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TIlE VENTED LOUDSPEAKER CABINET: A RESTATEMENT

D. B. Keele Jr.

Brigham Young University

Electronic Media Department

Provo, Utah 84601

Additional information on the use and application of A. N.
Thiele's alignments L- lff for the vented loudspeaker cabinet

is presented. A rewritten alignment table which has ali the

frequency terms normalized to the speaker resonance frequency

is included. Computer run frequency responses for all the
alignments are displayed along with a new fourth order

Chebyshev alignment beyond No. 9. Sensitivity functions for

the cabinet output with respect to various systenl parameters

(lb, fs, Qt, Vb) are derived and plotted. Methods of auxiliary
filter synthesis are discussed including an equalization method

to compensate for incorrect speaker Qt using a single second--
order peak-dip filter. A simple cabinet tuning procedure using

computer printed tables is also presented. A possible new set

of small box low frequency alignments requiring comparatively

high amounts of auxiliary filter boost at the box resonance

frequency are suggested.

1. REkRIlTTEN ALIGNMENT TABLE

To facilitate identification of this papers comouter run alignment

frequency responses and to simplify design procedures, A. N. Thie[e's
alignment table [ 1 3 p. 388 is reproduced here in somewhat different

form (table I). All tim frequency terms have been normalized to the

speakers free-air resonance frequency instead of the alignments ('-3db)

cutoff frequency. The Thiele column giving tileratio Cas/Cab has bnen

chaoged ro the reciprocal value Cab/Cas = Vb/Vas to make the value

proportional to the box volume. The constant listed for the auxilia_q_
fi]ter (x) is the reciprocal of the required filter Q (X.= ]/Q =_ 2 +y).

Also included in the new table is a listing for the frequencies fl and

fh the impedance peak frequencies for the driving point impedance of the
speaker mounted in the vented cabinet.

The author has found this rewritten alignment table to be much more

useful for design purposes because of the loudspeaker free-air resonance

frequency normalization. Usual]y a designer starts with a particular

speaker that has a specific free air resonance frequency and then deter--

mines the box parameters to place it in a particular alignment. The

tabulated values of fi and fh help the designer to check the completed
system tuning.



2. ALIGNMENT RESPONSES

To ease the computer programming of the Thiele vented cabinet

responses, Thiele's equation (19) _ 1 _7 p. 386 (the operational form

of the transfer relationship between the speakers input voltage and

the sound pressure output of the speaker mounted in it's cabinet)
was rewritten to conform to the standard text book form for transfer

functions. After appropriate substitutions and manipulations this

equation appears as:

_(s)=

where s = _ + jw complex variable

Ws = 2T_fs fundamental resonal_ce frequency of loudspeakers in red/sec

Wb = 2_rfb cabinet resonance frequency in tad/sec

Cas = Vas ratio of the loudspeaker suspension compliance to the

'Cab 1fal_ box compliance (or alternately, the ratio of Loudspeaker
compliance equival'_nt volume to the box voJume)

1
Qt effective Q of tilespeaker connected to the amplifier.

To derive tile response function which is norraalized to tile

speakers resonance, freqaeacy a substitution of Wbs = 'db/Ws and W s = 1
:,.smade in (1) yielding.

S _ (2)

+(00_+1 + coW S_+ - S +vOwsQ,t

where W5 - fb normal i.zedfrequency variable which is the ratio

Wbs = V_s - _ss between the box and speaker resonance frequencies.

in like manner, the nor_aalized transfer functions for the auxil;.ary

fi[terg are derived.

First Order Alignment,-: 10 to 1-4

$
(B)

H,(s) = S + ooQ,
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faux f3 faux Waux

Was=_-- =_ f3 = Ws

Wau x = 2_ faux corner frequency of filter in rad/sec

W 3 = 21T f3 corner frequency of overall response (speaker plus filter)
in rad/sec.

Second Order - Alignmeats 1_ to 27

S a
(s)=

S2+XwQ S
where (4)

faux

Was = fs corner frequency of filter in tad/sec

X = 1/Qaux = y_'_'_= a constant which is the reciprocal of the filter
required Q.

Yaux auxiliary filter constaut defiaed by Thiele and appearing in

First, ixOrder _ _ A alignmenttable

g

Computations show that this filter is 3 db down at W = a/_

The overall responses of the fifth and sixth order filters are just

the appropriate products of (2), (3), (4) and (5) as shown below:

Fifth Order

Esth(S) = E(S)HI(S)

or= E(S)_3(S) (6)

Sixth Order

g6th (S)= E(S)H2(S) (7)

The complete set of computer run frequency responses are shown in

figures 1 to 16. The alignments which require the use of an auxiliary

filter have been shown wi th separate responses for the speaker, the

filter, and the speaker-filter combination. Examination of the speaker

only responses for alignments 12, 13, 14, and 27 (Fig. 8 and 11) clearly

show why these responses were considered suspect by Thiele _ 1 _ p. 389.

3. NEW RIPPLE VALUES

As a result of the computer runs, it was noted that the ripple

magnitude quoted by Thiele in his alignment table (for the Chebyshev

alignments No. 7s 8, 9) was in excess of the ripple values as determined

from the computer responses. For example, Thiele indicates a ripple

value of 1.B db for alignment No. 9, but the computer run response
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(see Fig. 3) shows a ripple value of about .55 db. For this paper, the

author is defining the ripple as the difference between the maxima and

minima in the passband in db _ 2 _ pp. 374-375. Tile rewritten alignment

table I in this paper reflects the new ripple values.

4. NEW FOURTH ORDER ALIGnmENT

Because of the comparatively small value of ripple for alignment

No. 9, the author was moved to investigate fourth order alignments with

a higher value of ripple (and hence a lower cutoff frequency). Aiignment

9.5 is a result of this study (see Fig. 2 and 3).2 This alignment has
a low frequency cutoff nearly a full octave below the speakers resonance

frequency (0.52 fs), a ripple of about 1.5 db, a required Qt of 0.625, and
requires a volume of 2.6 times the speakers compliance equivalent volume.

5. PERTURBATION OF SYSTEM PARAMETERS

To illustrate the qualitative effects of variations of the system

constants on the frequency response, several responses were run with

nom-optimum values for the system parameters. The fourth order alignments

numbered 1, 5, and 9 were chosen for this perturbation study. The

parameters of the speaker system that were varied included: wb the box

resonance frequency, w s the speaker resonance frequency, Qt the system

Q, and Vab/Vas = Cab/Cas the ratio between the box volume and the speakers

compliance equivalent volume. For a particular variation, ali the system

parameters were held constant (at their correct alignment values) except

one, which was varied in one-sixth octave (ratio of 1.121 to 1., about

11.2%) steps above and below the optimum value. The perturbation

responses for variation of fb and Qt are very similar to the variational

responses illustrated by J. F. Novak in his excellent work _ 3 _ pp. 9-]0.

The variational responses are shown in figures 17 to 28. The

writers observations concerning the parameter perturbations will be

withheld until after the next section which displays the alignments

parameter sensitivity functions.

6. SENSITIVITY FUNCTIONS

To show the quantitative effects of system parameter changes on the

frequency response, the sensitivity functions for the magnitude of equation

(1) were derived. Sensitivity is a measure of how some characteristic of

a system changes when certain system parameters are perturbed. 3 The

sensitivity of a system function M(w) with respect to a parameter X is

defined by f 4 _ p. 462.
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Notice that Sx M is a normalized variable which indicates the

relationships between percentage shifts in M(W) and X. The concept

of sensitivity is theoretically valid only for infinitismal shifts

but is accurate enough for engineering purposes for shifts up to about

15% in tile independent parameter. For illustration purposes, a

sensitivity value of +1 would indicate a 5% increase in S would reflect

ia an approximate 5% increase in M(5% is about 0.4 db).

To compute the required partial derivatives, equation (1) is first

written as a magnitude function of W.

0"} _ (9)

C' c.,,,j - O,_--
After much manipulation and pencil work the sensitivity functions

appear as follows;

Variation of at' (Ws = 1)

Variation of Wb. (Ws = 1)

$W_ E gW.,,, ug8 (_tw_?-[_t0+_*'+_C--_ }w'..I. ('1-
= - ' - _,_61 J

(H)

Cas

Variation of C--q_ (Ws = 1

5 _'_-_,/ uo C.M ..1C_tt

(12)
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Variation of Ws

(13)

The computer was used to evaluate these functions by using equation

(1) and working directly fron the definition of the sensitivity function

and assuming a 0.1% change in tile independent parameter. The computer

output for the sensitivity functions of alignments 1, 5, and 9, is shown

in figures 29 to 34.

7. OBSERVATIONS AND CONCLUSIONS ON VARIATION OF SYSTEM PARAMETERS

_3_f_es i_%

Examination of the graphical data (fig. 3]) and equation (10) shows

that the magnitude response is effected by variations of Qt mostly at

frequencies about an octave above and below the box resonance frequency.

Tile maximum sensitivities occur at the frequencies fl and fh (the
frequencies at which the input impcdanc_ is maximum for the speaker

mounted in the vented box as defined by Thiele). The sensitivity functions

indicated that all the alignments are equally sensative (peaks of +1.0

in sensitivity) for ali the alignments. Also shown is tile independence

of the response with respect to Qt at the box resonance frequency.

Changes in Vab/Vas

Increases in box volume reflect an increased output at frequencies

at or near the box resonance frequency (see Fig. 32). The single

maximum of about +l.0 in sensitivity occurs at the box resonance

frequency. Above fh and below fl increases in box volume actually

cause a slight decrease in system output. The response at the

frequencies fl and fh is volume independent for smaI1 shifts in volume.

Ail the alignments are about equally sensitive to shifts in the volume

ratio. The sensitivity of Vab/Vas decays ts zero for large and small

frequencies (same behavior as sensitivity of Qt)'

Changes in fb

An increase in the box resonance frequency causes an increase in the

output immediately above the optimum required box resonance frequency and



a decrease in the output below this frequency (Fig. 29 and 30). For

extremely high frequencies the sensitivity decays to zero. For very

low frequencies the sensitivity approaches -2 (this behavior at low

frequencies is expected because ttle denominator of (1) approaches

Ws2Wb2). The higher numbered alignments exhibit an extreme sensitivity

to shifts of _m at frequencies near the optimum box frequency. Alignment

number 9 exhibits a sensitivity peak of nearly -5 just below the optimum

box frequency.

Examination of Fig. 33 and 34 shows how the response shifts if

fs, the speakers free air resonance frequency, is changed. The graphs

indicate a decrease in the response for positive shifts in Ws. A

negative peak of --2.2 in sensitivity is found approximately at the

alignments box resonance frequency. A negative dip of -1.0 is observed

at a frequency of about two-thirds of an octave below the speakers

resonance frequency. The sensitive approaches -2 for low frequencies

and 0 for high frequencies. Equal sensitivities for all the alignments

are exhibited by variation of Ws.

