i -1 -1 -1 -1 179 i79 179 179 179 179 179 179 179 179

-1 -1 -1 -1 -1 -1 -1 -1 179 179 179 179 179 179 179 179 179
X X

-1 -1 -1 -1 -1 -! -i -I -I 179 179 179 179 179 179 179 179
I X X

-1 -I -1 -i -t -1 -1 -1 -[ -1 179 179 179 179 179 [79 179
X X X

-1 -I -1 -1 -1 -1 -1 -1 -_ -I -1 179' 179 17_ 179 17v 1TV
I x x

-1 -! -! -I -1 -1 -1 -I -1 -I -1 -1 179 179 179 179 179

-1 -1 -1 -I -1 -1 -1 -1 -1 -! -1 -i -1 179 179 179 i79

-1 -1 -I -1 -1 -1 -I -I -i -I -1 -1 -1 -1 179 179 179
X X X X I X _ X X X X X X X X X

-t -t -t -t -t -t -t -t -_ -t -t -t -i -t -1 179 t79
X X X I X X X X X X X X I X K X

-1 -1 -i -I -I -i -1 -1 -i -I -1 -1 -1 -I -I -1 179
X I X X X X X X X X X X X ! X X

-1 -1 -1 -1 -I L1 -1 -i -I -1 -1 -1 -1 -I -1 -I -!

b. Phase

Fig. 4 (Continued)



REGIONDIMENSIONS= 13 NODES DOWN AND S NODES ACROSS,

2X1_ELEMENTSTRAIGHTLINE _1/23178,
***mi****HH**UNCHECKEDINPUTIMAGE*H***H*****H

+

HHHHH*+*e***HH SOURCE/LOADLISTH**H**********H***
IDENT.TYPE SOURCE IMPEDANCE

MAGNITUDE PHASE MAGNITUDE PHASE
DEGS. DEG$,

$ SOURCE I,_DDD_ ._ t,_ ,_
A LOAD................... I.gD_ ,_

NUMBEROF FINITE ELEMENTS= 24
NUMBER OF NODES = 3_
HALF BANDWIDTH= 4

Fig. 5. Computer input image for the 2 x 12 element straight pipe
with matched plane wave source "$" at one end and matched load "#" at
the other.



NUNDERDFFINITEELEMENTSPERWAVELENGTH(NB:3AN NU)DEROFFINITEELENENTRPERWAVELEHDIH(Rt: 36
REQUENCT({/NB= ,_7777776E'BZ FREQDENDV(I/N)= ,D777777BD-B!
ONEDA(S_PIEIN)= .17453RBBE-B1 D_ERD(BIPIE/N)= ,17453Zg3

ZXIZELEMENTSTRAIGHTLIRE BI/Z3/78, D_lBELEHENTSTRAIGHTLINE Il/DR/PR,
HtittliitQUICKPRINTAHPLIIUDEDISTRIDUTIONt++l(tttit ++t_Hltmt_U1CDPRINIAHPLITUDEDISTRIBUTIONmltit+H_

[Lw_D LEVELIHD_

-D.B-6._-D,R _---S 0 U/_C6 -D.Pr-D._-_,i

-D,R1-6.i 'D.R -ii,B1-6,0 '6.1

-ii.,'-&.R -D.R AgPLll--UDE '%-,.N 'D.A
-6,B! -&.R %,B -6.N -_,l -6,l

'_'l{"'(_ 'ii'B aB -6.R)-6.I-&,8)
-6.R -6.i -6.D -6,B -6,{ -6,D

I ,-%,y

-6,D-6.i -6.P -6,i -6.i-6.P

-6.D-6.d -6._ -6.R -6,i -&.l

-ii.RI -6,_ -6,N -&.R -6.i-&.P
X

-6,1K -6.l-6,i -ii,)-D.O '6,)

