
&g

i .. fi O L T B E R A N E'K A N D N E W M A N ,Nc

C O N $ U L t I N O O E V E L 0 P M _ N T R E 5 E A R C H

F_ Reporg No, 1778
Job Nb. 138301

ACeUISITION AND STUDY OF THE NOISE DATA

OF CERTAIN ELECTRICAL AND MECHANICALEQUIPMF_ITUSED IN BUILDINGS • .

I.; .-_ _=r_ I aT Fin_,Report I
, by Laymon N. Miller . i
_D* j

i i,,I t

January 1970

BBNCONEIDEI"I£L

r ..,i 9z,o_g,re{:l for:

i _ Depar_men_ of the ArmyO_'fice ol_ the Chief of Engineers
Washington, D.C, 20315

CAMEl DOE NEW YORK CHICAGO LOS ANGEr E$ __r .............. .....



Each transmittal of this document outside 4-
the Department of Defense must have prior

approval of the Office of the Chief of _"Engineers.

Ji

I I_i

I

The findings in this report are not to be

construed as an official Department of the

UArmy position unless so designated by other

authorized documents.

0
U
W

'L



d

°,
,o

_
N

I_
0

0
O

'
_"

0
'1

t_

-.
-

•
...

.
_.

_.
,

_
,_

•
L

._
--

-_
._

,
_

:._
_

:_
7_

J
±

_.
_

-_
.

J.
j..

_r
_.

_
_

..:
.

_
_,

•
".

,_
_*

.
,

_
--

...
.

r
__

_
""

•



TABLE 0F CONTENTS L,

,ABE I;" PREFACE ;!

: W_NING ii;

_-01, SPL Data 2 !'}

............_ 1-O2. NoiSe Estlmatlon Curves 3 I
q_

: . 1-Oh. gz vs epa

. _ _ 1-05, Equipment Noise Summaries _ iii

i_ 2, PACKAGED CHILLERS WITH RECIPROCATING COMPRESSORS 5 !'i

Figures RC-I through RC-3 8-9 r:_

3, PACKAGED CHILLERS WITH ROTARY-SCREW COMPRESSORS i0 :.!.

_ Table RS-i ii !.;

_ 4. PACKAGED CHILLERS WITH CENTRIFUGAL COMPRESSORS 12

" " : Tables CC-i _n_ CC-2 13-Ih

Figure. CC-i through CC-6 i_-17 _._

5. BUILT-UP RE_IGERATION MACHINES 18

6. ABSORPTION MACHINES 19 }:.

TableA-1 .0FigureA-I 20

7• BOILERS 21 LTable B-i 23 ',:

Figures B-i through B-_ 2_-2_ '_:

8. STE_ VALVES 26 :

Table V-I _7 '

Figure V-I 27 :.

i

U

[



• %

_.......... _ ,% _,/L_ _ _: ............. _...........

TABLE OF CONTENTS cont'd PAGE _I

J
9. COOLING TOWERS 28

• :J 9-01. Direetivity Effect 29 il

.:i: / 9-o_._,_os 31

' '' _ 9-03. Close-in Noise Levels 36

Tables CT-I through CT-_ 38-39 '_i; _i_.s cT-1t_reug_CT-a 40-44
' : .. I io. PUMPS 45

i Figures P-I through P-10 kg-sh
ii. AIR COMPRESSORS 55

Table AC-I 56

• Figures AC-I through AC-3 56-57

Tables M-I through M-6 62-67

Figures M°I through M-15 65-75

_i i._ . 13. STEAM TURBINES 76

Tablss S-i and S-2 78

Figures S-i through S-_ 79-80

i_• GEARS 81 _I

; _: ;, i Tables G-I and G-2 82

Figures G-I through G-8 83-86 ['I

15. TRA_SFORMERS 87

P gursT-1
REPRINT: HEITNER PAPER 96 |_

ml

. %:.



PREFACE

This report summarizes the accumulation and study of noise data of the :;

.!_ _ electrical and mechanical equipment agreed upon within the terms of Con-
_6 tract NO. DACA 73-68-C-0017 between the Office of the Chief of Engineers

and Bolt Beranek and Newman Inc. The equipment included in this study

"... represents most major equipment involved in the operation of almost any
large occupied building, with the exception of (i) the entire air handling !i

and air distribution system and (2) personnel and material conveyance sys-

tems (elevators. escalators and conveyors). The p,arposcof this r_port l_ ,_...... A

':' _ to arrive at noise estimation methods for the various types of included
,p

equipment, so that a reasonably reliable noise estimate can be made of the

_ equipment, on the basis of type, size, speed or other operational charac-

teristic, without having to first define the specific manufacturer and

_ _ model of the equipment. With such noise estimates, the architect and _i
I engineer can proceed with building designs of mechanical spaces tha$ would _

adequately contain or control the noise of this equipment, before final3
r_M

I_ equip menn bids ara submitted and selected.

