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Automated Measurements of Reverberation Time
using the Digital Frequency Analyzer Type 2131

by

K. Upton

ABSTRACT

This article describes how reverberation time measurements can be carried out with the use
ot the Digital Frequency Anaiyzer Type 2131 and a desk top calculator such as the Hewlett
Packard Calculator 9825A. Considerable time saving is achieved on account of parallel filter-
ing and theretore large amounts of data can be processed, as s normally required in prac-
tice. A tully automated system i1s also outlined, where the noise generator is controlied by
the calculator. With this method multiple slopes in the reverberation decay curves can be de-
tected.

SOMMAIRE

Cet article decrit 'emploi de ["Analyseur Numeérigue de Frequence Type 2131 et d'un calcu-
lateur de bureau comme le calculateur Hewlett Packard 9825A pour les mesures de temps
de réverbération. Ce systeme permet des gains de temps considerables grace au filtrage en
paraliele et, par suite, on peut traiter un grand nombre de données, ce qui est normalement
necessalre en pratigue. Un systeme entierement automatique est ausst decrit, dans leque!
le génerateur de bruit est commande par le calculateur. Grace a cette méethode, on peut deée-
tecter la presence de plusieurs pentes dans |a courbe de reverbération.

ZUSAMMENFASSUNG

in diesem Artikel wird beschrieben, wie die Nachhatlzeit -Messung mit Hitte des Echtzeit-Terz/
Oktav-Analysators Typ 2131 und einem Tischrechner wie Hewletlt Packard 9825A erstellt
werden kann. Durch die paralieie Filterung erreicht man emne betrachtliche Zeitersparnis
und daher konnen viele Daten errechnet werden, wie s normalerweise In der Praxis ge-
wunscht wird. Es wird ein vollautomatisches System beschrieben, wobei der Rauschgenera-
tor mit dem Rechner gesteuert wird Mit dieser Methode konnen verschiedene Steigungen
In der Flanke der Nachhallkurve ermittelt werden.



Introduction

Historically, the method used to measure reverberation time has been
to excite the room of interest with an impulse, with broadband noise,
or with a warble tone, and to then record the decay of the sound field
using an instrument such as a Level Recorder. The reverberation time,
which 1s defined as being the time taken for the sound field to decay by
60 dB, is measured from the decay curve obtained. Since reverberation
time i1s variable with frequency, it i1s normally measured in octave or Iin
1/3 octave bands. Further, it 1s normal to obtain and to average many
results in each band.

Although 1t 1s simple by nature, the above measurement can become ex-
tremely tedious, due to the large amounts of data which can be gener-
ated. It is not uncommon to obtain and to average more than twenty re-
sults in each band. In a 1/3 octave band measurement over the range
of, say, 125 Hz to 10kHz, this would require the generation of 400 se-
parate decay curves or more. The number of decay curves required mul-
tiplies further when, as is normally the case, different microphone posi-
tions are used.

Several attempts have been made to automate the reverberation time
measurement. One very attractive idea has been to use a real-time
1/3 octave analyzer with a computer, which could make automatic
measurements in parallel. Such a combination could be used either on-
line, e.q. in a closed loop system In a reverberation room or off-line,
e.g. with tape recorded decays. The main attraction, however, with re-
spect to other solutions to the automated reverberation time measure-
ment problem I1s that the system need not be dedicated. When they are
not being used for reverberation time measurements, the real-time anal-
vzer and computer can be used for a host of other applications, either
as parts of other systems or as stand alone instruments.

Unfortunately, reverberation time measurement places such stringent
requirements on the real-time analyzer that except In one or two I1SO-
lated cases, it has not really been possible to implement the above solu-
tion. Firstly, the analyzer must have sufficient dynamic range to give a
usable measurement window. Secondly, it must be possible to select a
short enough averaging time, such that the analyzer can accurately fol-
low a decay which might only last a few hundred milliseconds. Finally,
the analyzer must be able to transmit information fast enough about
the decay to a computer such that the computer can calculate the re-
verberation times with sufficient accuracy. It was only with the introduc-
tion of the Digital Frequency Analyzer Type 2131 that a real-time anal-



yvzer fulfilling all of these requirements became available.

Measurement of Reverberation Time using the 2131

A typical system for reverberation ttime measurement using the 2131 is
shown in Fig.1. Note that the system uses a desk-top calculator rather
than a computer or a minicomputer. Where the calculator is equipped
with an IEC or IEEE compatible interface, it may be directly connected
to the 2131, via the |[EC interface of the 2131. This lack of any special
Interfacing requirements coupled with 1ts convenience of use makes
the calculator preferable to the minicomputer or computer. Further,
other IEC or IEEE compatible instruments can be added into the system
to enlarge 1t.

The calculator used in the system of Fig.1 is a Hewlett-Packard
9825A. This calculator is chosen for its operating speed. Since the
2131 1s capable of transmitting spectra at 44 ms intervals, for the
measurement ot shorter reverberation times, it is important that the cal-
culator be capable of accepting every spectrum transmitted. The 9825A
fultils this requirement. Another calculator, the Tektronix 4051, might
also be used, which has the advantage of having a built in visual dis-
play unit. The minimum time interval between spectra now becomes ap-
proximately 180 ms, however, meaning that the minimum reverbera-
tion time measurable using a 213174051 system would be in excess
ot 1 second.