Conclusions on Cabinet Tuning Considerin_ Sensitivit_ Functions

The graphs displaying sensitivity show that the speakers response

is relatively insensitive to variations in Qt and volume (absolute
sensitivities of about 1 or less), moderately sensitive to variations in

W sttle speakers resonance frequency (absolute sensitivities of about 2

or less), and quite sensitive to variations of Wb the box resonance

frequency for the higher numbered alignments (absolute sensitivities

of ].ess than about 5). This data indicates that for a specific alignments

cabinet design, the box should be tuned quite accurately to the computed

design frequency (considering the speaker free air resonance frequency).

It has been the author's experience that out of a typical batch of two

to four speakers of the same make and model, a variation of 10% to 20%

in free air resonance frequencies is not unusual. This means that large

variations in response are to be expected if a higher number alignment

cabinet is designed for a specific speaker and another of the same make

and model is substituted without appropriate changes in the cabinets

resonance frequency.

8. AUXILIARY FILTER SYNTHESIS

Several methods of synthesizing the high pass auxiliary filter, both

active and passive, are available to tile designer. In this paper only

three of the most straightforward methods will be illustrated.

-7-



First Order, Passive RC (Alignments No. 10 to 14)

(14)

S = s

where

Wo = 2wrf o = 1/RC = (faux/fs)Ws corner frequency (-3 db) in red/sec.

Note: The filter as shown must be driven from a source impedance

of ]_ess than 0.lR for correct operation. The resistance R may be

the input impedance of the following stage.

Design Procedure

Given: f f (from alignment table)S _ aux

fs

Choose: R

Calculate: Wo = 2 rr fs(faux )
fs

c = 1/_o_)

The main advantage of the first order passive high pass filter is

it's extreme simplicity. If the resistance R, for example, is the input

impedance of a power amplifier (assumed resistive over 0.1fs< f <10fs) ,

the amplifier input coupling capacitor would be changed to the value

computed above to generate the correct auxiliary filter response.
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Second Order, Passive RLC (Alignments No. 15 to 27)

E.o ,Ic OEo

S_ v S_

where

Wo = 2_f o = (_s_)Ws filter corner frequency in rad/sec

Xaux = _ = _ _ reciprocal of filter Q

Note: This form of second order filter has been optimized for voltage
transfer instead of power transfer. The voltage transfer ratio in the

pass band ts unity. The same assumptions on source and load impedance

that apply to the first order filter also apply to this filter.

Design Procedure

Given: fs' faux, Xau x

fa

Choose: R

Calculate: W o = 2_ fs (faux)
fs

C = 1
au_-_

1

L= Wo-_2_C

The disadvantage of this filter is the large values of L and C
required for the low frequency alignments. For example, if a filter is

designed for a speaker with fs = 40 Hz for alignment No. 24 (R = 10K-_t),
the inductance value is 44.7 H and the capacitor value is 0.764 pF.

This disadvantage leads one to consider the next synthesis method,
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Second Order, Active RC

The active RC filter considered here is one which uses a unity

gain (no phase inversion) voltage-controlled voltage source VCVS

(high input impedance, ]ow output impedance) ill a multiply feedback

arrangement E 4,7 p. 296. The VCVS is easily implemented using an

operational amplifier or a high beta transistor in an emitter fo]lower

configuration.

7 (]6)

_o (s)= I<s_

If we ]et K = +1, and C1 = C2 = C, we find that

_(s)= S2+ _--_---S+-'-
_C g,_,C_

where

IL_.
/_ W$ fiic ......... r frequency 5..... d/secOOo=_o = _ C

_0_1_ --_'-_ = _ reciprocal of filter Q.
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Design Procedure

Given: _$, _OJ/_ , _L_U_

&
Choose: C

Calculate: Wa = _7_$(}_)

Design Example

Design an alignment No. 16 auxiliary filter for a speaker with a free

air resonance frequency of 52.5 Hz,

-_-- o.8587Xo_- O,qTOChoose

C= O.I_F
Calculate

OOo=¢._,)¢_.,)(o._58)= 2,3 ,,_.

*'= 2¢_,)(,,,_'9= z_ Pr=
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The voltage controlled voltage source can be implemented with an

operational amplifier such as the 741 in the following circuit;

or using a super-beta transistor such as the 2N3391 in the following

emitter follower configuration:

+Y

Choosing the latter route, a practical representative design would

appear as:

+v

2
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The completed filter should always be checked to insure that it

is generating the correct amount of boost at the peak frequency listed

in the alignment table. Ia tile example cited, tile filter should boost

+7.7 db at a frequency of fpk = fs(fpj!k)= 52.5(.901) = 47.2 Hz.
fs

9. COMPENSATION OF ALIGNHENT INCORRECT Qt

Thiele points out in his paper f ] .7 p. 475 that if a particular

alignment is to be within ±1 db of the desired magnitude frequency response,

the alignments Qt must be within about ±10% of the designed value (the

sensitivity functions for Qt derived in this paper also confirm this).

To achieve this somewhat close tolerance in Qt means that either a

person sticks to the particular alignments which match the measured Qt

of his speaker or use one of two forms of compensation which correct

for the response deficiencies introduced by the incorrect Qt.

Tile first method, variation of the power amplifiers dynamic output

impedance, was covered very thoroughly in Thiele's pa]mr _ 1 _ pp. 475--476.

This method which adds to or subtracts from (via a negative output

impedance) the voice coi]s resistance compensates very accurately for

the response errors by returning the system Qt back to the designed value.

The two main disadvantages of this method are: (1) the reqnirement that thc

power amplifier must be modified to change its output impedance and (2)

the possibility of amplifier instability when trying to compensate for

speakers with overly high Q's placed in comparitiveiy small boxes. The

first disadvantage would cease to be a problem if a manufacturer would

develop a line of amplifiers with an adjustable output impedance covering

both positive and negative values. This was done to a certain extent in

the fifties and early sixties with power amplifiers that contained variable

damping factor controls.

The second method, equalization of the response deficiencies by

the addition of filters ahead of the power amplifier, will be discussed

and investigated in the next section of this paper.

Filter Equalization of Alignment Incorrect Qt

The compensation of tile alignments Qt response deviations by the
addition of filters before the power amplifier will be considered in

this section. The main advantage of this method is the fact that the

power amplifier does not have to be internally modified because the

filter will be designed to operate with a power amplifier that has

flat (with respect to frequency) voltage transfer characteristics and

an approximate zero output impedance (most existing power amplifiers

meet these specifications). The main disadvantage of this filter method

is that the response deviations will not be compensated for exactly if

a simple peak-dip equalization filter is used for compensation.
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To investigate the effects of variation of Qt on a specific

alignments transfer function, the computer was used to make a root

locus plot of the denominator of the system transfer function for

alignment No. 5. This root locus plot is shown in Figure 35 (see

also Fig. 22). The plot suggests that if the system transfer function

with incorrect Qt (in factored form),

where

Pill= _n+jWn = complex number representing the location of the

nth speaker function denominator pole with incorrect

Qt.

= denotes complex conjugation

could be multiplied by another function representing the transfer

characteristics of the added compensation filter (assumed to be a

fourth order pole-zero filter)_

where

Zn =_4n+JWn = complex number representing the location of the nth
compensation filter function zero.

Pn = _ n+JWn = complex number representing the location of the nth
compensation filter function pole.

and then letting the filter zeros approach the speakers functions poles

Zn = Pin and the filters poles approach the correct alignments poles

Pn =Pcn, tile overall response would be compensated precisely.

S *
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In effect the added filters zeros would be cancelling the effect of the

speaker functions incorrect poles and the correct poles of the filter

would be substituted in their place. The disadvantage of this specific

filter method is the complexity and diffieulity of synthesizing this

fourth order pole-zero filter.

The author's further investigation at this point was directed

primarily at using a single second order peak-dip falter to compensate

for incorrect response. The transfer function of the proposed compensation

filter appears as:

S+ S+
, (s)=
where Q_

= gain of filter at center frequency O_ = Wpd, 0<Gpd<_Gpd

Wpd = 2_fpd = center frequency of filter where maximum filter
effect is observed.

Qpd = Q of compensation filter

Figure [45 _ shows some of the possible responses available from this

filter. The passive RLC synthesis of this type of filter is covered

quite well in the book "Electronic Designers' tiandbook" by Landee,

Davis, and Albrecht [ 5 _ chap. 17 section 2.

Minimization of Error

To select the parameters of the second order peak-dip filter fpd,

Qpd, and G d a computer program was written that implemented the methodP
of steepest descents E 6 _ to minimize the error 1)etween the alignment's

_orrect response and the alignment's response with a specific value of

incorrect Qt modified by the peak-dip filter.

To program the method of steepest descents for this specific case

a single performance index A which is a function of the three adjustable

parameters was needed. The performance index chosen was the root mean

square (P_iS) difference between the correct frequency response and the

incorrect frequency response over a specific frequency interval,

I

I M (21)
t
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where

A
rms = root mean square error

Mc = _[c(W) = magnitude response of correct alignment

Mi = Mi(w) = magnitude response of alignment with incorrect Qt

modified by the response of the peak-dip filter.

Higher or lower order error averages such as tile absolute error

or the cube root mean cubed error could have been used for the performance

index. The higher order averages give more weight to the extreme deviations

in error. The author did not have enough time to fully investigate these

other forms of error averages and their effect on the correct response.

The IhMS error was judged to be sufficiently sensitive to be used as a

performance index for this preliminary investigation.

The method of steepest descents to minimize the error was implemented

using the following steps:

(1) Starting at an arbitrary point in the three dimensional parameter

space (Wpd , Qpd, Gpd) with a performance index Ao, compute the partial

derivatives _ A , _A , _A and form the normalized gradient vector,

_Wpd 8Qpd _Cpd

where

aW) aQ, aG = base unit vectors in the coordinate directions

(2) Assuming an initial vector magnitude step size of D, go to a new

point in the parameter space which is a distance D away from the previous

point and in the direction of minus the gradient of A (the direction of the

minimum error) as follows:

= - _WVA___P, - D
I,A;

Po = vector from the origin to the starting point

Pi = vector from the origin to the new point

D = magnitude of vector step

-16-



(3) Check the new point to see if the gradient has changed directions

(components all change sign), if it has - half the step size D and repeat

the above, if it hasn't - leave D the same and repeat the above.

(4) After each shift in parameter space check to see whether D is below

a certain minimum value, if it is - the current values of W, Q, and G are
the minimized values.