_r

_!_., The noise estimation methods derived in this report are used in the final ii

_ reporn of this project which is an engineering manual entitled "Mechanical i_
Equipment Noise Control". This manual is a follow-up of the earlier r

BBM-0CE manual on Power Plant Acoustics (TM 5-805-9) and will be directed !!

toward the design of noise and vibration control for the electrical and i!

_ mechanical equipment as installed in buildings. !;

i
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WARNING

l Some of the noise date obtained and presented in this report were obtained

with the permission of the equipment menufaeturera with the understanding

that the data would be used discreetly and that the manufacturers' specific

data would not he made public. This report is prepexed for the sole use
of the Corps of Engineers of the U.S. Army as back-up information to give _

ii.i teoboioolooppcrtandvori,ioatiooo, thegener_nolo°rol_tianshi,nthati _._ _- have been derived here and that will be used in the M_nunl. Only a few

have been printed and distributed to the Corps of Engineers. Fur-reports

! tber copying of this report is not authorized without permission of the

i, Corps of Engineers or the written permission of all manufacturers re-

presented,
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,ii ACQUISITION AND STUDy OF THE NOISE

! ,_ DATA OF CERTAIN ELECTRICAL AND

MECJLANICAL EQUIPMENT USED IN BUILDINGS

: .... SECTION i. INTHODUCTION

]_ In the pursuit of this project, noise data on equipment have been collected _i
from _'ourgeneral sources: (i) from published literature, (2) from i_

-- manufacturers, (3) from BEN _-- on --'_ _..... c.... cr Jobs, and (h) from BEN measure-

: i _ meets specifically for this Job, At this point in the report, the break- ":
i L_ down of all data into these four sources is not attempted; rather, some

reference to the sources of data is made within each discussion of the

i _ specific types of equipment. Early in the project a form letter was sent

to over 130 manufacturers of equipment included in this report seeking
noise data or suggestions on control of noise and/or vibration of their

i _ _ equipment. The response was better in some ways than expected, but was
quite poor on an absolute scale, indicating the paucity of data (and

: _ possibly interest) in the noise of their products. Some companies made

. generous and important contributions of data and we are particularly grate-
_ ful to them for their interest and c_ntributione, These contributions are
5@ acknowledEed separately under the particular equipment discussions, We

i _ wish, at this point, to give special credit to Mr. Peter Baade, Senior

Acoustical Engineer of the Research Division of the Carrier Corporation,

i for his assistance to our work. Mr. Baade is in charge of editing the
chapter on Noise Control of the ASHRAE Guide and Data Book, so he especially

I_ appreciates the magnitude of the task and its value to architects and en-

: gineers. Among other positive contributions to this project, he furnishedus with a recent paper by Irving Seltner.* Mr, Heltner's paper is a

significant contribution in the area of plant noise and much of the equip-
[! meet given in his paper is within the list of equipment covered by this re-

. _ _,_ port. In the separate sections on specific equipment, the Heitner estimates,
i i where applicable, are included along with other data, A copy of Mr,

I f_ Heitner's paper is included at the end of this report. Although we believe
I I that the tot_l collection of data on the specific equipment listed here is

. more extensive and up-to-date than some of Heitner's data, we nevertheless _.

! _ admire the thorough work that he obviously has put into his paper. :i

: AD

Three brief explanations are offered here for the data studies that follow:

n"How to Estimate Plant Noises", Irving Heitner, Hydrocarbon Processing,
_ December 1968, Vol. hT, No. 12, pages 67-74.
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one pertains to SPL vs PWL, one pertains to the development of the noise

I estimation curves, and one pertains to vibration data.

I 1-01. SPL DATA. In the collection of noise data for the Power Plant i_l

Acoustics manual it was almost essential that the data ultimately be pre-
sented in terms of sound power level. This was brought on by the fact that

;": the engines varied greatly in size and their rooms varied greatly in volume

: • and layout. It was also made possible by the fact that most engines were
measured by BBN personnel, measurements were made from several positions

in the room and the acoustic absorption conditions were noted so that the
effect of the room acoustics could be considered in calculating the sound

power level, Also, some engines were measured out-of-doors and that effect

was also taken into account.

In the present collection of data, most noise levels are measttred at close-
in positions because equipment space is usually limited; most mechanical

equipment spaces are somewhat similar in size (especially the height of the _I
room); and for a very major part of the data, not enough information is

I!

given about the room conditions to warrant an evaluation of sound power

level. For these reasons, most of the noise data are presented in terms _
of sound pressure levels rather than sound power levels, m!