Microphone
| 4165 e I ", m
| R ! > SEZE 2% EEIE_STEITTE
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Hewlett-
| _ - Packard
Digita! Frequency Analyzer HP 9825A
2131
i
Power Noise
Amplifier i Generator
ce .0 e — @
_ee s 000
NSNS SN O — s .. ® q
—— o - R ———
') 2706 140
770332

Fig. 7. Simplified system for reverberation time measurements



The system operates using the interrupted noise method. The room of
interest is excited using pink noise, and the resulting sound field 1s
monitored by the 2131. Just before the noise generator 1s manually
switched off, an instruction is entered via the 9825A keyboard to begin
the transmission of spectra from the 2131 to the 982bA. The time In-
terval between the spectra is selected according to the expected magni-
tude of the reverberation times. Use of the mimimum time interval,
44 ms, is only necessary for measurements in the region below 1 sec-
ond, and where longer times are to be expected, the read-in interval
can be increased. Further, it should be remembered that the number of
spectra which the 9825A can hold in its memory s limited by the me-
mory size itself, (this is approximately 70 spectra for a 24 K memory),
and quite obviously, the 213171 should continue to transmit spectra and
the 9825A to store them until after the sound field has decayed in all
1/ 3 octave bands and reached the background noise level. Hence, the
read-in time interval used is influenced by the maximum as well as the
mintmum reverberation time to be measured.

At the end of the above process, after the noise generator has been
switched off, and the scund field has decayed and reached the back-
ground level,the 9825A will hold in its memory the spectra transmitted
to it from the 2131, before, during, and after the decay. Each spectrum
represents a time-slice” through the decay, 1.e. it gives the level In
each octave or 1/3 octave channel at the point in time corresponding
to when the spectrum was output from the 2131. Hence, when all of
the spectra output are viewed together, they give a three-dimensional
landscape of the decay in terms of amplitude against frequency against
time, see Appendix.

From here, 1t 1s a relatively simple matter to calculate the reverberation
times, since when each frequency channel of the landscape is viewed
individually, 1t shows the variation of the level in that channel with
ttme, as a series of points separated by the time interval used between
reading in the spectra from the 2131. Hence, those points pertaining
to the reverberation decay can be taken, and the reverberation time cal-
culated using a best line of fit technique. This i1s repeated for each chan-
nel of interest. Thereafter, further reverberation decays can be similarly
treated, and a statistical analysis performed on the results.

Given a read-in interval of 44 ms, and an averaging time on the 2131

set to 1/32 s, then the shortest reverberation time which could be
measured by a 2131/9825A system is in the region of 300 —
500 ms. The dynamic range of the measurement is to a certain extent



a function of the spectral shape of the sound field and the background
noise, but it normally talls within the range of 30 — 40 dB.

Restrictions on the amount of memory space available in the 9825A
for the storage of spectra might cause problems when there is a large
spread between the reverberation times measured at high and low fre-
quencies. The read-in time interval required to give sufficient accuracy
at the high frequency end of the spectrum where the reverberation
time could be low, may mean that the 9825A memory is filled before
the fow frequency decays are completed. However, the figure of 70
spectra for a 24K 9825A given earlier assumes that a 1/3 octave
spectrum from 1,6Hz to 20kHz is stored. if, for instance, only the
channels from 100Hz to 20 kHz are stored, the maximum number of
spectra which can be input increases by a tactor of 2.

in Table 1 are given some results obtained when the classical method

of reverberation time measurement was compared with the method just
described. They were obtained by tape recording a sufficiently large

1. Measurement using the classical method
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number of examples of the reverberation decay of a medium sized
room. 10 of these decays were then measured using the classical
method, utilizing a Band Pass Filter Set Type 1618, a Measuring Ampli-
fler Type 2606, and a Level Recorder Type 2307. 30 of them were
measured using the 2131 and a calculator, with a read-in interval of
100 ms. Both sets of results were subjected to a statistical analysis,
the results of which can be found in Table 1. The results are quoted to
two decimal places to show the excellence of the agreement between
the two methods. '

A fully automated system

The system described in the previous section demonstrates the feasibil-
ity of the use of a 2131 and a calculator to measure reverberation
times, and can be further improved to make 1t fully automatic, overcom-
ing two serious drawbacks, which are:

1) The start of the read-in of spectra from the 2131 to the calculator
and the switching otff of the noise generator must both be manually
operated.

} The calculation of the reverberation time assumes a straight line de-
cay. Decays with multiple slopes cannot be accommodated.

It iIs possible, to develop a system allowing for fully automated opera-
tion, with the 2131 and a Noise Generator Type 1405 being controlled
over the IEC interface by a caicuiator such as the 9825A. Such a sys-
tem is illustrated in Fig.2.

In this system, the 2131 transmits spectra to the 982bA at selected
read-in intervals down to 44 ms, as before. The fundamental differ-
ence, however, is that the switching on and off of the noise generator
IS controlled by the 9825A. Aithough the 1405 does not have an |EC
interface, it is still possible for the 9825A to have a limited degree of
control over it. Of particular importance i1s that the 1405 Generator
Stop can be remoteily controlled. If the pins of the 1405 Remote Con-
trol Socket corresponding to this function are connected to the REN,
(Remote Enable}, lines of the IEC Iinterface bus, then the 982bA can
switch the noise output of the generator on and off at will by lowering
and raising the REN line. Further, since the 2131 IEC interface does
not use REN, the 2131 performance is unaffected. Note, however, that
since REN i1s being used in a way not specified in the |[EC standard,
only the 2131 and 1405 should be connected to the 9825A.
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Fi1g.2. Automated system for reverberation time measurements

Automatic operation may now be obtained. Although it is still neces-
sary to set the controls of the 1405 and its associated power amplifier
manually, once these controls have been set, and the selected read-in
iInterval has been entered, the system may be left to loop in ar auto-
matic cycle, where the 982bA switches off the noise generator, inputs
the spectra from the 2131, calculates the reverberation times, and
then switches the noise generator back on again to repeat the test a
predetermined number of times. At the end of the operation, the aver-
age reverberation time in each channel, together with the standard devi-
ation, can be printed out using a printer built into the 9825A.