In the batch computer program which accomplished the previous steps

tile initial vector step size was 0.05 while the final comparison step

size was 0.005. The RMS error was evaluated over an interval from fb

the box resonance frequency to 8 fb with 25 steps to approximate the

error integral. Each minimization was accomplished in about ]2 steps

and required approximately 15 seconds of the computers central prossessing

unit time (CPU, IBM System 360). The peak-dip filter parameters for

alignments No. 3, 5, and 9 which were computed are displayed in table II

along with the compensated and uncompensated error values. Also displayed

are the error values for a set of approximate peak-dip filter parameters

chosen according to the following equations:

Wpd = 1.08 Wh

Qpd= 1 (24)

Gpd = Qt/Qti

where

Wh = frequency of upper impedance peak under condition of high Qa'

Qt = optimum alignment Q

Qti = incorrect alignment Q

Table II shows that using equations (24) the error values are not too

much higher than the minimized error values. Equations (24) can be

extended to compensation filters for any of the alignments. Several

selected error compensation frequency responses are shown in Fig. 36

to 44 for alignments No. 3, 5, and 9. The Qt compensation was judged

to be very good for alignments No. 3 and 5 but fair to good for alignment

No. 9 (especially for values of Q much lower than the optimum value). With

lower than optimum system Q for the higher numbered Chebyshev alignments

the response has a sharp peak at the box resonance frequency which is

difficult to equalize out with just a single second order peak-dip filter.

Synthesis of Q_ Compensation Peak-Dip Filters

Only two synthesis schemes, one passive the other active, wi]] be

covered in any detail in this paper.
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Passive RLC

Peaki_

itc L.

(25)

_p_ I/_

%d = ?i+_'

D' L

_- _ -,7 [ [_

(26)--I
[. S+ 5 '

_pd=J/Vr_

Qpd= _1_g

Cpa_ _'LI
Rt+,'i'_

Knowing _ __ n ,, and the previous equations can be solved forL.j C! R_.,P,_ncl_:_. Opd
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Active

The following system block diagram illustrates a straight forward

method of synthesizing the peak dip filter with an active second order

band pass filter.

S+
where

Wpd = Wo

Qpd = Q

Gpd = K + 1

By proper selection of the constant K this filter will peak or dip.

The writer will not amplify on this particular active synthesis

scheme. The implementation of each individual block will be left to

the reader. The designer is referred to the excellent work Operational

Amplifiers By Burr-Brown [ 4 ].

10. A PRACTICAL CABINET TUNING METHOD

For those who do not have access to a digital computing system for

doing their calculations, the following enclosure tuning method which
uses two sets of tables for computing respectively, the port cross-

sectional area to port effective length ratio (_= Sv/Lv) given the

box volume and resonance frequencies, and the square port cross-section

side dimension given O_ and the actual port length, has been found

quite useful by the author.

The standard form for the equation that gives tile resonance

frequency of a Helmholtz resonator [ 7 / p. 193 (using Thiele's variables)

is:

 Oz= cX/Lt_ V.,_.. (28)
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where

wb = 2_-fb box resonance frequency in rad/sec

Sv cross-sectional area of the vent

Lv effective length of the vent

Vb volume of cabinet

C speed of sound in air

Solving for the ratio Sv/L v in the preceeding equation yields

which is recognized as the reciprocal of equation (61) in Thiele's
work / 1J p. 391. This equation was used to derive this papers

"Alpha Table" which relates the variables fb(Hz), Vb(cubic inches or

cubic feet), and _ (inches or inches squared per inch).

Substituting into (29) the expression for the effective length

(Lv = L + 1.46 R, where L = the actual vent length, R = the effective

radius of the vent, and assuming one end flanged and one end free

standing) and solving for L gives,

o<

The above equation can be rewritten for the special case of the vent

of square cross-section of side D and Length L yielding,

D_ I,_GF__ ID_ !p__ I,_GP _ 0,_,5' [D (31>L= ....

The D Table contained in this paper uses re±ation{to relate the variables
D(inches), L(inches), and _. (inches or inches squared per inch).

It has been the author's experience that no matter how carefully

and accurately the vent dimensions are calculated (with respect to the
vent radiation assumptions etc.) a person is doing good if the cabinet

resonance frequency ends up being within ±5% of the designed value. The
author usually adds a correction factor of between 10 and 20 percent to

the computed vent length so that the vent can be experimentally shortened
to make the cabinet resonance frequency correct. 4 The following partial

-20-



derivative relating fb and L from equation(2_has been found quite

useful in experimentally changing the vent length.

'_L 2L,,, ?..L

Noting carefully the comments Thiele makes about the vent length

and area in section VII of his paper, the following procedure can be
used to choose the vent dimension. 5

_Design Procedure

Given; Vb, fb

Choose: L

Calculate: _ = (Wb_)2Vb (Look this up in the Alpha Table)

Calculate: D from relation D2 - .825 _ D - 0< L = 0

(Look this up in the D table)

_D_es_ Example_

Tune a cabinet of 7.8 cubic feet to a frequency of 25.0 Itz. The

approximate cabinet depth is 18 inches.

Given: Vb = 7.8 ft.3

fb = 25.0 Hz

Look up: _ = ].92 in.2/in. (On Alpha Table No. 6)

Choose: L = 10 in.

Look up: D = 5.37 in. (On D Table No. 9)

Therefore, the final vent dimensions would be approximately 5.37 x 5.37 x

12 in. deep (allowing a 20% overage in length). Tile cabinet should now

be tuned using the above calculated vent dimensions and tile box resonance

frequency measured. 6 Assuming a measured fb of 22 Ilz, the amount of vent

length to remove can be calculated by applying relationship

g.gx w- ..._ - -o.
A L Z L 2 (IE)9 L
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This calculation shows that if 3.25 inches Js removed from the duct

length the cabin_,t resonance frequency should be very close to the designed

value. If the sign had been positive it would indicate that length must

be added to the vent because the measured box frequency was higher than
desired.

11. 'A POSSIBLE NEW SET OF ALIGNMENTS

Thiele states that alignment Nos. 17 - ]9 should be avoided because

of large cu,e excursions and the high amouot of boost requiring excessive

power from the amplifJe; _. Examination of the speaker only response figure

9 and the response of the auxiliary filter figure 14 for these alignments sh??
the reasons for Thiele's recommendation. Ali three of these alignments

have a comparitively ]ow value of f3/fb (as stated by Thiele / ]7 / p. 389)

and Jn addition have a low value of fpk/fb. The following table tabulates
these ratios for alignments No. I5 to 25 for comparison.

Table III

Some Comparisons for the S:[xth Order Alignments

Aux. Filter

Alignment No. f3/fb fpl_/fb Peak Liftin db

]5 1.000 1.070 + 6.0

16 .868 .922 + 7.7

27 .750 .788 +10.1

18 .698 .733 +11.6

19 .659 .685 +13.2

20 1.000 ..........

21 .954 2.25 + 0.2

22 .917 1.61 + 1.1

23 .902 1.47 + 1.9

24 .890 1.38 + 3.0

25 .876 1.29 + 6.0
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A low value of fpk/fb implies that tile auxiliary filter is boosting
in a frequency range which is significantly below the box resonance

frequency and down into the range where the vented box distortion rises

quite rapidly because of excessive cone displacement and out of phase

vent radiation. The author believes that the low value of fpk/fb is
primarily the main reason to reject alignment numbers 17 to 19, not

specifically because of the high value of peak lift. 7

Figures 46 and 47 show the effect on alignment Nos. 2 and 5 of

tuning the box resonance frequency to lower and lower values. The last

frequency response shown in each of these graphs is the output of the

closed box (with the correct closed box Qt) with the same value of Vb/Vas.
An examination of these responses suggests that a new set of sixth or

eighth order alignments could be derived for the lower values of Vb/Vas

(values of Vb/Vas less than 0.707, Thiele's definition of a small bog)

which would constrain the frequency of maximum auxiliary filter boost to

frequencies no less than about 0.95 fb' Thiele's alignment No. 15, with

No. 16 as a border line case, now meets these requirements. For a

particular value of Vb/Vas , a whole list of alignments could be generated

which differ mainly in the iow frequency cutoff f3, box resonance frequency

fb, and the amount of auxiliary filter boost. The primary advantage of

these new suggested small box low frequency alignments lies in the

contraint that the auxiliary filter boost must occur at frequencies at or

above the box resonance frequency. This constraint minimizes the system

distortion because the boost is primarily effective for frequencies where

the vented box loading is the greatest. An illustrative alignment

meeting the suggested specifications for a Vb/Vas ratio the same as
alignment No. 2 would have the following possible characteristics: f3/fs =

1.00, fb/fs = 1.10, fpk/fs = 1.10, and a peak auxiliary filter lift of
about 16 db.

If the author pursues any investigation along these lines, he will

report the results in the "Project Notes and Engineering Briefs" section

of the AES Journal.
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SU_RY

The sensitivity functions derived for variation of the box resonance

frequency for the vented loudspeaker cabinet show the extreme sensitivity

of the system output for variations of this parameter. Because of the

wide variance of free air resonance frequencies in a batch of the same

make and model loudspeaker, the designer must nearly individually tune

the resonance frequency of each cabinet to the speaker that it will be

used with to eliminate wide variations of the response in the passband

of the system.

The peak--dip filter equalization method of the speaker system with

incorrect Qt was shown to be quite practica] for all the alignments with

incorrect system Qt's higher than the optimum value. For Qt's less than

the correct value the method works best for alignments with Vb/Vas ratios
less than about one.

The cabinet tuning tables exhibited in this paper help the designer

to rapidly tune a specific cabinet without the help of a digital computer

or involved hand computations.

The additional fourth order Chebyshev derived alignment makes it

possible to extend the response of a speaker nearly a full octave below

the speakers free air resonance frequency without the help of auxiliary
filters.
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FOOTNOTES

1This Q includes all the losses due to the speaker (suspension and

radiation losses, voice coil I2R losses etc.) pius amplifier losses. In

the deviation of E(S) Thiele assumes a high Q for the cabinet mesh

(Qb>30).

2If any reader has a better idea on how this alignment might be made,

the author is open for suggestions.

3A good explanation of sensitivity fundamentals may be found in the

appendix of [ 4 _ p. 461.

4The sensitivity functions for fb derived in this paper (Sections 4

to 6 and Fig. 29 and 30) show that the alignments are extremely sensitive
to shifts in the box resonance frequency.

5In this paper the author has made no pre-assumptions concerning
what values of cabinet parameters are or are not valid for listings in

the tuning tables.

6The phase method suggested by Ashley E 8 ] would be an excellent
way to measure the box resonance frequency.
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7Analyze a speaker system such as tileBose 901 (a closed box)

which operates the speakers in a stiffness controlled mode (below the

system resonance frequency) over a significant part of the low frequency
range. This type of system requires a significantly high amount of bass

lift to make the system flat. For normal home systems inefficiency per

se does not seem to be a problem
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**_*_*_$*_,_$****_*_*_***_$*# ALPttA TABLE _C. I FOP CABINET TUNING **************************************
_£× VUtUMES FRO_ 0,010 lO 0.02_ CUBIC FEEl [1R 1.73E Ol Tg 9.87[ O1 CUBIC INCHES.

_F_LL_E (ACRUSSJ ALPIA/_=[PC_I ;REAJ/(PORT E_ECTIVE LENGTH) IN SQUARE tNCFES PER iNCH.