In order to "standardize" all sound pressure levels to a common condition, n:
a distance of 3 ft has been selected. This decision is based on at least

three considerations: (I) because of crowded conditions in mechanical

spaces most measurements are taken at close distances, (2) much of the
quoted data in the literature refers to a 3-ft distance, although this is _
not a universally used distance, and (3) when considering the various build- f;

ing elements that provide noise control (walls, ceilings, floors, etc.),

the floor is always a near-by element and it is not unreasonable to con- _|
sider that the equipment noise at a 3-ft distance will approximate the noise ,J

i levels impinging on the floor at the base of the equipment. Thus, it appears
that the 3-ft SPL values would be the highest SPLs necessary in a noise

evaluation (specifically applicable to the floor) and that the levels Would _|
decrease for greater distances within the room. Also, for most applications, Bl
at 3-ft distance the noise levels are essentially in the near field of large

pieces of equipment and are almost independent of the acoustic character- _
:sties of the room, Thus, these close-in levels can be taken for any room

and/or equipment configuration with only a small amount of uncertainty due
to room acoustics. In the Manual, the SPL reduction for greater distances _'I
from the equipment are given in appropriate charts and tables.

11
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I._ l-OS. NOISE ESTI_ITION CURVES. In the Power Plant Acoustics manual,

referring to reciprocating engine easing noise as an example, a best-flt
, _ carve was drawn in an attempt to represent the data of a large number of

I_ engines having a number of noise-influencing factors. A "noise design
curve" was then drawn 2 dE above the best-fit curve. The values of this

design curve then were equal to or greater than the PWL values ofapproximately 80% to 90% of all the engines studied. This approach seemed
to give the necessary design protection, recognizing that a few engines

would be slightly noisier than the design curve would predict. The de-tailed data study on engine casing noise produced what appeared to be im-
portant parameters to noise generation, so the finally selected design curve,

with its appropriate corrections for specific engine characteristics, led

_ to a relatively low standard deviation between measured noise and estimatednoise. The agreement between measured and estimated noise for other por-
tions of reciprocating and turbine engine noise was not as good as for

reciprocating engine casing noise due to the inability to specify so well !!
Io; the factors that influence noise generation and radiation.

' _ In the present project, several factors make it impossible to be as specific !_

_ I_ about the noise of this equipment as we were able to be in the engine noisestudy: (i) a greater diversity and a larger number of types of equipment
are included in the present study, (2) less measured field data have been

_ _ taken on each type of equipment,(3) there may be considerable design
_J variability by different manufacturers for some of the equipment included

i here, (4) the amount of time and money available for this study does not

I I_ permit an in-depth evaluation (or attempted evaluation)of some of the more
subtle characteristics that might influence noise, and (5) the noise of

most of this equipment is not so high but that it can be controlled by

i _ normal methods, This latter point is an important one. If a diesel engine
were placed in an upper floor of a hospital, apartment building or office
building, certain special and somewhat unconventional steps would have to
be taken to control the transmission of noise and vibration to nearby

i_ critical areas of the building. However, the noise and vibration producedby most of the equipment included in the present study cs.n be controlled

by fairly straight-forward methods that are already in general use by many

architects and engineers. Thus, it is believed unnecessary to know to ahigh degree of accuracy the noise of all the equipment, as long as the

expected upper limits of the noise can be protected by reasonably conven-
tional methods. In the data summaries that follow, the "Design Curves"

I _ tend to represent the 80 to 95 percentile curves of noise where adequate
data seem to Justi_ this selection, or possibly the upper limits (or
beyond) of the measured noise when very little d_ta were available. To

"_ some emtent, the resulting designs may be slightly over-designed if the
actual equipment is quieter than the design curve would indicate. On the

U
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other Hand, where limited amounts of data have gone into this study, there

is always the possibility that the actual equipment used may be slightly
noisier than the design curve would indicate. For upper floor locations, m_
floor requirements are more likely to be imposed by the vibration isolation _|

needs of the installation than by the airborne sound aspects of the problem,

so _n over-design for airborne sound may not be an over-design in terms of _ "
vibration control,

To summarize, depending on the quantity, quality and uniformity of the noise

data. Design Curves are developed to provide a high degree of protection in
the_stimaLingof equipmentnoise, -.

1-03. VIBRATION DATA. Vibration data have been collected and studied _I

for several pieces of equipment in this project. The vibration levels are
quite variable, however, due to (i) actual position of the vibration pick-

up (accelerometer) on the equipment, (2) nature of the isolation mounting
of the equipment, and (3) ambient vibration levels in the building due
_o other sources that could not be turned off, The data are sufficiently

variable and sketchy that it is impossible to draw conclusions on the gen-

eral vibration eharactaristic_ of equipment and of equipment mounting _I
arrangements that would be meaningful to this study. Consequently, vibra- g!

tion data are not presented here or in the Manual, but vibration control
recommendations for all included equipment in on-grade and upper-floor |!

locations are given in the Manual, _I

i-0_. HZ VS CPS. In the relatively short time since the completion of D)

the Power Plant Acoustics Manual, the term "Hertz" has moved rapidly into _.]

fairly common use as the unit of frequency, replacing the older and more
I,

familiar unit "cycles per second". Even though this represents a change
from the Power Plant Acoustics Manual, it is proposed thatthe new term I:)
"Hertz" (abbreviated "Hz") be used throughout the new Noise Control

Manual. Data given in this report refer to Hz for expressing frequencies.