Automatic operation of the system described above produces an extra
bonus. This is that if the system is differently programmed, it becomes
possible to accommodate a decay curve having multiple slopes. Previ-
ously, a linear decay had to be assumed, because the reverberation
times were calculated individually for each decay, and the uncertainty
In the points comprising the decay curves was too great to detect more
than one siope. Further, any form of time domain averaging, other than
Increasing the averaging time setting on the 2131, was impossible,
since the start of the read-in process was uncontrolled. However now,
the read-in process can always be referenced to one fixed point, this be-
Ing the switching off of the noise generator. Hence, from decay to de-
cay, the spectra read from the 2131 to the 9825A may be read at pre-

cisely the same points in time with respect to the switching off of the
noise generator.



The effect of the above i1s to allow the averaging process to be moved a
stage earlier. Since the times at which the spectra were read in are
now controliled, it becomes a valid process to average those spectra
read in at the same time with respect to the switching off of the noise
generator. For example, suppose 40 decays are measured with a read-
in interval of 44 ms. Each spectrum making up the amplitude-frequency-
time landscape would be an average of 40 spectra. Hence, 1f the first
spectrum for each decay was read in 44 ms after the switching off of
the noise generator, then the first spectrum of the landscape would be
the average of 40 spectra all taken at 44 ms after switch off, the sec-
ond spectrum would be the average ot 40 spectra all taken at 88 ms,
and so on. The landscape produced would In fact be the average of 40
landscapes, and the points making up the decay curves in each channei
of the landscape would be very accurately defined. Hence, If the decay
iIn each channel was displayed, the presence of two or more slopes
could be detected, and the different reverberation times calculated.

Display of the decay curves would be possible using the display screen
of the 2131 itself (see appendix where the program listing for 9825A
IS also included). Breaks in the curves could then be identified, and the
points selected between which the reverberation time should be calcu-
lated, using the channel selector of the 2131 under the remote control
of the 9825A. Finally, a hard copy of the results could be obtained us-
ing the printer in the 982HA.

Conclusion

It has been shown that the 2131, when used with a suitable desk-top
calculator, is capable of making accurate measurements of reverbera-
tion time. Further, with programming, and the control of the Noise Gen-
erator Type 1405 over the IEC interface, a highly practical and sophisti-
cated measurement system can be put together capable of making fast,
accurate and automatic measurements. It IS a system, however, which
iIs not dedicated, and so with a change of programming, It can be used
for other types of measurement. Alternatively, the individual instru-
ments can be used on a stand alone basis.
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APPENDIX

Some Practical Measurements

The following results were obtained using the system of Fig.TA. In this
system, the Tektronix 4051 is used to enable examples of individual de-
cay curves and three dimensional time-amplitude-frequency landscapes
to be plotted. The decay is first entered into either buffer A or butfer B
of the 4051 under control of the input routine. For these measure-
ments, 50 spectra were input at intervals of 176 ms, (the minimum In-
terval possible with the 4051), to give a total of 8,8 s of data. Since all
of the measured reverberation times were under 3,5 seconds, this al-
lowed a time interval of one or two seconds between the operator start-
ing the input of spectra and switching off the noise generator.

| 4l Microphone 4165 | T 4
] i :_ .“_ ..I D ] i
|
| T i
[—,_E__L:r;j Digital Freguency 40561
4241 , . |
. Analyzer 2131 extronix
1405
-* ' O-® ©
_ . .. @
a C .
Power Amplifier Noise Generator
2706 770334
-~ - —

Fig.1A. System used to obtain measurement results

The landscape for a single decay is shown in Fig.2A. For each channel
of the landscape where sufficient data exists, a reverberation time can
be calculated. The limits of the calculation, 1.e. how tar the decay
should drop before the start of calculation, and how much further it

should drop before the calculation stops, are entered via the calculator
keyboard.

11



Fig.2A. Typical time-frequency-amplitude landscape

Fig.3A gives a bargraph showing the reverberation time calculated In
each channel from 100Hz to 20kHz. A * in the channel indicates that
there was insufficient information for the calculation.

30 33

Fig.3A. Bargraph displaying reverberation time against channel num-
ber
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Fig.4A shows typical decay curves, with the limits of calculation and
the calculated slope displayed. The calculation assumes a straight line
decay, and uses the method of least squares. It can be clearly seen
from the curves how dynamic ranges of up to 40dB can be expected,
although here, a calculation interval of only 20 dB is used.

T Ch. No. 30 Rev. Time 2,65 sec. T Ch. No. 25 rev. time 2,18 sec.
| |

|

|

T

10 de’JdiU.
|
[
|

10 dB/div.
+ | [ i
i

50 d8 Y 50 dB

T sec. /div, 1 sac ‘div
7703259 F 76330

Fig 4A. Typical decay curves

The above measurements were for a single decay. In the fully autom-
ated system described earlier, a similar landscape to that of Fig.2A
would be obtained, except that each point on the landscape would now
become the average of many points. Hence, each point of the land-
scape would now become much more accurately defined. Also, the ef-
fects of background noise would be averaged out. In the calculation of
the reverberation times following, this would not only allow the detec-
tion of multiple slopes, but would also maximize the dynamic range
available tor use in the calculation.