'6,iI -6,B -6,i -D.i -&.D-ii,B

-_.o-_,N-_.B _ L DA D .6,I -_.,-_.N

Ill Itllltt GUJE_PRINTP_ADEDISTRIBUTIONtllttlt!tliltt (tit)tittt DDlCDPRINTP_DDEDISTRIBUTION_.lt_.Hmm+_iil.m
PHASEINDEGREES PHASEINDECREES

i R B I R R
I X

'l -I -I -iD -IR -lB
x [

-_ -_ -B -DB -DR -DB

-_ -,,-R _HASE -DR-Ri-DR
-t -4 -ii -iii -ID 'ID

X
-5 -5 -5 -5B -BP -SR

DE'OS.
-ii -6 -6 -BiB -61 -AB

-7 '7 -? '7I -7B '7P

'e -8 -D -eR -HR -DR

I
-iF -II -iR -1NI -IBP -lid

)
-il -ti -il -lib -IIR -lid

I l
-id -id -IF -IDB -1DP -Ild

I 1
a. f = 3-_ wavelengths per element (wpe) b. f = 3-_

wpe

Fig. 6. Computed pressure magnitude and phase distributions for the
straight pipe of Flq. 5 at several frequencies. A perfect solution yields

an exact pressure of 0.5 or -6.0 dB at all points of the pipe for all

frequencies with a linear phase lag as the load is approached.



NUNHEHQF FINITEELENENlSPERNAUELENAIN(N)= I6 NUNBEHOFFINITEELEHENTSPERUAVELEHGIH(Hi= R
FREQUENC_(l/N):.6ZSE-_I FREQUENST(tlNI= ,125
ONEGA(2_PIEINI:.39Z69ggB _EAA(2_PIEIN)=,7_3ABI6

ZIIAELEMENTSTRAICNILINE8I/Z3/TA, ZIIZELE_NTSTRAIGHTLINE 61/Z3/78.
*_ttt_t QUICKPRINIAMPLITUDEDISTNIBUTIQH+m_4H_tml tmtH_ QUICKPRINlA_PLIIUDEOISTRIBUIIONmlit++lH+

LEVELINDB L_ INDB

-5,A -5.A -5,A -5,8 -5.8 -5.B

-5,R -5,_ -5,A -5,3 -5,3 -S,3

-6,N -&,{ -6.8 -5.5 -5,5 -5,5

-6,N -6,4 -6,6 -6,N -6,N-6.N

-6.6 -&,N -6.N -5.B -5.8 '5.B

-S,V-S.V-5,_ -S.3-5.3 -5,_ _/_

-_,_.,._._.A_3¢1 ._._.,._.,.,}

-5,_ -5._ -5,9 ! -5.7 -S,? -5,7
-5,9 -5,_ -5,_ '5.3 -5,3 '5.3

'6.P '6._ -6,! -5.6 *5.& -5,6

-6,9 '6,l '6!, -&,_ -6,l -.6g

_+tl_l_mHQUICKPAINTPHASEDISTNI_UTIONttH_++HtHH _le_tHH QUICKPAINTPHASEBl_lRiNUlI_+H_mtt_+
PHASEIN _ECAEES PHAAEIN HECAEE_

NNN ltl
lJ II

-iS -ZZ -ZZ -4H -AB -AN
II

-45 -45 -45 -74 -_4 -_4

-Ae -AB -68 -L37 -137 -137

-iL 'Al -_l 176 176 176
II

-114 -114 -Iii 126 iZA IZ6

-i3_ -lA6 '136 8S Bi BZ
I

I

179 17A I?A -IN -IN -16
I

157 t57 I57 -5_ -5A -5_
[

L34 134 134 -i#3 -IN_ -IN3
1

Ltl Ti{ ltl -146 -146 -146
1

88 88 88 165 165 I65

1 )

c. f = _ wpe d. f : _ wpe

Fig. 6 (Continued)



REGIONDIMENSIONS= 9 NODESDOWNAND6 NODESACROSS,

ZXlZELEMENTRIGHTANGLEDUCT _l/Z3/TB,
_._!H**H*t. UNCHECKEDINPUTIMAGE.+Hi**.a_+tt

$ $ S ,,_----- __ u _ C_'
'X

+
K

+

K L_gAD

' Il

I I x l
+ + + +

I X X )

*.tt..t+*_+H_+ SOURCE/LOADLIST*+He.t.e++eeee_**+
IDENT;TYPE SOURCE INPEDANCE

MAGNITUDE PHASE MAGNITUDE PHASE
DEGS. DEGS.

$ SOURCE l,_g_ .D I.D_OD_ .I
t : LOAD................... l.gg_D_D ,_

NUNQEROFFINITEELEMENTS= 22
NUMBER OF NODES = 36
HALF DANOWIDTH= 7

Fig. 7. Computer input image for a 2 x 12 element right angle bent
pipe with matched source and load.