1-o . EQHIP HTNOISES IES.Indlvidumldlsoueslonsoftbonoise
of each type of equipment are given in the sections that follow. The types

of equipment included in the noise summaries are outlined below: _I

Refrigeration System Equipment

Packaged Chillers with reciprocating compressors _|
Packaged Chillers with rotary-screw compressors .J

Packaged Chillers with centrifugal compressors

Built-up refrigeration machines _[
Absorption machines
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Heating System Equipment _
Boilers

Steam Valves

Liquid Circulation System Equipment

Cooling TowersPumps

Air Compressors
Prime-Movar Equipment

Electric MotorsSteam Turbines
Gears CI

Electric Equi_ent

Transformers

SECTION 2.

PACKAGED CHILLERS WITH RECIPROCATING COMPRESSORS

Noise data for 2_ reciprocating compressors or packaged chillers with recip-

rocating compressors have been collected and studied. These units range in hsize from 15 tons to 150 tons cooling capacity. Two manufacturers, Carrier

Corporation and Dunham-Bush, have submitted data on s total of six of their

compressors; an earlier paper" by Robert M. Hoover of BBN provided data on
eight compressors, and the data for ten compressors have been collected or
measured specifically for this Job, The noise levels have been reduced to _i.
a common 3-ft distance from the front of the compressor. All the known data

of the unite are summarized in Table RC-I. The rated cooling capacity is ;
S j

U _' "Noise Control for Reciprocating Compressors", Robert M. Hoover and .'Lloyd J. Williams; Eeating, Piping and Air Conditioning, November

1962.

5 _
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i
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given in tons for most of the machines, but when this value was not known, _I
the rated HP of the driving motor or engine has been used, These values
are close enough that they are frequently used interchangeably. Measure-

I men_ positions are selected to emphasize compressor noise, but it is 11possible that some noise levels are influenced by other noise sources in

the area.
In terms of noise production, it appears that the measured compressors can
be divided into two groups: 15-50 tons and 51-150 tons. The two ends of
the total range have been extended s!Jght]y to cover compressors fre_
iO to 175 tons, The suggested Design Curves based on study of all the noise K_
data are given in Figure RC-I. There is not a large enough range in speed
for the machines measured to Justify a noise adjustment for speed.

In Figure RC-2 the octave band sound pressure levels of the seven compressors
in the 15-50 ton group are compared with Design Curve A. A similar cam-
parison ie shown in Figure RC-3 for Design Curve B and the seventeen units
in the 51-150 ton group. Only four data points exceed the Design Curves: |:!
one exceedance is of 2 dB and three exeeedanees are of 1 dB only. Thus, _]
these Design Curves represent approximately the 85 to iO0 percentile noise
cu_ws in the four frequency bands of most concern in considering noise con- _]
trol in buildings, namely the 125, 250, 500 and lOG0 HZ bands. In these
same bands, the 75 percentile curve would fall about 3 dB below the Design
Curve and the 50 percentile curve would fall about 7 dB below the Design oI

Curve. All of this means that noise control based on the Design Curves P_
would give adequate protection for approximately 85% to 100% of these
machines (based on the limited sampling of this study). If the Design
Curves were3 dB lower, they would give protection to about 75% of the equip- ||
mann; or if the Design Curves were about 7 dB lower, they would give protec-
tion to about 50% of the equipment.

When cooling requirements exceed about iO0 to 150 tons, centrifugal compres-
sors become more economical so there are few reciprocating unite rated above
about 150 tons. Even in this collection of data, several of the larger

units are actually made up of assemblies of two to four smaller compressors. _I

The noise levelc of the two Design Curves of Figure HC-I are proposed for
use in the Manual and the values are tabulated in the accompanying Table _
RC-2. Although major interest has been concentrated here on the compressor
component of a refrigeration machine, an electric motor is usually the drive
unit for the compressor. The noise levels attributed here to the compressor _!
will encompass the drive motor most of the time, so these values are taken
_o be applicable to either a reciprocating compressor alone or to a motor-
driven packaged chiller containing a reciprocating compressor. For a more



,% TABLERC-I
MEASURED NOISE LEVELS OF RECIPROCATING COMPRESSORS

USED WITH PACKAGED CHILLERS (NORMALIZED TO 3-FT DISTANCE)

HP OR COMPR. MANUFACTURER, MODEL OCTAVE BAND CENTER FREQUENCY - HZ
CODE TONS RPM AND DRIVE UNIT 31 63 125 250 500 i000 2000 4000 8000