Description and Listing of the Program for the

Hewlett-Packard Calculator 9825A for the fully automated method
The principle ot operation is as follows: when the noise generator (con-
trolled by the calculator) is switched off, the Digital Frequency Analyzer
2131 is instructed to transfer a predetermined number of spectra to
the calculator with a prefixed time interval. These spectra are stored In
the memory buffer where they are averaged with previously made re-
cordings. The average spectra thus obtained are now integer-coded and
held in another buffer in the memory. This procedure 1s repeated as
many times as desired, after which the average spectra are stored on
tape.

13



Fi1g.bA. Selection of limits for the line of best fit

A routine 1s then loaded which reloads the average spectra and dis-
plays the contents of any one of the 23 1/3 octave filters betweern
63 Hz and 10 kHz against time on the screen of the 2131. After exa-
mining the contents in all the filters, any one frequency channel is
chosen as retference, to select the limits between which the line of best
fit 1s to be determined. With the aid of the channel selector the limits u
and v are chosen (Fig.b5A). The program now determines the line of
best tit between the leveis rO and (rO + w) below the maximum level in
each frequency channel. (The line of best fit is determined using the
method of least squares which minimizes the integral of the squared de-
viation between a straight line and the actual curve). From the slope of
the curve the reverberation time is then determined.

STEP|  DISPLAY . INSTRUCTIONS

1 Connect pins 1 and 2 on the 1405 remote control
DIN-socket to lines b and 25 on the HP/IB (NOTE:
INO OTHER INSTRUMENT USING THE REN LINE
MUST BE CONNECTED TO THE HP/IB)

2 Turn power ON on all instruments
3 trk 1 Enter "trk 1 EXECUTE"
4 |i1df O Enter "LOAD O EXECUTE”
5 Press "RUN"
*** Reverberation
l program *** 2131 is reset and 1405 started

14




DISPLAY

INSTRUCTIONS

10

11

12 |

13

14

15

Number of spectra
pr. decay’

Sampling time
(iIn ms)?

Press 6 to stop

sampling

** HP/IB or

12131 error **

Recordings
made: n

** 2131 Calculator
controlled ™*

Time Axis At: 63 Hz

CH# 20 Reverb.

time 0.9 s

Enter the number of spectra pr. decay, min. 42 max.
6b5. If a value outside this range is entered the min.
or max. value replaces the entered value

Enter the time interval between each spectrum to be
sampled (min. 44 ms). The entered value is automati-
cally rounded to nearest multiple of 21,96 ms (2131
cycle time). Averaging time on 2131 is set automati-
cally

Data buffers are now being initialized and an inter-
tace check pertormed. It an error 1s found go to step

10. If not the next program part 1s loaded during step
S,

In the following program section recording of reverb.
decays 1s stopped (as soon as possible) and the calcu-
lation procedure loaded when {6 is pressed. Continue
at step 11

A transmissicn error exists between the calculator

iand the 2131. Correct fault and press "RUN"

The calculator is now recording reverberation decays.
The time pr. recorded spectrum 1s approx. 1 sec (i.e.
05 sec for one decay resolved in 65 spectra). If sam-
pling time or number of decays is inadequate press
"STOP"” and fO to continue at step 6

‘When sufficient recordings have been made press f6
and the last program part will be loaded and run as

soon as possible. Obtained data are recorded on file
2 and 4

The 2131 1s now used as a display unit for the calcu-
lator and the 2131 should NOT be controlled via its
i1‘r0n’[ panel

The 2131 1s displaying the contents of the bottom
' 1/3 octave filter used {centre frequency 63 Hz) with
a time axis on the 2131. By pressing [ f or J
' the contents of the filter above or below the present
IS put on the screen. By pressing [« | or the
origin of the time axis 1s moved to the

left or to the right

The interval in which a least squares fit is to be used
s entered into the calculator by moving the 2131
channel selector (by means of buttons [BACK] and
LEWD ) to the outer limits of the interval. The value
is entered by pressing [ STORE ] (only the last 2 en-
Etries are stored)

‘'When EXECUTE | is pressed calculation starts
within the interval entered above. If calculation is im-
;possible the calculator displays:

|

15




STEP DISPLAY INSTRUCTIONS i
1
CH# 29 Calculation
impossible 1
| 16 |Reverb. times it Y7 is entered the calculated reverb. times are!
printed (Y)? printed;, return to step 12 afterwards. If only "CON-
TINUE" 1s pressed continue at step 12 without prin-
 ting
17 If the contents of a channel are to be printed press
"PRT ALL" and the channel on the 2131 screen is
| printed -
L | 3 | _ i _ I

TAPE ORGANIZATION

Trkl/

File #0 :
File #1 -
File #2 :
File #3 :
File #4

File #5 :

"B

en

&K

Date
"DRIVER SECTION
dsp "**** Reverperation program ****"
clr 7;wait 1000;clr 7;wailt 2000;trk 1;:;1dk 1;1cl 7

DRIVER SECTION OF REVERB. PROGRAM
SPECIAL FUNCTION KEYS

DATA BUFFER No. 1
DATA ACQUISITION
DATA BUFFER No. 2

DISPLAY AND CALC, OF REVERB.TIWUE
NO OTHER FILES USED

77/05/03 - MS/1":

OF REVERBERATION PROGRAM":

t "Number of spectra pr. decay ?2" ,N

-
1:
2
3:
4 :
51
6
7
3 :

9 :
10

11:

12:
13:
14:
15:
16:
17:
18:
19:
20 3
21z

1f N

>65: 65+N

1f N<42;42+>N

ent
1f T

"Sampling time
<43,92:;44->T

(1n ms)