NUMBEROFFINITEEL_ENTSPER_AVELENGTH(NI= ODD NUMBEROFFINITEELEMENTSPERWAVELENGTHIN): 8_
FREQUENCY(I/N)= .IZ5E-OZ FREQUENCY(I/N)= .I_E-DI
OMEGA(Z,PIE/N)= .78539816Ei_2 OMEGA(2*PIE/N)= .78539BIAE-_I

Z{12ELEMENTRIGHTANGLEDUCT D1/23/78. 2XiZELE_NTRIGHTANGLEDUCT gl/ZS/78.
**m**,****QUICKPRINTAMPLITUDEDISTRIBUTION***H***H ********HQUICKPRINTAMPLITUDEDISTRIBUTION***He*e**

LDELINDB LEVELINDB

X _ x ?-6.e-6._-6.e -6.3-6.3-8.3
x AMPLITUDE x

-6._-6._-6._ -6.3-6.3-6.3
x dP I

-6.z-6.z-6.z
-6._-6.0-6.i 0 -6.Z-6.Z-6.Z

{ LOAD X
-6.g-AJ -6._ _ -6.1-6.1-6.1
X X

'6._-6._-6.e-d.g-6._'6.g _.g -6.1'6.1'4.P-6._-6.g
I X X X. X X X X X

-6.D-6._-6.D-6.g-6._-6._ -6._-6,_-6.B-6._-6.g-6.B
X X I X I X X X X

iA.g-6.#-6._-4._.-6.gid._ 6._ -6._i6._-6._-6.8-6.D

HHt{l*.{DUICKPRINTPHASEDISTRIBUTIONt*.-*HmH**** .f***+*H**QUICKPRINTPHASEDISTRIBUTION'}*******+*****
PHASEINDECREES PHASEINDEGREES

D ! -1 -1 -t
X

-I -1 -I -6 -6 -6
x PHASE

-I -1 -I -ll-1l-11
X

-Z -Z -Z ,-._-3_'"'-c -16 -18 -18
Z

-R -Z -Z -2_ -Z8 -ZD
I

-2 -Z -3 -Z5 -Z5 -25
I

-3 -3 -3 ,4 -4 -5 -Z8 -Z9 -SZ -38 -4Z -47
! X x x x x x

-3 -3 -3 -4 -4 -5 -31 -SZ -34 -SD -43 -47
I x x x X x X

-3 -3 -3 -4 -4 -5 -SZ 'SZ -35 -38 '43 '47

1 1
a. f = 8-OOwavelengthsper element (wpe) b. f = _-_ wpe

Fig. 8. Pressure and phase distribution for the bent pipe of Fig. 7 at
several frequencies. The bend Ts found to greatly effect the transmission
characteristicsof the pipe at higher frequencies. Note standingwaves Tn
the Input pipe for the two highest frequencies. Note also the pressure
variation across the pipe at points at or near the bend for the highest
Frequencies.



NUMBERDFFINITEELEMENTSPERWAVELENGTH(N): 22 NUMBEROFFINITEELEMENTSPERWAVELENGTH(N): 16
FREQUENCY(I/N)= .312SE'B1 FREQUENCY(I/N)= .4_E-!I
OMEGA(Z'PIE/N): .19434954 OMEGA(2_PIE/N)= ,39269998

2IkZELEMENTRIGHTANGLEDUCT _1/Z3/78, ZXtZELEHENTRIGHTANGLEOUCT Sl/Z3/78.
H***H*H QUICKPRINTAMPLITUDEDISTRIBUTIONH**+H_H +****HH*QUICKPRINTAHPLITUDEDISTRIBUTION*H*+*****

LEVELINDB LEVELINOB
+-4.4 -6,4-6.4 / -4.4-4,4-4.4 1--

X I X l-6.7-6.7-6.7 -4.2-4.2-4.2
X K

-6.9-6.9-7.0 -4,8-4.8-4.8
X X

-7.0-7._-7.0 -6,1-6,2-6.2

, x

-6.,-6.9-6.9 .7.4.7.7.,.9
-6.5'6.4-6.6 -7.9'8.1'8.5

X X
-6.Z'6.Z'6.3'6.2'6.1-6.1 '6.6'6.8'7.0'4.4'6,4'6,3

x x x x x x X x
-5.9-5.9-4.B-4.1-6.1-6.1 -5.3-5.5-5.9-4,1-6.2-6,3

X X X X K X X X
-5.8-5.8-5.9-6._-4.B-4.1 -4.9-5,1-5.5-5.9-6,1-6,2

****HH** QUICKPRINTPHASEDISTRIBUTION******.4++**** ******++*+QUICKPRINTPHASEDISTRIBUTION********+*****
PHASEINDEGRES PHASEINDEGREES