CU. FT,= 1o00E-02 1.12E-C2 Io26E-B2 1._,1E-02 1.58E-02 1o78E-02 2,00E-02 2.24E-02 2,51E-02 2.82E-02
CU. IN.= 1.13E 0l 1.99E 01 2.18E O1 2.44E 01 2.74E Ol 3,07F 01 3.45E £1 3.81[ 01 4.34E 0/ 6.87E 01

F-ECX HZ (BURN}

10.60 * 3.73F-_4 4.19E-86 q.7¢t-04 5o27F-_4 5.91E-04 6.63E-09 7._AE-Oq 8.35E-04 9.37E-04 1,05E-03
10,_2 * 3.91E-©A _ ,651-0_, 5.BCE-06 5,61E-09 6,29E-04 7.06_-B9 To g2E-O4 8,§9E-04 9.97E-04 1.12E-03

10.69 * 4.22_-04 4.74[-C4 5.32E-N6 5,_7E-04 6.70E-04 ?.51E-04 8.43E-n4 9.46_-04 [.06E-03 1,i9F-03
10.98 * A°5OE-C4 5. r6[-04 5.66E-06 6.35E-09 ?_13E-04 7.99E-06 8.97E-04 1 °LiCE-g3 1.13E-03 1.2TE-03

11,33 * 4,78E-C4 5.37[-¸34 E.C2E-04 6.76E-¢4 7.5_E-04 8.51E-06 9.55E-39 1.gTE-03 1,20E-03 1.35E-03

11.o8 _ b.99E-)4 5,?lE-qq 6._lE-q6 7.19E-04 6.37E-04 9,95E-09 1.02F-C3 1.16[-03 1.28E-03 1.93E-93
12 .t_5 · 5.92E-04 OB'St-AA _. 32[-_6 7.65E-OA 8.59E-04 9.64E-C6 hOSE-93 1.21E-03 1.36E-03 1.53E-03

12,_3 * b.77E-04 _.47L-C4 7.2_E-04 8.15E-gq _. 14E-04 1,03E-03 1.15E-C3 1.29E-03 1.45E-03 1.63E-03
12._3 · _.14k-06 6._9E-gq i.75E-06 _._TE-Oq 9°73E-04 1,09E-03 1o 22E-03 1,37E-03 1,59E-03 1.73E-03

13.23 * 6.53E-_4 7. 531-1_, _.22E-06 9.22E-94 1.04E-03 1.16E-G3 1.3CE-33 1 .',6E-03 1.64E-03 1.84E-03

13°_5 _ C. 95_-0,+ ?._E-C l , _.75E-C6 9.82E-09 1.10E-0_ 1.24E-03 ] .39E-03 1.56E-03 [.75t-05 1,96F-03
14.01t * 7,_OE-_3A 8,50F-q_ 9.31E-,_4 L.¢AE-_3 1.17E-03 1.32k-03 1.45_-0_ 1.66E-9_ 1.86E-03 2.086-03
14.53 * 7.87E-09 _, L_31-04 c;. gl[-_q 1.11E-G3 1o25[-05 1.4Bt-03 1.57E-03 1,7_E-03 1.9_£-03 2.22E-03

14,99 _ 8°38E-B4 9.6(_-G6 1.05E-03 [,1_F-03 1,33k-03 1o49E-C3 1.67E-93 1°88E-03 2,10E-03 2°36E-03
15.96 * 8.91E-(_6 _.qCL-03 1.12E-03 1.26E-03 1.91E-03 1.59F-03 1,78F-03 2,00E-03 2.24E-03 2.51E-05

15._5 * %,49E-96 1.FEE-C3 1.15[:-05 1.34J_-03 1,50L-03 1.69E-0_ 1.89E-03 2.12E-03 2,3flE-03 2.67E-03

16.95 * 1.01E-03 1.13_-03 1,27E-03 1._3E-03 l_60E-03 i ,80E-03 2.OIE-03 2.26E-03 2.59E-_3 2.85E-03

16. c_7 * 1.Q?E-_3 1,_1E-05 1._E_-03 1.52£-07 1.7CE-_3 I.glE-03 2,14E-C3 2.41E-03 2.?0E-03 3.05E-03
17°51 * 1. lqE-_3 1.28E-9_ 1 ,AAE-03 1,62E-02 1.81E-03 2.03F-B3 2,28E-_3 2.56E-05 2.8TE-03 3°22E-03

18,06 _ 1.22E-33 1,371-03 1.53F-03 1.72E-03 1.931-0_ 2,16E-03 2.63E-03 2,72E-03 3.06E-03 3°43E-03

18.(,3 · 1.29E-03 1.95E-63 1,65[-05 1._3t-05 2.05E-C3 2.30E-0_ 2,58E-_3 2.90E-93 3.25E-03 3.65E-03
19,22 * 1.3BE-_ 5 1,55E-93 1.73E-03 1.95E-C3 2.18E-03 2 o45E-03 2.75E-03 3,_9E-03 3,46E-05 3.88F-03
19.63 * 1.47E-03 1,e5L-33 1._5E-03 2.07E-05 2._2E-03 2°61E-03 2.93E-!13 3.28E-03 3.68E-03 9.13E-03

20.96 * 1°56F-B3 1o 75£-C5 1,96E-C3 2°20E-_3 2.47E-03 2.18E-0_ 3, 11E-C3 3°49E-0_ 3.92E-03 4.4_E-0 _
21,1C * 1.66E-03 1._6£-33 2,CgE-03 _.35E-03 2.63E-03 2.95E-03 3.31£-03 5.72E-03 4.17E-03 4.6_£-]3

21.77 * 1.7?E-33 I. C,6E-03 _.23E-n3 2.57E-_5 2._C[-03 3,19E-05 3.53E-E3 3,96E-_ I_.AAE-83 4,_E-O_

22.A6 * I.RSE-03 2,111-C3 2.37[-03 2.66E-02 2.9_E-03 3.35E-0_ 3.75E-03 4.21E-03 4,73E-03 5,3_E-93
23_1T · 2.0_t- )3 2,25t-C_ 2,52E-)3 2.83E-0_ 3.17£-03 3.56£-03 3.99F-93 q ?,8E-03 5.03E-03 5.64E-0_

23.N0 * 2.13E-03 2° 39E-03 _.68t-0_ 3.61E-07 3.38E-03 3,T�E-03 4, 25E-03 A.?7E-03 5.35E-03 6°0',)E-0 _
24,_5 * 2.27E-C3 2. ?,E-C3 2._EE-_3 3.20E-C_ 3.59F-03 4.03E-03 6,52E-03 5.08E-03 5.69E-03 6.39E-93

25.63 * 2.41[-35 2.71F-33 3.04k-_ 3.415-03 3.82E-C3 6.29E-03 6._1E-0_ 5.40E-03 6.06E-03 6.80E-_3

26.26 · 2.5/_-03 2.88[->_ 3.25E-03 3.63E-0.3 q,07E-03 4°57_-03 5.12E-93 5°75E-03 6,65E-03 7,24E-03
_?,C7 _ _.7_F-03 _,C7_-C5 _. 44E-')3 3.86r-_3 q.53E-03 6.86F-03 5°45E-0_ 6,12E-0_ 6.86E-0_ 7. 70E-03

2T.92 * 2.91t-03 3.26k-03 3.66_-03 6.t_E-03 9.61F-03 5o17F-03 5.80E-9_ 6o5lE-03 7,30E-03 8,29k-03
28.80 · 3._.9E-73 5.97F-05 3.9CE-0_ A.3fE-C5 q.g_E-03 5 °50E-03 6._?E-_] 6.93E-03 7.77E-03 8.72E-03

ALPHA TbULE NE, I C_INTINUEO,

29,71 * 3,29E-_3 3.7]£-?3 q.15F-O3 t*.b5E-O] 5,22E-03 5°B6E-03 6.57F-33 7,37f-05 8.27E-03

31._2 _ 3.736-03 t_. 19[-C_ 4.TCE-O3 5.276-02

32.62 _ 3.97£-C'3 4.q5E-C3 5.006-_3 5.616-03 6.296-93 7.066-0t 7.926-03 8 .)396-03 9 o976-93

33.65 _ A.22E-_3 z_. 74[-C_ t.326-03 b.97£-07 6.7_6-03 7.516-03 8.436-03 9.466-03 1.96k-02 1.196-02

34.72 _ 4. 506-('3 5.f4[-93 5._6[-03 6.356-03 7.13F-93 ? oggE-Oq 8.97[-03 I.OiE-02 I °13[:-_2 1.27E-02

35.8l $ 4. _RE-O3 5° !IF-(3 E.']21-93 6.766-99 7.586-01 8.5iF-OB 9.55[-93 1.OTE-02 1.20E-O? 1.35£-02
36.95 * 5.09[-05 5.71[-03 _°_ ]E-q3 7.19F-02 _{.C7E-03 9.055-03 [.025-92 [ .146-02 1.285-02

08o11 * 5.42[-93 6.C8_-C3 C._2[-03 ?.5bE-O_ [_.5qE-O3 9.645-03 I.gNE-02 1.215-02 I °366-02
39.32 * 5.17[-73 6.47[-C3 7._76[-13 8.15_-03 9.146-03 1.03F-02 1.156-]2 1.29_-92 1 .NbE-02 1.63F-07

40.5(; _ b. 14_--_13 6.EgL-C3 1o73E-C3 _.61L-33 9.736-0_ 1.09E-02 1.22E-C2 1.375-02 1.54F-_2 1 ·736-%2
4[.84 * 6.536-C3 7._31-C3 8.22k-03 9.22[-03 1.09£-02 1.166-02 1. 306-02 1.466-02 1.646-02

_5.17 _ 6.956-I 3 7. _IOE-C3 _.756-93 9.S2[-C_ [.IQE-02 1.24E-02 1. 396-02 1.56C-02 I *75E-02 1.966-02
44.f3 $ 7.60E-03 u.3)E-03 9.316-03 I.CAE-gZ l. ITL-02 1.32F-02 1°98E-02 1.666-f12 ] °866-02 2.08£-02

45.94 · 7.87E-03 _.63i-C3 _.qlJ!-C3 1.] 16-C2 1.2bE-g2 1 .t_OE-O2 1.57_-T2 1.766-02 1.985-02 _.226-92

47.39 $ 8.38L-L;3 9.qGt-C3 loC5E-O? I.I_F-C2 1.J36-02 1.496-02 1.67[-02 J.BEEF--02 ? .106-02 2.366-02
48.89 * 8.9_E-r)3 I. _5[-92 l. 12C-02 ].26£-92 1.416-02 1.59F-02 l./OE-n2 2.006-02 2.24_-02 2.516-02

5C.63 $ 9.69[-_3 1.FA[-o2 1.19_-02
5_.03 _ I. C1t-02 1. 136-_2 1.27E-07 1.456-02 1.6OE-O2 1.80E-02 2.Olk-O2 2.266-02 2.566-02