1
2 7, T

21.96int(T/21.96+.5)+»T;0+C»R
A$[318],B5[161N],CS[46N],DS[1]

dim
for
buf
dsp
tim

I=]1 to 46N by 2;ft1

{ in",A$,3

" Press f6 to stop sampling
"no21 31"

e 1000:0n err

wrt 717,"0%:red 717,D5% |
char(46+int(log(T)/1og(2)))»>DS;.1*1In(10)~+K
wrt 717,"M?K>F?2D=I?M>M=0", DS

ctg

+trk 1;1df 3,0

(0)+>CS[I]inext 1T

1"+walit 1000

"no2131":for I=1 to 10;wait 500;dsp " °
wait 250;dsp "*****% 2131 or HP/IB error *****".next I

end

*4080

t0
fl
t£o

*

L
L

*trkl: 1dpd
*trkl; 1dp5
*sfglo

ALL OTHER SPECIAL FUNCTION KEYS EMPTY
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Size
51 ze
S1ize
Size
S1ze
S1ze

1000
500
100

1000

5000

5000

by tes
bytes
bytes
bytes
by tes
bytes



-
1:
2
3:
4:
51
52
7
8:

9.

"DATA ACQUISITION":

"1":1f £1gl0;gto "2"

wrt 717,"M?2K>F?2D=I?M>M=0",DS

for J=1 to N;wrt 717,"E?":;tfr 716,"1in", 302

Tmp rds{"in")#~1

1f J=5:rem 7

wrt 717,"E=";AS$[120,2781+BS$[159J~158,159J]

buf "1in":;wait T-43;next J:1cl 7

txd 0;dsp "Number of recordings made :",C+1
for I=1 to N

10: for J=18 to 40;461+2J-35-0

ll: exp(Kval(BS[{159I+7J~284,1591+7J~-2801]))+A

12: exp(. 1K1tf(C5[0~46,0-45]1)) +»B

13: f£t1 (1031log({(A4CB)/(C+1)))+CS[0~46,0-45] :next J
14: next I;C+1-+C;gto "1"

15: "2":swrt 717,"N";red 717,DS: 10(63-num(DS))+R:rem 7
16: trk l;rct 2,8,T,C,R;rct 4,CS$;1dp 5

17: end

* 22835

0: "DISPLAY AND CALCULATION OF REVERB.TIME":

1: trk 1:14¢f 2,8,7,C,B:T/1000-»T

2: dim BIN],CS{46N],RS${46] ,XS{1]

3: 1df 4,CsS

4: cli1 7;wrt 717,"D=J2":cfqg

5: "START":

6: dsp "** 2131 CALCULATOR CONTROLLED *";wait 1000

7: 6>V;5+0;1+P»Q+S;17+A»J;sfg 1;Jmp 3

8: "KEYBOARD":

9: rdb{(0) -+A

10: 1if A=10;gto "REV.TIME"

11: 1f A=13;V>U:Q+V

12: 1f A=14;pP~1-»P;gto "PAGE?"

13: if A=15;P+l1>P:gto "PAGE?"

l4: 1if A=17;sfqg 0;J+1»J;1f J>40;40+J;cfg O

15: 1f A=1l6;sfg 0;J~-1»J;1f J<K18;18+»J;cfg O

16: 1f A=19;gto “"CHECK"

17: 1f A=20:wrt 717 ,"E=D?E?2":0-1+>0:1f Q<S:;S5-=0

18: 1f A=21:wrt 717,"E=D>E?2":0+1+Q;1f O>5+41:5+41»Q;:wrt 717,"E=D?E?"
19: 1f flg0;:;g9sb "DISPLAY"

20: gto "KEYBOARD"

21: "PAGE?":

22: 1f P>4;4+P;Jmp ©

23: 1f P<L1;1-»P;Jmp 5

24: 1if P<=2 and not flgl;cfg 2;sfg 1;1+5+Q;:;gsb "DISPLAY"
25: 1if P>2 and not f1g2;N-41+S+Q;:cfqg l;sfg 2:gsb "DISPLAY"
260: 1f P=1 or P=3:wrt 717,"372"

27+ 1f P=2 or P=4:wrt 717,7"J>"

28: gto "KEYBOARD"

29: "DISPLAY":

30: cfg 0:gsb "UNP"

31: 1f P=1 or P=3:wrt 717,"E=J2F>"

32: 1f P=2 or P=4;:;wrt 717,"E=J>F>"
- 33: fmt 1,f25.1:wrt 716.1,B

34: for I=S to S+4l1l:wrt 716.1,B[I]:next 1I

35: wrt 717,"F?E?%sfor I=S to Q~l1l:wrt 717,"E=D0E?":rnext 1
36: fxd 0;dsp "TIMEAXIS AT :",drnd (10" (J/10),2)," Hz"
37: ret

38: "REV.TIME" :

39: fxd 1:1f V<U:V+X:0»V:X>U
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40: max(B[*])>M;M~-B{U]»r0;B[U]~-B[V]>W

41: fmt 2,"CH% ",£f3.0," Reverb. time",£f4,1," s"
42: fmt 3,"CH%# ",£f3.0," Calculation 1mpossible”
43: for J=18 to 40

44: gsb "UNP"

45: N+I1:W»r2;:;0+rd4»>r5>L;max(B{*}] )M

46: if B[I]M-r0;I~1->I;1f I>0;Jmp O

47: I+1-»rl

48: if rl>=N;"**">»RS[0,0+1l);g9to "exit"