Re-1315 I!1 --88 82 83 83 74 gTO
RC-2 20 --85 _ 7_ 82 82 82 7" _-
RO- 25 83 84 86 86 86 8h 80 73
RC-# 25 1750 Dunham-Bush PC-25 (M)_ -- 71 66 72 7# 75 68 63 60
RC-5 27 1750 Carrier 06EW033 ()M* -..... 62 76 78 76 67 70Ec-650 800Viltsr<El 798379838_80 76 72 69

78 77 69

EC4 2EOOVil_o,,,12-adCEl_'; 87_ _ 85RC-9 60 1500 Acme GDJ_O (E) 81 83 86 86 81
RC-lO 60 (R) -- 90 82 82 88 90 89 82 75
EC-n 62 175o Csrrier30_O6O(M)* -- - 7_ so 68 72no-=7o --{9 & 73 6 70 62

Re-1375 1750 york3D75EIMI 7981 83 82
77 70

RC-14 75 1750 York3D75E 80 82 86 85 91 91 82 82 78

Re-1575 (H) -- 89 81 982 94 92 88 7_ 73

RC-1680 --80 79 7_ 83 85 84 7_
71

EC-I_RD'I_80 1750 Dunhsr,l-Susb. PC-80 C,,,)" --6q _0 _ _ _O9 7882 175o Ca_rler5Hl=O(N)* -- 77 79 74 o.
RC-19I00 1750 Carrier30HRIO0(M) .... 68 73 81 81 73 71 72
RC-20 i00 660 Worthington 6JFd-IOO (M) -- 80 79 82 83 82 79 78 78
RC-21 i00 1750 Carrier 30AA-10O (M) -- 85 80 80 86 86 80 70 65

Re-22i00 {_I -- 91 79 85 8689838078 79EC-2100 --81 _ 8_HC-2?150 -- 84 _ 9o9393 88 85 _

FOOTNOTES :

(M) Compressor driven by electric motor.

(E) Compressor driven by engine.

(R) Data obtained from paper by R, M, Hoover; manufacturer not specified.

Data provided by manufacturer.
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complete analysis of any ular combination, motor data taken from _1 1another part of this report can be compared with compressor data. It
will be found that some motors in the 1800 RPM group and in the power
range of I00 to 200 HP will be slightly noisier than compressors in a ¼

fewhigh frequencybands. _1 i.

4_

PACKAGED CHILLERS WITH ROTARZ-SCREW COMPRESSORS

In response to our request for noise data on refrigeration equipment, _|
Dunhs_-Bush, Inc. offered data on packaged chillers equipped with rotary-
screw compressors. Apparently this is a relatively new form of compressor

application in this country, although a somewhat similar pump by De Laval ._ ;
encountered several years ago in shipboard applications. We have had _| _WaS

no field experience with the Dunham-Bush units, but we include here the _! r_
noise data offered by them to us, Because of the limited amount of data,

; no attempt is made to derive a procedure for estimating the noise of similar _
machines for a variety of sines, speeds or manufacturers. The accompany- l!
img Table Re-1 summarises the SpLs at 3 ft distance for a 120-ton and two
230-ton units, each operating at 3600 BPM. Dunh_n-Bueh produces five _,
models of this machine, covering the range of 120 to 350 tons.

For purposes of noise control_ 3 dB have been added to the highest octave
band levels given by the manufacturer, and these higher levels are proposed _]
for use in the Manual. They are shown in the bottom line of Table Re-1.

Obviously, this represents an attempt to protect building designs againnt
somewhat noisier equipment than reported by the manufacturer. In view of _]

the shortage of data on this type of equipment, this higher estimate seems

Justified.

lo



TABLE RS-I

APPROXIMATE SOUND PRESSURE LEVELS AT 3-FT

DISTANCE DUE TO PACKAGED CHILLERS

HAVING ROTARY-SCREW COMPRESSORS

OCTAVE BAND CENTER FREQUENCY - HZ

Dunham-Bush

Model 31 63 125 250 500 lO00 2000 4900 8000

PCX-12OH

120ton,3600RPM 65 62 ?7 82 79 77 72 65

PCX-230H
230 ton, 3600 RPM
TWO TESTS: (i) 68 71 89 86 82 75 72 66

(_) 73 77 82 86 82 75 72 7O

Suggested Design Noise
Levels, 100-300 Tons 70 76 80 92 89 85 80 T5 73



SECTION h.

PACKAGED CHILLERS WITH CENTRIFUGAL COMPRESSORS

In a typical packaged refrigeration machine the compressor is the principal

noise source, even though compressor-induced noise may be radiated by the
condenser and chiller cylinders and the interconnecting piping. The noise
of the drive unit (electric motor, steam turbine or gear) is to be con-

sidered separately if the driver is a separate assembly; otherwise, the []
noise of the drive unit is included with that of the compressor. When the
cooling requirement is greater than about i00 to 150 tons, the refrigeration

compressor is t}_ically centrifugal. Fur Lhis sLudy, noise has been ob-
tained or meusured for 22 centrifugal type compressors. These measured _I

compressors range in size from lhO tons to _000 tons sad represent five
le_ding manufacturers. The SPLs at the normalized 3 ft distance and other

known data of the compressors are included in Table CC-I. These noise |_
levels may be influenced by motors, gears or steam turbines used to drive _J
the compressors, but the measurement positions are generally selected to

emphasize the compressor noise. In Table CC-I most cooling capacity ratings l_
are given in tons, but where this rating was not known, the WP rating of the
driver has been used. These two quantities are very nearly equal for many

refrigeration machines.