6 6 6 -6 -6 -6
I X X X

-7 -7 -7 'Z8 -20 -20
X X X X

-2t -Zl -21 -35 -35 :35
K X X X

-34 -35 -35 -55 -55 -55
X X X

-48 -48 -49 -8_ -BZ -BZ
X X X X

%1 -61-63 -115-117-12_
I X X X

-71 -73 -79 -94 -t_4-LiS -142-146-159 17B [45 122
X X X X X X X X X X

-77 -79 -85 -95 -lB7-lib '156-159-171 168 145 IZZ
X X X X X X X X X X

-79 -Bl -BT -96-107-ilo -159-163-174 167 I45 lZ2

t l
c. f = -_- wpe d. f :)--_wpe

Fig. 8 (continued)



NUMBEROFFINITEELEMENTSPERWAVELENGTH(NI= lB.6&67 NUMBEROFFINITEELEMENTSPERWAVELENGTH(N):8
FREQUENCY(liN)= ,937497BTE-gI FREQUENCY(I/N)= ,]25
OMEGA(2tPIE/N): .58?84678 OMEGA(StPIE/N): .78539816

2112ELEMENTRIGHTA_LEDUCT 81/23/78. 2%12ELEMENTRIGHTANGLEDUCT B1/23/78.
**tttette, QUICKPRINTAMPLITUDEDISTRIBUTION**ttetttit **,tt**ttt QUICKPRINTAMPLITUDEDISTRIBUTION,tit+tell,

LEVELIR DB LEVELIN DB
-%8 -%8 -%8 -Z,I-Z,l-Z,l

-3.8-s.8-a.8 -tz.,-Iz.8-lz.R

-z.,-z.9-z.* -4.7-4.T-4.7

-4.S-4.6-4.7 $-_/ -Z., -_._-Z._
/¢ '3.

-8.Z--8,7 -9.8 I -4.6 -43 -5.& _L

-7.8-8,4-9,9-7.2-6,8-6,8 -9.9-11,q-15.4-8.6-7.6-7,8
I I I I K I

-4,6-5,_ -5,8 -6.2 -6,5 -6,7 -4.2-5,_ -6,6 -6,9-7,4-7,B

-3.5-3,q-4,8-5.7-6.4-6.6' 'Z,l'2,8-4,5-6,_-7,2-7,8i_

*tt_Hltt QUICKPRINTPHASEDISTRIBUTIONtet*tttHetiet teeiitttt* QUICKPRINTPHASEDISTRIBUTION**tHitt+***t*
PHASEIN BEGREES PHASEIN DEGREES

9 q _ -3 -3 -3
I

-57 -57 -57 -18 -18 -lB
I

-84 -Bi -84 -89 -89 -89
I

-t_8 -I88 -tRg -168 -16B -167
I

-H8 -ii7 -il7 175 176 177
1

-t54 -I54 -154 156 159 163
x

I46 148 115 67 3z -3 87 se z6 -49 -89 -137
I I I I I _ l

IZI 115 97 67 33 -3 34 26 8 -42 -R& -134
X X I X I I X

115 Ii_ 94 67 33 -2 2& 19 -2 -39 -83 -[33

1 1
e. f : l_-I._wpe f. f = _ wpe

Fig. 8 (continued)



REGION:DIMENSIOHS:8 NDDESDOWNAND4 MODES_CRDSS.

HELHHOLSTRESONATORDUCTEXCITATION Rl/27/78.
***,***_**+**m*UNCHECKEDINPUTIMAGE*H++eeeee*+++*

p Duct

I
g +

x. CAwFY
g +

i
0

tttl*tttttt+t++t*t+t+ SOURCE/LOADLISTtlttttttttttllttlttll
IDENT.TYPE SOURCE IMPEDANCE

MAgNITUdE P_SE MAGNIT_BEPHASE
BEGS, OECS,

A SOURCE 1,BPPBgP .9 ,tgggg_ ,_

NUNBE_OFFIKITEELEMENTS: L3
NUMBEROF NODES = 24

HALF BANDWIDTH:5

Fig. 9. Input image required for a HelmholtzresonatorwTth source at
end of duct. The image describes a 3 x 3 element square cavity coupled
to a 1 x 4 element duct or pipe.
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