49: 1if Blrl]~r2-5<=B;r2/2+r2:1f r2<l;ymp O

50: 1if B[I]l>=M=r0-r2;I+1»1I;1if I<KN;jmp O

51: I»>r3

52: if r3>=N or rl>=r3;:;"**"5RS{0,0+1];9to "ex1t"
53: .5{(r3~rl1)T+rlT>ré6 | |
54: for I=rl to r3:B[I]+L>L:rd4+B[I]IT>»rd4;r5+I11ITT>r5; next 1
55: {(rd4-Lrb) /{r5-{({r3-rl+l)r6r6)+r

56: if r7>=-.,00001;:"**"+RS[0O,0+1};g9to "ex1t"

57: ~60/r7+R:fti (10R)>»RS[O,0+1]

58: "exit":if RS[O,0+41]="**".wrt .3,J;Jmp 2

59: wrt .2,J,R

60: next J

61: wait 1000:ent "REVERB.TIMES PRINTED ? Y(es)",X$
62: if f£lgl3;gto "START"

63: gto "PRI"

64: "UNP":

65: 2(J~-18)+1-0

66: for I=1 to N:itf(CS{O+46(1-1)1]1)/10>B[I}l;:next I

6/7: ret

68: "PRI":

69: fxd 0;prt "Number or recor-";prt "dings:" ,C;spc
70: prt "Reverberation - time in s"

71l: prt "==—ecm e e e e

72: fmt 4,"Ch¢ ",£2.0,x,£f5.1," s "

73: fmt 5,"Ch# ",£2.0,2x,"***" 4x

74: for I=18 to 40;2(I-18) +1-0

75: if RS[O,0+1]="**",wrt 16.5,1I;Jmp 2

76: wrt 16.4,1,1itf(R$S{0,0+1]) /10

77: next I;spc

78: ort “* stars indicatethat calculationhas been i1moos—- sible.”
79: spc 2:;gto "START"

80: "CHECK":

8l: £xd O0;prt "Level against time in ch#",J;prt "-————v—re-——--—-"
82: fmt 6,£f6.3," s ",£f5.1

83: for I=1 to N:wrt 16.6,I*7,B[1] ;next I

34: spc 2;3to "KEYBOARD"

835: "end" :end

*26916
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Measurement of Elastic Modulus and Loss Factor
of PVC at High Frequencies

Dy

O. B. Sorensen and V. Tarnow

ABSTRACT

In this article a method is described for determining the elastic modulus and loss factor of
PVC n the frequency range 10 — 90 kHz by exciting the longitudinal modes of vibration of
the specimens. Piezoelectric crystals are used as the transmitting and receiving transducers,
whereby resonance problems normally encountered in conventional transducers in this fre-

quency range are avoided.

SOMMAIRE

Cet article decrit une meéthode permettant de determiner le module d'elasticite et e tacteur
de perte du PVC sur la gamme de frequence 10 — 90 kHz en excitant les modes vibratoires
longitudinaux des spécimens. On utilise des cristaux piézoélectriques comme transducteurs
emetteurs et recepteurs, ce gqul elimine les problemes de résonance normalement rencon-

tres avec les transducteurs classiques sur cette gamme de frequence.

ZUSAMMENFASSUNG

In diesem Artikel wird eine Methode zur Ermittlung des E-Moduls und des Verlustfaktors
von PVC im Frequenzbereich von 10 — 80 kHz beschrieben. Es werden die longitudinalen
Schwingungen 1n der Probe angeregt. Als Sender und Empfanger werden piezoelektrische
Kristalle verwendet, wodurch Resonanzprobleme, wie sie bel anderen Wandlern in diesem

Frequenzbereich auttreten, vermieden werden.

Introduction
Production of gramophone records with signal frequencies up to 45 kHz

has created an interest 1N the determination of elastic modulus and loss
factor of PVC at high frequencies. Conventional methods of elastic mod-
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ulus measurement have made use of transverse vibration excitation of
PVC bars, and reasonably accurate results have been obtained up to
10kHz. At higher frequencies, however, the method hecomes impracti-
cal on account of transducer resonances, and the complex vibration
modes of the specimen. In this article a method is described for longitu-
dinal excttation of PVC samples, where piezoelectric crystals are used
as the excitation and receiving transducers.

Measurement Method

Heterodyne
Analyzer
.

|
|
§ evel
§ Recorder
l .
| E—_
| 2307
| V Mechanical Drive

770328

Transmitter crystal

:_. PVC Spectmen
et

ecever crystal

Fig. 7. Measuring Arrangement

Fig.1 shows a measurement set-up for the longitudinal excitation of a
PVC bar of cross section 8,2x 8,2mm. At both ends of the specimen
silver-plated piezoelectric crystals (leadzirconiumtitanate) are attached
with the aid of PVC screws, Fig.2 Excitation voltage to the transmitting
crystal 1s supplied by the B F.O section of the Heterodyne Analyzer
Type 2010, while the signal picked up by the receiving crystal i1s fed to
the Level Recorder Type 2307 via the analyzer section of 2010. The
frequency of the analyzer i1s scanned from 10kHz upwards so that the
longitudinal vibration modes of the specimen are excited.

Fig 3 shows responses of four PVC bars of lengths 1b, 25, 30 and
50 mm. The longitudinal resonant frequencies of the specimens depend
on the specimen length, elastic modulus, density of the material and
the mass of the transmitting and receiving piezoelectric crystals and

20



Fig. 2.

PVC sample with piezoelectric

crystals
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screws. The resonant frequencies and the —3 dB bandwidths can be de-

termined accurately, using the built-in digital frequency display of the
Heterodyne Analyzer.