The SPLs of these 22 units are plotted in Figures CC-I to CC-3, separated _

into three groups on she basis of rsted cooling capacity: 140-350 tons,
400-700 _ons and 1200-4000 tons. These are somewhat _bitrarily selected K|

groups, but they illustrate the large range of noise levels found within
relatively small intervals of size.

is no significant correlation between noise and (a) toe rating (or _There

HP of the drive system), (b) compressor speed or (c) msnufscturer. Within
B_

close groups, based on any one of these three possible parameters, large
variations in noise are found. Thus it is believed impractical to try tO _I

set up a noise prediction scheme closely tied to individual design or
operaDional factors. The apparent oddity in the data that upsets any simple
correlation of seine output with size of machine is the fact that the noise _1
levels of the medium-size group (bOO-700 tone, Figure CC-2) _e generally
above those for both the smaller and the larger groups. Within that noisier

group there does not appear to be 8_ny basic reason for the greater noise:
different man,lecturers, different drive systems and different speeds a2.e '_I

all represented in this group. Due to the limited number of machines
[]

represented (only three units are outstandingly noisy: CO-8, CC-ll and
CC-12 in Table CC-I), it does not seem Justified to construct a special _i_

noise relationship around this medium-size group; yet there may be a trend
here that deserves more study in the future. Based on some comments from



TABLE CO-1

MEASURED SOUND PRESSURE LEVELS OF PACKAGED CHILLERS WITH CENTNI-EUOAL COMPRESSORS

(NORMALIZED TO 3-FT DISTANCE INDOORS)

CODE HP OR COMPR. MANUFACTURER, MODEL AND DRIVE OCTA_ RAND CENTER FREQUENCY - RZTOND ET,'.! Ih_FOr_U%TION 31 6._ 125 250 500 !OCC 2000 JtOCC _COO

OC-I 140 180.00 _d4EN-STD HI-SPEED TONHAC 601B,HERM. -- 75 83 88 87 83 81 79 73

CO-2 150 TRANE CNNTRAVAO, HERMETIC -- 84 73 71 73 78 86 77 69

CO-3 180 YORE TURBOPAK HT-20, HEP_ETTC 80 73 85 82 6E 78 78 78 71

O0-4 225 360o TRANE PCV-EC -- 80 73 79 81 84 81 79 73

CC-5 240 3600 AMEN-ETD TONRAC I8-L-135,NENM. -- 77 81 79 77 77 75 71 61

C0-6 350 3600 TRANE CENTRAVAC, HERMETIC -- 83 76 72 71 75 82 74 61

CC-7 350 3600 SIMILAR TO CC-6, SAME INSTALLATION -- 77 79 73 72 73 74 70 59

CC-8 400 3600 CARRIER (17-M?) 84 95 91 88 92 89 87 87 80

CC-9 450 3600 AMER-STD TONRAC 450-701, 2-ST. HERM. 87 78 79 80 81 88 85 77 65

OC-IO 480 YORK 86 79 84 80 80 83 89 91 82

CC-II 650 WORTHINGTON, HERMETIC 62 83 86 81 88 97 96 91 86

co-12 700 66o0 YORK 226-A-6 (GEAR DRIVEN) 78 83 87 91 91 93 io0 93 88

CC-13 IHOC WORTHINOTON 42 EH-12-12 (STE_,I TURN. ) 88 80 83 80 80 80 88 76 70

CC-14 1250 5894 YORE TURBCMASTED E38-B-8, E-STAGE

(OEAEDErVE) -- 81 82 8E 86 86 95 86 81
CC-15 15OO 4600 YORE 238-A-4 (STEAM TURBINE)

(MEASURED AT 1/3 LOAD, 3HO0 RPN) 79 74 75 75 74 79 79 7s 72
00-16 1500 5000 YORE H38-B-8 (MOTOR DRIVEN) 76 79 80 82 86 85 88 7h 69

O0-17 15OO 3600 CARRIER 19-C-1512, HERMETIC 80 74 75 76 74 77 76 70 69

CC-18 1500 3600 CARRIER 19-c-8x5 84 66 84 84 86 92 65 77 69

ON-19 1500 3600 SIMILAR TO CC-18, SAME INSTALLATION 84 84 84 82 83 87 84 75 66

OC-20 1500 3600 CARRIER, 19 DA 160 -- 79 85 85 86 84 90 90 81

CO-21 3500 5610 CARRIER, 17 DA (STEAM TURBINE) -- 70 79 83 86 89 92 84 78
CO-ED 4000 I;150 CARRIER, 17 DA (STEAM TURBINE) .... 87 90 92 96 88 82 78

I

i

!