_3.67 $ 1.07£-02 1.216-_ 1.35[-0_ 1.576-02 1.7FE-OZ 1.916-02 ?.lqE-CZ 2.41_-D2 2 °T0£-02 3.036-02

55.37 _ 1°146-02 1.2]b-32 _.qqE-C'_ 1.o2E-C2 1.016-92 2.056-02 2.28_-C2 2.566-02 2.876-02 3*226-92
57.12 * 1.22£-rz L.EY[-G2 1,53[-02 I*12E-G2 1,93E-02 2,16E-02 2.935-02 2.12E-02 3.065-02 3.43E-02

58.92 * ].29E-92 1,49_-f2
60°18 * 1.3_3F-n2 1.551-92 1.73J:-92 1.95E-02 2.18E-02 2.45E-02 2.75E-g2 3.09E-02 3.46E-02 3.88E-02

_2.70 * 1.67£-E2 I,t_Ef-'22 1.85E-02 2,[7F-02 2,32E-02 2_61E-02 2.935-0! 3.2BE-02 3 °68E-02 4o13E-02

64.69 _' 1.56E-72 1.75I-C2 1.96E-CZ

66.73 * 1.665-CZ 1._r;E-C2
68.84 _ 1. 776-112 l. q_E-S2 2.236-02

71.02 _ 1.88E- J2 2,111-92
73.26 * 2.006-92 2o25E-02

75.5_ * 2,1_E-02 2.396-C2
77.96 * 2.27E-£'2 2.5_,[-92

80.43 _ 2°416-(_2 2.?IE-C2
82.97 _ 2.57E-')2

E5.59 * 2°7_E-J2

88°3,? '_ 2.91L-Nd 3,26t-C2 2.66E-C2 4,1iC-02 "*,61E-02 5.175-02 5,87[-C2

91.09 * 3.0gE-T2 3. '.7F-22 5.90E-n2 6.37E-02 4.906-02 5.50£-02 6.17E-32

93.97 · 3.29E-O2 3.7_36-(]2 4.1;E-d2 4.65E-02 5.226-92 5.865-92 6.576-92
96.94 _ 3.5,36-02 3.936-02 A.41[-02 4.95£-02 5.55E-02 6.236-02 6.99£-02

lOB.On * 3.736-_2 4.19[-C2 A°7PE-O? 5.27C-02 5.916-0_ 6.63_-02 7.A_E-O2



' j_e,_._.¢.,_,_._*_4_..._._..c.*_.**_..;.*_**_.*_**_* ALPllA TAJ3LE NC. 2 FON CAI3[NET TUNTNG ************************************
I_OX VOLU_E$ FROM 0.(_32 TD O.O_g CUt_I£ F_Fl _R 5.46E 01 TO loSt*E 02 CUBIC INCH!S.

¥CLbM£ IACROSS) ALi_H_=IPC_I ARFA_/(P(gRT EFFECTIVE L£RClH! IN S_)UARE INC£ES PER INCH.

CU. FT.= 3.16E-02 3o_5_-C2 _o_E-02 q.47E-02 5.01E-02 5o62F-02 6o31E-02 7.08E-02 ?°qAE-02 Bo91E-02
CU. lk°= 5.46E 01 6.13E ql £._.8E O_ ?°72E 01 6._6E O1 9.72E 01 1._9E _2 I.?2E _2 1.37E 02 1°5_E 07.

£-BC× HZ _DDWNJ

10.00 * 1.1_L-03 1.32L-_3 l.AbE-03 1._7E-0] 1.B?E-03 2o 10E-03 2.35F-03 2.64E-03 2.96t_-03 3. ½2E-03

10.32 * 1.26_03 1.AlE-C3 1.5_E-_ _ L .7?E-(l? 1.09E-03 2.2_E-03 ?o_E-¢3 2.81E-03 3.tSE-03 3°54[-03
10.64 * 1.34E-03 l.bOE-03 1°68E-C. 3 1 o80E_03 2°12E-03 2.3BE-03 2o6_'E-]3 2 .ggE-')3 3°36E_03 _.76E-03

IC._B * I o42E-03 1.50£-03 1o 75E-.33 2.01E-03 2o25E-03 2.53E-03 2°64E-C_ 3.18F-03 3.57E-03 _° 01E-03
L1._3 '_ _.51_-03 1.79E-03 1.90[-03 2.14E-03 2.40E-03 2 °60E-_]3 3°02E-03 3°30E-03 3._0E-03 4._6E-03

11.6_ * 1._1E-03 1._£-03 2.g_[-_3 2o27E-C3 2.55E-03 2oB6[-03 3.21E-C3 3.6CE-03 4 o04E-03 4._E-03

12.05 * lo71E-C3 l.q2E-g3 2°16_J3 2°42_-0_ 2.72E-03 3o05_-03 3o42£-C3 3o84E-03 _- .30E-03 /*._3E-03
_2. _3 * 1o82E-03 2. _5_-03 2.30E=(_3 2.58E-g_ 2.BgE-03 3o26E-03 3.64E-03 4°OBE-03 4.58E-03 5.14_J)_

t2°83 * 1.94E-03 2.18F-03 2 °44E-03 2.74F-03 3._8E-03 3 °4_E-03 3°B7E_03 4o34E-03 4°37E-03 _ o_7E-(_3
13o25 * 2.06E-03 2.32E-(]3 2o_0£-03 2.92E-_ 3.27E-03 3o67E-0_ 4.12£-03 4.62E-03 5olgE-03 5._2L-03

13 °(_5 * _o20l-0_ 2°47_-C3 _. t7E-.33 3./(]E-G? _.48£-03 3.9LF-03 _.°38E-03 q.52£-03 b.52E-03 _ °l_E-O_;

14.08 * 2o3_E-03 2o62_-03 2.94E-g_ _.30E-_ 3.71[-03 6.16E-03 4°67E-_3 5o24E-0_ 5°87E-03 6°_g£-03
16°53 ¢' 2._gE-_3 2°75£-C3 _°I_E-03 3.52E-a- _ 3°94E-03 4.43E-03 4.97£-03 _ .57E-C_3 6 °2 b.E-O._ 7.131_-03

l_ogg * 2.65E-03 2oqTE-g3 _.33_-03 3.7_E-C_ _.20E-03 4o?1£-03 b. _.SE-I13 5.03E-03 6o65F-03 1.46E-03
15.46 * 2.B2E-_3 3.16E-03 _.55E-.g _ 3.08E-0_ 4.67E-(_3 5.01E-03 5.62£-03 6°31E-03 ? °OBE-g3 7.94E-03

15o_5 * J.(}OE-g_ 3.3 I£_0.3 _.7_E-03 4.24£-C3 _.75F-93 5°336-03 5.ggE-_3 6.72E_03 7.53E-r)3 _.AbE-_) _

16o45 * 3. _9E-03 3.53£-03 _.02£_)_ 4.51E-03 5°06E-03 5.6t1£-03 _). _7£-_3 ?.L_E-03 8.02E-05 g.._OE-_3
16 ° c.7 · _._gE-03 _.81L-_3 4o2_E-03 4°_E_C2 5.3_E-03 6.04E-03 6o7_E-03 ?.61E-03 8.53E-03 9o57F-g_

17o51 * 3.62£-_3 4.06E-03 4ob5E-g3 5°11F-0_ 5.73E-03 6 o43E-03 7°2iE-03 _o09_-03 9 °08E-03 I .(12E-g2
18o06 '_ 2. o_5E-0_ _. 22E-f!3 .q.84L-03 5.q3E-G3 6.1_-03 6o8_E-03 7.6_E_J3 8.6lE-03 g °66E-03 1.08E-02

18._3 * _ o09£-0L_ ._.5 _£-C3 _. I. sJ_-g _ 5. i'SE-C_ 6 °49E-03 7.2;JE-03 8° 17E-_]3 g°l?E-03 _ °03F-02 1.15E-')2
10°22 * A._6£-03 _° Bg_-03 _ °_9£-03 6.16E-:_3 6.91E-03 7.75E-_3 8o _9E-')3 g.76E-03 I .OgE-')2 1o23E-02

1_._3 * 4°64E-03 b°2OE-g3 5°86£-0 _ 6°55E-C_ _ ? °35E-_)3 8 °2§E-03 9o25E-_3 $ o_4E-02 1.16E-02 1.31E-02
20o At) * _og_[-03 b°54_-C3 _o21fi-03 6.97_-0_ / °82E-03 _° 78E_03 g.85E-_3 I olOE-02 1.24E-02 1.39F-02

21°10 * 5o25E-03 5._g£_3 _.61E-03 7._2E-03 8°32E-03 9.34E-03 1.05E-_2 1o18£-02 1 °32E-02 I o48E-02

21°77 _' 5°59b-g_ *..2 _E-_3 _ .¢4£_J3 7 ° L_9_-03 _°86E-03 9 o94E-;)3 1. 12E-(]2 1 °25F_2 1.40E-02 1 ° 5_E-L_2
22.46 _' b°95E-03 6.67F-03 7o_g£-03 _1.AC)E-_ g °43E-q _. L °06E-02 1.19E-02 1.33_-02 1.49E-02 I °68E-02

23.17 * 6°33E-Q_ 7o1_L-_3 7°07E-03 8.94F-03 1.60F-02 1.13E-02 1°26£-n2 1.42E_02 1.50E-02 1°7UE-02
23.90 * 6°74E-C3 ?.5_F-C3 _.48_-03 9° 52F-_._ t °C7E-02 I °20E-02 1.34E-02 1.5_E-_2 1.69E-02 t °90E-02

24°65 * 7.17[_03 B. gAE-g3 _°03E-g_ 1 °01E-O. 2 I . 14E-02 1.27_-02 1°63E-02 1.60E_2 1.80£-02 2°02E-_2

_.43 * ?°6_.E-03 _.5_£-_3 _ .t_CE-(_3 I.E_E-O2 1°21E-02 1.36£-02 l°_£E-O2 1°71E-02 I o02E-02 2°15£-02

26°2_ * 8ol2£-'33 _.11£-_3 1o02E-02 t.15_-_2 1°20E-02 / o44E-02 1.62E=)2 t°82E_2 2 o04E-02 2.2_£-02
27°07 * 8.64E-03 _.60£-C3 t°0_E-92 t.22E_C2 _ .37E-02 1.54E-02 1o72E_02 1°93_-q2 2.17E-02 2.44£-(}2

27°02 _ go20E-03 l._3E-_2 1.1aE-02 1°30E-02 I o46_-02 1°64E_02 ]ofl3E-g2 2°06E-02 2o31F-02 2.59E-0_
28°B0 * _.70E-_3 1ol0E-_2 1.23E-02 1o3_E-q2 t o55E=02 1.7_E-02 l°g5F-J2 2olg£-02 2 °46E-02 2.76E-(}2

ALPHA T_£LE NC. 2 CONTINUED.