Using Rayleigh’s principle the longitudinal resonant frequencies of the

specimen can be related to the elastic modulus (see Appendix) by the
formula

where | 1s the length of the specimen (m)
E is the elastic modulus of the material (N/m?)
p 1s the density of the material (kg/m3)
m 1S the mass of each piezoelectric crystal and screw (kg)
M i1s the mass of the specimen (kg)

and n is the mode number.

The Loss Factor n is given by

where Af 1s the —3 dB bandwidth

and f, is the resonant frequency of the nth mode.

The resonant frequencies measured are plotted against the mode num-
ber in Fig.4 for the four specimens. The linear relationship can be seen
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to be valid up to approximately 90 kHz, indicating that the sound veloc-
ity {c=VE/p) is constant in the material. The method, however, is li-
mited at higher frequencies as the cross-sectional dimensions of the
specimen become comparable to halt the wavelength of the excitation
frequency. The vibration modes also become compiicated and the end
fixing conditions influence the results.

é:_
12()‘ &
of |
g
&
M Q)@ .
FL o ;
1004 V. Qé\@
f?rb ®
| ~
-~ .
%
- (5\ ;
= \
>
L
c B0t
-
T
-
-
$
o
40 +
i
+ 4 + d + h.
1 Z 3 4 5 6
Mode Number

;70336

Fig.4. HResonance Frequencies versus mode number

When determining the loss factor n, it was found that more consistent
results were obtained when the piezoelectric crystals were glued onto
the specimens than when they were screwed on. This was most likely
because of friction between the screw threads and the specimen.

The elastic modulus and loss factor evaluated from the above equations
are given In Table 1, while Fig.5 shows the spread in the results
around the mean value.

Conclusion

A simple method has been outlined for the determination of elastic mod-
ulus and loss factor of PVC at high frequencies. The results are found
to be reasonably consistent In the frequency range investigated. By
changing the dimensions of the specimen, results can be obtained at
other frequencies than those considered here.
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r ] [ 1
1cn:1 fn=2 fnzS 1:n=4 f fn:5 i fn:—G}
E_,5 x 107 N/m? 296 | 3,00 | 295 | 256
E_e x 10 N/m? 3,24 | 321 | 326 | 3,16
n 0,048 | 0,042 | 0,049 i
E,_.o x 107 N/m? 361 | 340 | 337 | 346 | 3,10, 275
E_., x 107 N/m? 340 | 330 342| 343 333| 317
N | 0,046 | 0,043 | 0,049 | 0,042 ll 0,042 | 0,047
Jable 1
A
E
E @
© 34 . ’
- o * Mean Value
_g 3’2L ) ° e ®
EZ 3.0t . :
E§Z,,B+—
-
: y + ; o
O 20 80 100 kHz
Frequency 770537
Fig.b. Spread in the values of elastic modulus

24



APPENDIX

Cross-sectionayl
D Area A

Piezoelectric

U PVC Beam . |

|
|
|
|
|

_ crystal
| mass m
‘ i
A ’
* i —— T
P '___:\'-'
: -"'"'# ..--f “ ot
i"'ﬁi_—-# O X H‘"‘| X
E |
|
- 4 P
— /2 0 /2

/70370

Fig. 1TA. Free-free uniform beam

Fig. 1A shows a uniform free-free beam and the dotted lines show its
assumed normal modes of longitudinal vibration. Consider an element
at a distance x from the origin. £ represents the displacement of the ele-

ment along the X axis and 1S given by

NTX
| sin(- \ for n odd

o
E B gO \1 NTX
COS| —— for n even
L, . i

The strain at the element 1s given by

dg N7 "NTTX
— =&, T cos(
I

) for n odd
dx 0 |
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The potential energy can now be calculated from
1
2 1 df 2
Pot '..E_.. 2 d)(.r
2

where E is the Young's Modulus
and A is the cross-secticonal area

Substituting and integrating we get

1 T\ 2
_ > 2 (T
Epo = 5 AEI 7 (‘l )

The velocity of the element is given by

é = W 50 sin(nrx>

The kinetic energy can now be calculated from

21 T
E.. = | 4""2““[32 dx +’2)(—2T-m§x:”2

where p 1s the density of the beam material
and m is the mass of each piezoelectric crysta! and screw

Substituting we get

I
| 2 NTX
A 2.2 .2 2 .2
E|<h_1—2»*-'3\p[I W éjosm (hl )dx+mw 20
2
e. E :-gzwz(l- Al + m)
- Exin T %0 PR

Using Rayleigh’s Principle, for a conservative system at resonance maxi-
mum potential energy equals maximum kinetic energy
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4 N 0 n 4
E/ m\2
()
o\l
o 2 = —
N 4 m
1T+ —
oAl
» [E
R
* 21 | p
e, T o= * where M s the total mass of the beam
" 4 m
\\/1 +
V]

NOTE: The same resuit weculd have been obtained if the expressicn tor dis-
placement ¢ = cos (nmx/l} for n even had been used instead of for n odd.
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News from the Factory

Tracking Filter Type 1623

When examining the vibration spectra during machinery run-up or
spectra of variable speed machinery, a filter which can be synchronized
with the rotation speed i1s often desired. The Tracking Fiiter Type 1623
provides this facility and can be used for many synchronous and har-
monic measurements on vibration and electroacoustic signals.