TABLE CC-3
ESTIHAT_D SOUND PRESSURE ]_BVELS AT 3-FT DISTA?ICE

_UE TO pACRAOED CRILLER_ BAVINQ CE_T}IIF_0AL COHPRE_SOR3

OCTAVE ]_'.ND CENTER FR_UE_CY - I[Z

•, - Coo[Ln_ CapacLty _! 6_ _ 950 5oo lO0_ _ooo _0oo 8000

"'. Und.r 50D ton_ 8? B8 Q9 9o 90 91 92 87 QO

500 ton. or more 89 90 91 93 93 9? 99 9_ B7 _ _.

_J

oj 90

- . B !!
X 0

> ?0

°° 0 140 TON CO-1

0 150 TON CC-2
= '_ IBO TON CC'3

mo 50 f3 225 TON CC'4

a 240 TON CC-5 _J
II 350 TON CC-6

_m ;4 _50 TON CC'7

,o, J I I
_D 31'_ 65 125 250 500 I000 2000 4000 8000OCTAVE BAND CENTER FREQUENCIES IN HZ (cp$)

F]G,CC-1 flOISE LEVELS OF CE_ITR]FUGAL CORPRESSOR50 140-350 TO_S W
leasuren _)_ta _lornallzed to 3 f_ Distance}
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FIG,CC-4 NOISE LEVELS OF CENTRIFUGAL COHPRESSORS AT 3-ft DISTANCE
(Suggested design curves for two ranges of cooling capacity)
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Peter Baade of Carrier Corporation it is possible that different units had

differing amounts of Wrapping or covering or acoustic treatment at or near _I
the discharge line of the machine, which he describes as generally being
the noisiest part of the machine.

i

Two design curves for noise of centrifugal compressors are suggested in _]

Figure CC-_: one curve is proposed to represent units of under 500 tons

cooling capacity and one curve is used to represent units of 500 or more
tons cooling capacity e. These curves represent approximately the 90 to tJ

.... i00 percentile noise levels in the octave bands above 500 Hz. The design
curves are intentionally a few dncibles higher than most of the measured

noise in the 63-250 HZ frequency bands because sometimes during periods
of low cooling loads on a centrifugal compressor an additional amount of

low frequency noise is produced, Figures CC-5 and CC-6 compare the two

design curves with the measured noise levels for compressors in the "under _I
500 tons" and "500 tons or more" rntings.

The design curves of Figure CC-4 are proposed 'for use in the Manual, and ,|
the noise level values for these curves are tabulated in Table CC-2. These

values are believed to cover a very large portion (possibly 90-95%) of all

refrigeration compressors of the centrifugal type. For a less conservative
approach, these values could be reduced 3 dB with a slightly reduced _
probability (possibly 75-90%) of adequate coverage.

SECTION 5. BUILT-UP REFRIGERATION MACHINES _1

The noise of packaged chillers, as presented in the preceding sections of
this report, generally includes the noise of both the compressor and the

drive unit. If a refrigeration system in to be made up of separate pieces, _]
then the noise level estimate should include the noise of each component tl

m_ing up the assembly. The noise levels of the components should not be
added together, but _he noise of the combined equipment in each octave _,

band should equal the highest noise level of each component in that octave
band.

An _n example, suppose a built-up refrigeration machine is to be made up _]
of a steam turbine, a gear and a centrifugal compressor, Assume a IO00-HP

" A ton of cooling capacity is defined an the amount of heat removal re-

quired to produce one ton of ice per 2_ hour period.



0
stea_ turbine at 1800 RPM, a IO00-HP gear at 1800 RPM input speed and

3600 RPN output speed and a lO00-ton centrifugal compressor at 3600 PRY.From the other sections in this report, the following 3 ft SPLs are

estimated for the nine octave frequency bands from 31 Hz to 8000 Hz respec-

tively: [i
for the steam turbine (from Table S-2) _:

88 93 95 91 87 87 88 85 80 !_

for the gear (from Table G-2) zt

9_ 97 i00 i00 i00 i00 iO0 i00 i00

for the centrifugal compressor (from Table 0C-2) i_

89 90 91 92 93 97 99 94 87 I,__

From these three rows of values, it is sees that the gear noise dominates
all octave bands, The noise levels for the entire system would then be _,
taken as the highest levels of each of the components, i.e.