29.71 _ 1.04E-32 _. [7E-_.2 ].3LF-O2 1.47£-C2 1.65E-02 1.85F-_2 2.08E-_)Z 2.3_E-02 2.62E-02 2.9_E-02

30.65 * 1.1_E-)2 1.24E-02 1.q3£-02 1.57E-02 1°76E-02 1.97E-02 2°21E-02 2.qBE-02 2o78E-02 3.12E-02

31.62 _' 1.1_1£-92 Z.32E-02 1.4fl£-02 1°67E-02 1°87E-02 2.10E-02 2o35E-02 2.6AE-02 2 °06E-02 3°32_-02
32.62 * 1.26E-02 1.41£-C2 ].58E-m2 1o77E-C2 1.99E-02 2.23E-02 2.50E-02 2.81E-02 3ol5E-02 3.56E-02
33.65 * t.36E-32 1.5_)E-02 1.6_E-.g 2 1.89E-C2 2.12E-02 2.38E-_2 2.67E-02 2.99£-02 3.36E-02 3.76E-92

34.72 * 1.42E-02 1.59£-S2 i.TgE-F$2 2.OIE-P2 2.25E-02 2.53E-02 2.84£-02 _.tSE-02 3.57E-02 4.01E-92

35.81 * 1.51E-02 1.7O.E-C2 1.90E-02 2. [4E-02 2.40E-02 2 °69E-02 3.02£-02 3o39E-02 3°80E-02 4.26F-02
_6._5 * 1.61E-02 1.B1F-O2 2.33£-02 2.27E-02 2.55E-02 2 .B6E-02 3.21E-02 3.60E-02 6.0_E-02 4.56E-02

!8.11 * 1.71t-32 i.g2E-C2 2.16£-02 2.42£-02 2.72E-02 3.05E-02 3°42E-02 9.84E-02 4.30E-02 4.85E-02
_9.32 * 1°62E-02 2.C5[-S2 2.3CE-02 ?.5BE-02 2.89E-02 3°24E-02 3.64E-02 4.08[-02 4.58£-02 5*14E-02

0.56 * 1.94[-92 2.1_F-02 2o6q£-32 2°74E-02 3.08E-02 3.45E-02 3°87E-02 4.34E-t_2 4._7E-02 5o_7E-02
_1.B6 * 2.O0E-g2 2°32C-S2 2.60E-02 2 °_)2E-02 3°27E-02 3o67E-02 4.12E-92 4.62E-02 5.19E-02 5.82E-02

43.17 * 2.20£-02 2._ _E-C2 2.77£-02 3.10E-02 3.48E-02 3°01[-02 4°38E-02 6.92E-02 5.52E-02 6.19E-0 _
44._3 * 2°34E-02 2.b2[-)2 2ogqE-02 3.30E-02 3o71E-02 4.16E-02 4°6_E-02 5o24E-02 5°8TE-02 6°50E-

45 .$_ # 2°49F-02 2°7g_-02 _° 1_[-02 3°§2E-£2 3.94E-_2 _.43E-02 4°97E-_2 5.57E-02 6.25E-02 7._1E-02

41.39 * 2.65E-02 2._7F-02 _.33E-_]2 3°l_E-02 _.20E-02 4.7rE-g2 5.28E-02 5 .g3E-02 6.65E-02 7._6E-_2
_8.80 * 2.f12E-02 2.16E-02 2.55£-02 3oSSE-02 4°47E-fl2 5o0_E--02 5°62£-02 6°31E_02 7 o08E-02 ?o 94E-_2

50°43 * 3.00E-0_ 3° 3?F-OZ 3°78E-02 4*24E=02 6.75E-02 5.33E-02 5o90E-02 6°72E-02 7.53E-02 8°65E-02
52.03 * _° 1_'[-C2 3.58E-02 6°0£E-02 4.§1E-02 5o06E-02 5.68E-02 6° 37E-132 7.15E-02 8 o02E-02 9o00E-02

5t.67 * 3.40_-02 3.81F-n2 q° 2PE-n2 _. 8gE-m2 5 °3B E-n.2 6.04E-02 6. ?SE-n2 7._1E-02 B °53E-02 g.STE-P?

b5°37 * _._2£-g2 4.06F-02 6 °55E-._2 5°tiE-g2 5.7_E-02 6.43E-02 7.21E-02 B.OgF-02 g °OBE-O2 1.0?F-gl
57.12 * 3or,bE-02 4.32J-02 4 °84E-_)2 5 oit3E-02 6o19E-02 6.flAE-02 7o6BE-02 8.61E-02 9o66£-02 1.0_E-O[

58.92 * 4.09[-C2 q.59E-02 5°15E-_2 b.78E-02 6.49E-02 7.28E-02 8.17E-02 9°17E-02 1.03E-01 I°15E-O1
60.78 * q. 36E-02 4.BgE-g2 ._.49E-C2 6.16E-02 6.91E-02 7°75E-02 8.60E-02 9.76E-02 I °O_E-01 1.23F-01

£2°70 * q.6qL-O2 b. 2_£-02 5.84E-/12 t_.55E-02 7°35E-02 B.25E-02 9.25E-02 1.04E-gL ] .16E-0! 1o31E-_1

_4.6_ * 4.94E-02 _i.54F-C2 £.21E-C2 b._7E-C2 7°82E-02 B o78F-.02 9.85E-02 1.1gE-D1 1o24E-01 1.3gF-01

66.73 * 5.25E-02 5.89E-02 _o_1E-02 1.42E-02 8.32E-02 9.34E--02 !°05E-gl ! °I8£-01 1.32E-01 1°4_E-(}1
68.8_ * 5.59E-.$2 6.27[-82 7.C_E-E2 7°89£-92 B .86E-02 g .94E-_2 lo12E-ql 1.25_-0_ I .40E-OI 1.58E-01

?t.02 * 5.95E-©2 6.67E-e. 2 7.49E-02 B._OE-I)2 9°63E-02 1 o06E-01 1.10E-01 1.33E-01 1.69E-01 i.6BE-01
13.26 * 6o33E-02 7.t0E-02 7.97E-('2 8.94E-02 1.gOE-O I 1o13E-01 !o26E-0I 1._2F-01 i oSgE-f_l 1.78F-01

75o§B * 6o74E-02 ?.56c-C2 _.48E-g2 go52E-C2 loG?E-01 1o2(}[-0i 1.34£-(}1 I o51E-_t ! o69E-(}1 1 oglE-q1
77o0b * 7.17F-02 B.C4[-02 9o_3E-02 I onlE-O1 l°t4E-Ol 1 o27E-0! lo_+3E-C! 1*63E-0l 1 .BOE-Oi 2.02F-01

80.43 * 7.63E-1_2 _.56E-C2 _.60E-02 1°08E-01 1.21E-01 1.36E-0! 1o52£-0! 1.71F-0! 1 .92£-_1 2°15E-01
f12°07 * 8 °12E-'_2 _. 1iF-P2 L°g£E-(}I 1.1§E-01 1 o£gE-[_ ! 1 °_4E-01 1.62£-01 1.82E-0! 2 .04E-01 2.2gE-_t
_5.50 * 8.6qF-02 9.69E-02 1.CgE-gl 1 °22E-01 l°37F-Ol 1.54E-C! 1.72_-gl 1.93F-0i 2.l?E-01 2.44E-91

_8*_0 * _*2C.£-02 1.23E-01 I*16E-OI 1 *30E-gl 1*_6£-01 I *64£-01 1*83E-31 2*06£-01 2*3IE-Ol 2*5_E-01
91.09 * 9°79E-02 l.lOE-gl 1.23E-01 1.3BE-OI 1.55E-01 1.74E-01 1.95E-31 2.19F-01 2.46E~01 2.7HE-'_I

_3°9_ * 1.OA_-P_ 1.17E-01 1.31E-)1 l._TE-q_ _o65_-01 I .B5E-01 2°(}8£-Q1 2.33E-n1 2 .62E-0_ 2 °gt_E-gl

96°94 * 1.11£-01 1o24F-31 IoR0£-01 I o57_-01 1.76E-_1 1.97[-01 2o21E-(}1 2oq8E-01 2 o7BE-O] 3o_2k-_1
!00.00 * !.!8E-01 1.32F-01 1.48£-(}1 1.6?E-_l] 1o87£-01 2 olOE-O! 2o35£-01 2o66E-q1 2 .g0E-tlt 3o32E-OI



BOX VbLU3_S FFO_I .S,1J, rD 0.282 CU._IC FElT OR 1,73E 02 TO 4,87E O? CUBIC INCHES,
VCLU_E (_ChdSb) ALI:h/s=(PORT 6RLAI/(PCPT 5IFECTI_E LFACTH) IN SQUARE [i%CHES PFR [NCHo

CU. FI,= i,COL-O1 1.12[-/1 1.265_)1 1,415-01 1,585-0! 1,785-01 ?.OOE-ril 2,245-01 2,515-01 2.825-01
CU, IN,= 1.73[ 02 1.q4L 12 2,185 ©2 2,445 82 2,745 02 3,075 02 3,455 _2 3.87£ r_2 4o345 02 4.875 02

F-_LX FZ IDC/,INJ

19.C0 _ 3,73[-9_ z. l'_F-d3 A,7Cf-93 9,27F-03 5,91E-03 6.b3[--03 7.44(--05 8.35[-03 9,37E-03 1, OSF-'12
1C,_2 _' 3.971-)_ 6.455-??. _- ,Cqt-_ 5,61E-93 6,29E-03 7,065-03 7.92f-03 8,895-03 9,97E-"_3 1.12E-)2

13.64 * 4,22_-_3 _,791-0_ 5. _25-03 5.975-03 6,705-03 7o515-03 8.43E-03 9.465-03 I ,ObE-02 l.]95-02
1C.98 _ 4,50_-93 5,C4t-O3 5.6o5-{_3 _.355-93 7.135-03 7.995-03 8._76-03 1.0 lC-CZ 1,155-02 1,875-02
11,33 _ 4.781-D3 5,37[-03 (.CPE-_ 5.71_F-1_3 7o 535-.43 8,515-03 9,555-C3 1 ,171!-02 1.205-02 1.355-02

11.68 * 5, _9[-33 ¢,71_-S_ (.415-90 7,19_-03 8,_qt[-03 g,055-03 i. O2F-SZ 1,145-_2 1,285-02 1,405-02

12.05 * 5.425-q_ _._)_-'83 L.h2F-)3 7.,' 55- )J 8,505-'33 9,64r-03 1.PPE-q2 1.215-02 1.36E-92 1.535-42

12,43 _ 5,775-03 _.47_-03 7°265-65 8.155-03 qo145-03 1,035-02 1.155-92 1,295-r_2 1,455-n2 1,53h-02
12.83 _ 6,145-53 (._q_-c5 7.73[-03 8._75-02 9,7_E-03 1o095-02 1,225-02 1.375-02 1.545-02 1,735-92

13,23 · 6.53E-03 7,335-33 8.22k-23 0.225-0_ 1.095-,_2 1.165-02 1.335-n2 1.465-02 1.64E-02 1.84[:-32

1J.65 · L.qbF-C3 1.80_-}? _.25_-03 9.825-02 1, LOE-r_2 1o245-02 1.39[-02 1.565-02 1,755-02 1.9_F-32