The 1623 1s a narrow bandwidth filter whose frequency automatically
locks onto and follows the fundamental frequency, or any ratio thereof
between 1/99 and 9971, of a periodic tuning signal. With rotating ma-
chinery the tuning signal can be provided, for example, by a Photoelec-
tric Tachometer Probe MM 0012 or a Magnetic Transducer MM 0002.
The ftilter when combined with the General Purpose Vibration Meter
Type 2511 makes a versatile portable battery operated vibration anal-
yvzer ideal tfor field operation. Because the filter can alternatively be
tuned manually over 1ts full trequency range of 2 Hz to 20 kHz the com-
bination can also be used as an ordinary non-synchronous vibration an-
alyzer.

The filter which has a dynamic range of about 70 dB consists of a digi-
tally tuned pair of two-pole Butterworth filters. The effective noise band-
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widths are 6%, 12%, and 23% (1/3 octave) and are selected by push
buttons. Synchronizing signals are also provided for the Level Recorder
Type 2306 and an X—Y recorder.

Portable Oscilloscope Type 4714

The 4714 1s a small lightweight, portable oscilloscope with measure-
ment capability and performance comparable with laboratory oscillo-
scopes many times i1ts size. Dual trace and a wide measurement band-
width from DC up to 5 MHz are but two of its features that permit the
display of a wide variety of analogue and digital signals on a miniature
CRT display. The display has a 4 by 6 division graticule mounted flush
with its screen for parallex free viewing and is provided with a slip-on
lens which magnifies the display approximately 1,5 times.

The two channels of the oscilloscope may be "AC"” or "'DC" coupled
and have separate BNC inputs with high input impedance, dual FET am-
plifier stages for low sensitivity to temperature and line voltage
changes. Calibrated sensitivity settings of 0,03, 0,1, 0,3, and
1 V/division may be selected which, with the 10:1 oscilloscope probe
permit input voltages up to 400V, , to be displayed.

Calibrated sweep speeds from 100 ms to O,3 us may be selected using
a 10-position switch enabling long as well as short duration signais
with repetition times from 0,5s to 100 ns to be displayed. Fast rise
time pulses and shocks can be expanded using a MAG x 10 switch situ-
ated beside the CRT display. For triggering the oscilloscope either Auto-
matic or Normal trigger mode may be selected.

Power may be provided using an AC Mains Adaptor or battery. Both are
supplied as standard accessories with the oscilloscope and either of
them may be plugged into the supply compartment at the rear of the os-
cilloscope.
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Alphanumeric Printer Type 2312

The Alphanumeric Printer Type 2312 accepts ASCIl coded data, re-
solves them into as many as 64 alphanumeric characters and quietly
nrints them on a roll of heat sensitive paper at rates up to 24 charac-
ters/s. It functions as an output section to give a hard copy of results
of measurements made with instruments that have an ASCIl coded digi-
tal output such as the Noise Leve! Analyzer Type 4426, Strain Measure-
ment System Type 1526/1544/1545, and the Digital Frequency Anal-
yzer Type 2131

All internal time sequences are requlated by means ot a built-in crystal
ciock generator that has an overall accuracy better than * 2 minutes
per month in the temperature range —10° to + 50°C. The internal
clock can be used to start an automatic print-out of data at pre-selected
intervals, in steps from 10s to 60 minutes. When time intervals other
than those provided by the instrument settings are required, the printer
can be externally controlled by the transmitter or by an external clock
circuit. The clock measures in days, hours and minutes, which are re-
corded at the head of each data file to establish the time of origin for id-
entitication purposes.

For field use the Printer can be powered either by 6 x 1,5V batteries or
by 6 x 1,2V NiICd rechargeable celis. Alternatively, Power Supply Type
2808 can be used for on line voltages between 100 and 240V or an
external 12V DC supply, for example the ZG 0113.

For long term applications a selector switch enables a "Low Power”
mode to be chosen (only when operating with B & K interface) so that
the standby current demand s reduced, giving a lifetime of approxi-
mately b weeks on tully charged NiCd cells.
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When the battery power is not sufficient to drive the Printer, the 'Bat-

tery Low  lamp blinks and the print out is inhibited until the cells have
been replaced or recharged. '

Accelerometer Type 4371

To take advantage ot the new Delta Shear® design, the unigain general
purpose accelerometers are replaced by Type 4371 having a charge
sensitivity of 1 pC/ms—2 +2%. On account of the new design the sen-
sitivity of the accelerometer to base strains and temperature transients
s significantly reduced. The accelerometer 1s optimized to have good all-

round specifications making it suitable for applications in industry, la-
boratory and in education.
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PREVIOUSLY ISSUED NUMBERS OF
BRUEL & KJAR TECHNICAL REVIEW

(Continued from cover page 2)

1-1974 Measurements of averaging times of Level Recorders

Types 2305 and 2307. __
A simple Equipment for direct Measurement of Reverbe-
ration Time using Level Recorder Type 2305.
Influence of Sunbeams striking the Diaphragms of Mea-
suring Microphones.
4-1973 Laboratory tests of the Dynamic Performance
of a Turbocharger Rotor-Bearing System.
Measuremenis on the Resonance Frequencies of
a Turbocharger Rotor.
3-1973 Sources of Error in Noise Dose Measurements.

Infrasonic Measurements.
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As shown on the back cover page Bruel & Kjar publish a variety
of technical literature which can be obtained free of charge.
The following literature is presently available:

Mechanical Vibration and Shock Measurements

(English, German, Russian)

Acoustic Noise Measurements (English, Russian), 2. edition
Strain Measurements

Architectural Acoustics (English)

Standards, formulae and charts (English)

Catalogs (several languages)

Product Data Sheets (English, German, French, Russian)
Furthermore, back copies of the Technical Review can be supplied
as shown in the list above. Older issues may be obtained provided
they are still in stock.
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