14.08 · 7,481-CJ _,.3'_F-02 9.31_-03 1.m45-92 1,17L-02 1,52h-02 1.485-02 1.6bE-O? 1.865=02 2 .C'85-02
14.93 · 7, _175-03 8.83_-Cm g.91 [-,43 1,llE-02 1 o255-02 1,405-_12 1,57[-42 1,7oE-02 ] ,985-02 2,225-02
1,_,99 · 8.365-83 ¥,4_h-0: 1.C55-02 [.185-02 1,335-02 1o495-02 1.675-)2 ].885-n2 2o105-02 2.365-'_2

15,46 _ 8,916-03 ].C,)5-n2 1.125-_g 1.2aF-22 1,415-02 I,SgE-OZ 1. 785-,12 2,005-02 2.245-02 2,515-02

15o55 * 9.49E-23 _.CbF-P_ 1.125-32 1.34[-02 1,505-02 1.69E-02 _.845=C2 2.125-02 2.385-02 2.675-92
16,45 * [,Olb-{2 1.13[-02 1.27_-_2 1.436-02 1,655-02 1,8_E-12 2,015-42 2.285-02 2,545-_2 ?.855-32

16,_! _ 1.075-¢2 1,211-92 1._b[-02 1,52F-32 1,7nE-02 1,915-02 2. lqL-G2 2,41_-02 2,705-02 3.0_5-q?
17.51 _' 1.1_E-[2 1,285-;2 1,495-01 1.625-02 1,815-02 2o93[-02 2.285-42 2,565-'12 2,875-02 3.225-92

18.C6 _ 1.22_-92 l,_?P-g2 1.535-_2 1.725-22 1,935-02 2.16E-P2 2.435-92 2,725-02 3.065-02 3,43L-_12

18. _:3 * 1. 291-L, 2 1.45_ -12 1,o35 _>2 [,835-02 2.05[-0z 2,3Gh-02 2.5_[ -02 _o905-92 3 .25_-02 3, bqE-02
19,22 _ 1.3_[-32 1,55[-02 1,73E-)? 1,95_-')2 2.185-_2 2.455-02 2.755-_2 3.19_-02 _.465-02 3.881-_2

19.83 _ 1,47h-r2 1.651-]2 ] ._55-0P 2.075-42 2o32[-C2 2,61k-02 2.93F-02 3.285-02 3,685-02 4.13[-02
20.46 _ 1.86b-_2 1.75[-C_ 1·c_65-')2 2.205-02 2.475-02 2.785-P2 3.115-02 B.495-02 3.925-42 4.4CE-92

21,10 · l.ebE-r2 1.R6[-02 2.c9k-12 2.355-_2 2,635-62 2.955-02 3.316-,22 3.725-02 4.175-02 4._E-12

21,77 * 1.77k-n2 1,_f-02 2,2_b-;_2 2.505-02 2o84E-42 3, lZ_E-08 3,535-C2 3,965-02 4,445-02 4,985-42
22,46 · 1.08E-52 2.11[-02 2°375-r 2 2,665-82 2.985-42 3,355-02 3.755-32 4,216-32 4.73E-92 5,395-02

23.1! · 2. )95-m2 _.25[-92 2.52[-02 2.835-02 3. 175-n2 3.565-02 3.995-12 t,.48E-02 5 .035-02 5,645-02
23.90 _ 2. 13t-112 2.39_-02 2.6FE-_Z 3.01[-22 3,355-02 3. 795-02 4.255-_2 4,775-02 5.385-02 6,005-02

24,65 _ 2,271-52 2.54E-q2 2. 855-(12 3.205-02 3,595-02 4,035-02 4.525-q2 5.485-02 5,695-02 6,395-42

25.43 * 2,41[- 2 2.715-32 ? ,645-_2 3.415-02 3,825-02 4o295-02 4,81}]-02 §.4gE-_12 6.065-02 6.805-32
26.24 _ 2,57£-: 2 2.8g[-02 3.23ff-12 _,635-32 4,075-82 4.57E-02 5,125-02 5.755-02 6.455-02 7,245-02

27,C7 _' 2.73_-C2 3, (7['-g2 3,445-92 _,865-02 4,335-02 4,86E-02 5,455-02 6.125-02 6.865-02 7.705-02
27,92 * 2.915-02 _.265-02 3,ISt)E-og 4°115-02 4.615-82 5,17_-_2 5.805-92 6o816-02 7,305-02 8.2 )5-92

28,80 · 3.09[-42 !.471-02 3o905-02 4,375-12 4 ,90k-02 5,505-02 6,17E-Q? 6.935-02 7,775-02 8,725-02

ALPHA T_5L[ NC, 3 C(]NTiNUEC,

29.71 * 3,295-,'2 '. 73[-02 4· 155-_,2 4.68h-02 5.22P-02 5.865-02 6.07I-m2 7.375-02 8.276-02 o.2_f-_2

39.65 _ 3° 565-02 3. 931-02 4,q15-02 4.95_-32 5,555-02 6,235-02 I_.995-02 7,855-02 8,80_-02 9°88[-02
31,62 _ 3.735-02 4,1'}[-02 q.7/F-02 5,275-02 5,91E-02 6.635-02 7._45-02 8 ._5E-f_2 9.375-02 1.055-01

32.b2 _ J._17_-c_2 4.45[-02 5.,_CE-O2 5.615-02 6.295-02 7,065-02 7,925-02 8,895-02 9,975-02 1,125-01
33.65 · 4.22[-02 4. 745-22 5,325-O2 5.975-02 6,705-02 7,51E-02 8.435-_'2 9.46E-32 1.06E-01 1.19_-01

34.72 _ 4.55[-02 5.04_-02 5.t65-92 6.355-02 7.135-08 7.99_-02 8.9 _[-02 1.01[-01 1.135-01 1.27[-)1
35.81 _ 4. /85-02 %,375-92 d,f2E-02 5.7b5--02 7.585-02 8.5l_-02 9,555-02 1,075-01 1.205-01 1,355-01

36.95 X_ 5.09E-92 5.7J[-92 _,41_-02 7.195-02 8.07E-02 9,055-02 1.025-91 i ,145-01 1.205-01 1.4BE-gl
88.11 _ 5.42[:-Q2 1.8_E-02 6.82b-02 7,655-02 8.595-02 9,646-02 1.08E-ql 1.215-0! 1.365-01 1.535-ql

_9.32 · 5.77[-f2 L.47F-12 ?.285-_)2 _3o155-02 8.145-02 i ,035-01 1,185-rl 1.295-01 1 °455-01 1,63t-01

40.56 _, b.lqE-f2 6.8gL-('2 7. 735-'12 8.675-02 9.735-02 1.09_-01 1.225-01 1.375-0l 1.545-C1 1.735-01

41.84 · 6o535-02 7. _3[-02 6,22E-02 9.225-02 1.045-01 1.165-01 1,30E-gl 1.465-01 1,645-01 1.845-0!
43.17 _ 6o _15[:-02 7,8]L-02 Fo755-02 9,825-02 iolOE-O1 1o245-01 1.3gE-C1 1,565-01 1.755-0,! 1.965-01

44.53 · 7.405-(2 q. 395-02 9,315-n2 1,045-_] 1.175-0] [ ,32[-01 1,485-01 1.665-01 1.865-01 2.085-01
85.84 _' 7.87[-32 3.83_-02 9,915-02 I.I1F-gl 1,255-01 1,40t-01 1.575-C1 1,765-01 1,985-91 2,225-01

47.39 _ 8.385-02 9.40t-02 ].fSE-C1 1.10E-fl 1.335-01 1 °495-01 1.675-01 1 oSBt_-O I 2.10[-01 2.565-01

48,89 % 8,91[-f'2 1,n0[-31 1.125-01 1,265-01 1.41E-gl 1,596-_1 1.785-01 2,00E-OJ 2,245-01 2,515-0l
53.43 _ g*485-92 1.56[-131 1 ·lC,E-gl 1,345-91 1,505-01 1,695-01 1,895-01 2 °125-0] 2 ,_86-01 2,675-01

52.03 _ 1.01E-01 1.13f-)1 1o275-91 1,435-01 1.605-01 1,805-01 2,315-91 2.265-01 2o545-01 2,855-01
53,17 _' l,CTt-( I ].21[-C1 1.355-rl 1. SPE-C] 1.7OF-Ol 1,915-01 2,14E-51 2°415-01 2,705-01 3.035-01

55.37 _ 1,145-01 1.2BI-C1 ] .z'4E-O 1 i°b2F-CI 1.815-01 2,035-_1 2,281-6] 2.865-01 2,876-01 3,225-01

57.12 _ 1.22[-¢'1 1.3/E-_ll [°535-dl 1°725-0I !°9_E-91 2°165-01 2.43_-01 2o725-01 3,065-01 3,435-01
58,92 '_ I ,_95-(,1 1,45L-_1 1,(_5-01 1°835-fj 2 oC55-01 2,305-C1 2,58[-C1 2,905-01 )o255-01 3,655-01

60,78 _ 1.B_E-91 }.555-0] 1.7 _.F-J1 l,g5E-O] 2,185-0I 2,45[-01 2*755-41 3.095-01 ],465-01 3.885-01
62.79 _ 1,475-01 1.255-01 1.855-P1 2.f75-01 2,32[-31 2,6!E-01 2.935-01 &.285-01 B.685-01 4.135-01

_4,bg _ 1.5oF-01 1.755-01 ] ._t,E-01 2.205-21 2o475-01 2.785-01 3,115-91 _,4qE-ol 3.92E-01 4.405-01
_6.73 * 1.665-01 1.8o[-01 2,_gE-01 2._55-01 2.635-01 2.95[--31 3.315-91 8.72_-01 4.175-01 4.685-01
68, t_,9 * 1.775-nl 1.28[-01 2.235-0l 2,50_-C1 2.BOE-O 1 3.1qE-Ol 3,535-81 3,965-01 4.445-_1 4,485-31

71.02 _ 1,88£-0l 2.ll}-I11 2.375-01 2,665-n! 2.985-01 3.355-01 3.755-01 4.215-nl 4.735~01 5.305-01
73.20 * 2o905-t I 2.25[-31 2,52[]-01 2,835-C1 3.175-01 _o565-91 3.995-01 4,485-01 5 o035-01 5.645-01

75.58 * 2. 195-01 2.245-£1 2.C5[-01 3.015-01 3,3_35-01 3 o795-C1 4o255-P1 4,775-01 5,355-01 6o005-01

77,96 * 2o275-01 2.54[-31 2,855-01 3.205-01 3.595-G1 4.035-01 4.525-01 5,985-01 5,695-01 6,395-01
50.43 (' 2,415-P1 2o71_-91 3,0_'E-01 So415-_1 3.825-91 4,295-01 4o815-01 5o405-01 6,065-01 6,BOE-O1

82,S7 * 2o575-)1 2,88t-01 2.235-91 3,A35-01 4,C75-01 4o575-01 5o125-ql 5,755-01 6,455-01 7.245-01
85*59 * 2o73_-C1 3,07[-01 ?,445-41 3 oB05-'_] 4,335-)1 4 o865-01 5,455-01 6,125-01 6o865-01 7,705-01

_8.30 _ 2.915-_1 3.2bE-C! _,665-01 4.11E-PI 4o615-01 5.175-01 5.805-C! 6.515-01 7.305-gl 8.205-,41

91oC9 * 3,698-01 J,475-01 3.9fq:-01 4,37[-01 4,905-0 1 5o505-01 6,175-01 6o935-gl 7o77E-01 8.725-01
_3.47 _ 3. 295-[,1 3.705-01 8.]55-01 4.65_-P! 5,225-01 5o865-91 6.575-01 7,375-01 8,275-01 9,285-01

96°94 * 3,505--01 3,_35-01 4,41[-01 8.§55-0] 5o555-81 6.235-91 8o925-_1 7.88_-01 8 o80_-01 9o885-01
ICC.CO * 3.73t-C1 4,19[-C1 4,705-C1 8.275-01 5o915-01 6o63_-01 7o445-)1 8,355-01 9o375-01 1.055 O0



BOX V[;LU_S F_'[1,_ _,3l_ TU _,_1 CUBIC FEI1 OR _,q6E O2 _0 1,_4[ _3 CUi_]C ['_CHES,

VLLbME {_(ROSg) ALPI_=[P_I _R_AI/[_£_T EFFECIIVE LFN_TH_ IN 5QUaRF INC_£S PEI_ INCHo
CU, _T,_ 3ol&E-01 3,5_E-01 3,¢_SE-,ql 4°_[-01 5o01[-0_ 5,&2E-01 6,_1E-]1 ?oOZE-01 7o9_+E-_1 8,91F-_!_
CU, 1_o= _.46E 02 6_13E 02 6,8_E _2 ?,72E C2 8o_6E 02 go72F _2 1o09E i_ [,22E r_3 1,37E 03 1,_qE _3

_OoO0 _ 1° 18E-'_2 1,_?_-0_ 1,4t E-_2 1°_?E-_2 1.87F-02 2°l_02 2o35E-_2 2,64E-_2 2,9_E-02 3o32F-02

_0,98 _ 1,42E-92 1°59[-G2 1, ?_:-02 2o_1E-02 2o2_E-02 2o_-02 2o84E-_2 3 _ 1_-02 _ o57E-q? 4oC1_-02
11,33 · 1,51E-S2 1o7_-S2 1,9¢'E-_2 2. l_E_n2 2 o§0_-02 2 o_9E-02 _, O?E-,q2 3._E-q2 3o_0E-02 z*,21_-()2

_2oq3 · 1o_2E-¢2 2° C_E-,O2 _o3CE-_? 2. _-C_ 2,89[=-02 3o24_-C2 _,64E-q2 _ oq_E-O? 4o58E-_2 _o1_E-_2

12,8_ · 1,94£_C2 2.1_[-92 2,_E-_2 _o7_E-02 3oOBE-02 3°45£-_2 3o_7E-_2 4,34E-02 _o87E-_2 $o4?E_q?
1_o23 _ 2°06E-02 2,=.2E-C2 2,_CE-_? 2.97F-C_ 3o27_-02 3o67E-C2 4°12E_2 _,62E-02 5,19[-_2 5,82F-_2

lq.._3 _ 2._gE-92 2,7_-J2 _:o13&-_2 3o52E-C2 3.9_E-72 4 oq_E-,]2 4o_7F_C2 5°S7E-02 6°25E-02 ?oClF-02
1_°_9 _ 2°65_-02 2,_7E_02 3°33_-_z 3o7_F-_ 4,2_F-02 4,71E-02 5o28£-_2 5._E-02 6o65E-e2 ?°4_L-_?

15,95 · 3°,)u_-02 _,_?L-_? 3, 7£_ -_G2 _.2_F-C2 q,75E-02 5,33E-02 '_o_9[ -r_2 &,72£-_ ?,_3E-_ _ .z,b_-_2

16o4§ · 3o _9E-©2 3,58_-02 q.S2F-_ _,51E-0_ 5,06_-02 5o6_E-02 &, 37£-I_L 7,15[-02 _o02E-f)2 9,_ F-37
16og? _ _o40E-02 3,_1E_92 q,2_E_92 _.8_F-02 5,_BE-02 6.04E-q2 6, ?_E-n2 7,_,1F-02 _,_3F-_2 9, _?E-,S2

17o_1 _ 3o62£-02 4, ¢_1E--02 qo_E-_2 5o11E-02 5o73E-02 6,t,3_-02 7,21E_2 8o_gL-_? 9, _E-_2 _ ,']2E-91
18,06 _ 3,85E-_2 _,32E-02 _,84_)2 b .z_E-02 6,10[-02 6o84E-_2 7°_L-_2 _,_1E-_2 9,66E-,_2 I.GSE-01

1_,63 _ 4,C9[-1_2 4o5_F-S2 _.15F-_2 5o?_E-C_ _ o4qE-O2 7°28E-_2 _ol_E-_2 9.17_-_2 1,_3E-3! 1o15E_!

19,22 _ 4o 36_-02 _,89F-CL _o_gL-_L 6, l_E-02 6o_IE-J2 7°75_2 8o69_-_2 9,16_5_92 l,q9_-_1 _o2_E-_1
19,83 _ 4.6qE-_2 5,20E-C2 _ °86[-q2 6o_F-02 7,35E-02 8,25_-02 9o 25E-F'2 I,O_E-01 ! ,15_-©1 _o_IF_O!

21,10 _ _°25E-92 _,_-C2 _oolE-02 7o_2F-_2 8,32E-02 _ o34E-02 1,05_-_1 1o18_-_1 I,_,2E-01 lo4_E-_1

21.77 _ _,_9E-02 _o27E-02 _._E-_2 ?oBeSE-02 _ ogiVE-02 9,94E-02 1o 12E-F1 1.25_-r)! 1,40E-01 1° _-r_l

22°q6 · bo9_[-,02 6,67E-02 ?°49[-O? _oq_t-02 9oq3E-92 1.0&E-01 1°19E_01 1°3_F-01 I o_9E-_1 1,68[-0l
23,17 · 6,33E-02 ?,lOE-_2 _,_7F-02 8,gqE-C_ 1,00E_01 i °13_-e_1 1.2_E-01 1,42E-01 1o59_--_1 L,7_k_91
2_o90 _ 6o74_-02 7,56_-32 _.4_b-_)2 _,S2E-02 1,97E-01 1,20E-01 1,_qE-nl l°51E-_nl I o6gE-O! 1 ,q_-O!

2_o_5 _ ?o l?E-02 _o¢qE-C2 c_.83E-!)2 L,OIE-01 1o1_E-01 _,27£-01 1,_3E-0! 1,60E-Q1 1,8CE-01 ? o02E-OI

25,43 _ 7o_3E-02 _o56[-C2 _ o6_,[-_z 1,_]b-_] 1o21E-0! 1o36E-r11 _,52E-_1 ]°71F-_)! Io92E-9] 2o15E-01
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27,92 · 9,2_E-92 1oC3E-31 lol_E-01 1°_E-3! I °_6E-01 1,64E-0] 1o8_F-_1 2 oO_E-01 2,31E-9_ 2,_E-_1
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29.71 _ 1°_Sl 1,17E-31 1o _1E-_1 _o_TE-O! 1.65E-_1 1,85£-)_ 2,0_E-OI 2,33E-_1 2 °&2E-_i 2°9_-_1
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32,_2 _ 1o26E-C1 1,t_lE-!)1 1o_gE-91 1,77E-C1 1,99E_01 2,23E-01 2o_0_l 2,81_-01 _o15E-(11 _o5_!
33o_5 · lo3_E_JI 1o5¢,[-01 1._BE-')I 1,89_-_1 2,12E-e, 1 2,3_E-_q1 ?o&IE_i 2 oo,gF-9! 3,36_-01 3,1_E-_L

35.81 · 1o_E-01 1°7_-91 I,gFE-}! 2o14E-¢1 2o_E-O_ 2o09L-01 _,_2E-,01 · 3,_9t-91 3o_0E-01 4°20_-_1
36o_5 · 1.61_-_1 1o81E-0] 2,_3_-_1 2.27[_01 2,55E-0_ 2 °86E-O, 1 3o2 IE-[_1 3o_OE-_t 4o04E-01 4,54E~_1

39,32 · 1,_2_-01 2,_5_-01 2,3_,L-J! 2.5_-e. 1 2,_9£-_! _,24E-01 3o64E_01 zt°_F-_ ! 4,58E-_1 _. I_E-'_!

41,84 _ 2o_6E-_1 2.32F-01 _._CF-._I 2,92E-0] 3,27E-_1 3 ,_7_-01 4, 12E-ql q,62E-_l 5,I9E-'_1 _oB2L-31

q5,9_ · 2o49E-©1 2,7qE-_1 _.13_-_ql 3.57_-_1 3o94£-_1 _,43E-01 4o_;?E-ql _,57E-01 _,25F-01 7o_IF-_I

48o8g · 2°82E-01 3, 16E-01 _,S5E-01 _°_[-_1 _ oZtTE-01 5,_1E-0_ 5,62E-91 6,3lE-_i ?,O_E-fll 7,9_F-r}l

52,03 _ 3,19E-01 _, 5B_-O! _,C2E-_1 4,51E-C! 5,06E-01 5,68E-0l &o37_-01 ?,15E-(_1 8,02E-_1 9,gqE-r)l
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6_o69 _ qo94_-F_l _,54F-91 _,?iF-GL 6o97E-_}! 7,82_-_ql 8o78E-01 9,85E-f_l l,U1_ O_ 1o24F /_ 1o39_ Oq
66,73 _ _,25E_01 5o8qE-_1 _,61__-_ ?,_2E-O1 _°_2E-OI 9o3_6-01 1o05E O0 ! .I_L _0 1._2[ O_ Io_F _n
6Bo8_ _ 5,59[-91 _.27E-01 ?.,_4£-01 ?o89F-01 _°8_E-O! 9o9_-01 i°12F qO 1o25_ O0 1JtOE O0 1,_8_ _q

7_,(_2 _ 5,95E-01 6o_7E-01 _oqgE-_J! _,qOE-01 _o43E-01 1,06E OD 1o19E O0 1,33_ 0'3 1,_9_ O_ I°_'_E 90
73.26 _ 6,33E-01 ?,IOE-_I 7o97_-r_1 8.94_-_1 1,_')£ 90 1°_3E 0_ 1o26E _'] 1,42E nq !o_gF _1 _,7_ _q

75,58 _ _o7_E-01 ?,5_E-_L _,_SE--L_I 9o_2E--_! 1oG7[ OC 1o2_ O_ 1,3_tE _ I°_E _3 _°69_ _3 1._1_ 19
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85o_9 _ _o6_E-ql 9,_9[-_1 1,CgE _, 1o22E _ 1o37E 03 lo_E O0 1o72E _ 1o93E _q 2,17F O0 2,_4F _
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