9_ 97 i00 i00 i00 i00 i00 iO0 i00

i,

i

SECTION6. ABSORPTIONMACHINES i'

Noise data h_ve been acquired for only two steam absorption machines for

[_ this study. More data would he so_ght if these were notoriously noisydeviees_ but they are quiet enough that they are usually ignored and any
noise survey of a mechanical equipment room. The noise is usually made ,_

up of some crackling, popping or hissingrotatingnolSepropellerthatsoundSblade.SOmewhatThemachineSimilar I:.[5
to ice cubes being chlpped-up by m
usually includes one or two small pumps. Steam flow noise or steam valve
noise may also be present,

Figure A-I includes plots of the noise of two measured Carrier absorption
machines plus the noise of an under-iE-EP motor and pump as taken from

Figures M-I and P-I in other sections of this report. It is believed thatam envelope curve slightly above each of these individual noise eontribu- ]
tions will give adequate coverage of most absorption machines used in

_. refrigeration systems for buildings. The noise levels shown by the design

in TableA-Iandareplannedforuse
curve in Figure A-I are given

q

i '
i

I,
I0 '
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in the Manual. There are no data relating these noise levels to the size

or capacity of the absorption machines.

SECTION 7. BOILERS i_

noise data have teen measured or collected for st least 36 boilers; in some _r
installations two or three boilers were measured and the averages are given

-- here as though for a single boiler. In a majority of the cases, neither the _

_ manufacturer was known nor was a reliable estimate of the heating capacity I_
of the boiler determined. However, for 13 boilers the heating capacity was
known, end an attempt has been made to correlate the noise output with heat-

ing capacity. This attempt has been fruitless. Figure B-I gives the S-ft
noise levels (usually in front of the boiler where combustion and blower
noise are a maximum) for 8 boilers in the size range of 50-300 BHP (boiler I_z

BP), while Figure B-2 gives the noise levels of 5 boilers in the size range ilof 600-2000 BHP. There is no clear trend of noise vs boiler rating. In i_
Figure B-l, boilers 4 and 5 are almost equal in size (180 and 200 BHP) 11

while their noise levels represent the largest differences shown. Similarly, !_in Figure B-2, boilers 2, 3 and 4 are nearly equal in size (iO0O, ii00 and

I 1200 BHP}, yet they show the largest noise level differences. In one octave
band or another, all 12 boilers rated in the 50-1200 BEP range exceed the

I [_ noise of the largest boiler rated at 2000 BHP; while in one octave band or
another the smallest boiler rated at 50 BHP exceeds the noise of IS larger

boilers in the range of 125-2000 BliP.

Thus, it appears that heating capacity alone is not a very significant factor
in determining boiler noise. This is net an unreasonable conclusion when one

_ sees the wide variety of blower assemblies, burners and combustion chambers
II found on the various boilers included in this accumulation of data. There

was insufficient knowledge of whether a given boiler was a water-tube type

or a fire-tube type, so it was not possible to check this as a noise-

influencing parameter. As the names suggest, in the watar-tube boiler,combustion takes place in the space all around the water-filled tubes; and

in the fire-_ubs boiler, combustion gases are fed through the tubes that

penetrate the water-filled tank, r

Heating capacity is given in at least four different ways and it is de-

sirable to be able to interrelate these. For the current study, all ratings

21
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have been reduced to equivalent boiler horsepower, designated "BHP". The
four

rating terms are: _t

_a) sq £t of heating surface

(b) BTU/hour _I(c) ib of ste_/hou_"
' ::_" (d) BHP

To a first approximation, these terms are interrelated as follows:

I0 sq ft of heating surface = 1 BHP
33,500 BTH/hour = 1 BHP

• 33 Ib of steam/hour = 1 BHP _
lJ

From Figures B-i and B-2 it appears that there is no predictable relation-

ship betweam noise and heating capacity, so one must be content to uam a j:!
noise curve that will provide reasonably good protection for all possible

boilers. Figures B-3 and B-_ give noise levels of two additional groups
of boilers, mostly unidentified as to details, Figure B-3 represents a

group of noise levels of boilers collected over the years by Robert M. _)
:, Hoover of BHN, and Figure H-4 represents a group of noise levels reported _J

by D. Kibblewhite" in 1967. The Hoover data generally represent approxi-
mately 3 ft distances. The Kibblewhite levels cover a total range of _ !I'!

approximately 18-300 BHP and are unspecified as to measurement distance. _I

_: The data are merely listed as being associated with "boiler-houses". On i
this basis it has been assumed that these might generally represent

reverberant field levels, so the published values have been increased by _ !
3 dB to bring them to the common 3 ft distances used here. !

I The solid curve shown on each of the four figures represents the boiler _I i
noise curve proposed for use in the Manual, On the four figures there _ i

are a total of five boilers that exceed the noise curve in the 31, 63 or I

125 Hz octave bands. These exceedamces range up to 1_ dB above the soise _I i
i.' curve. It does not seem reasonable to raise the noise curve any farther _' '

: in order to enclose these points since there is a_ple evidence that many i

• quieter boilers exist. Thus, it is suggested that the noise curve be _, _
the design of the toiler room and as u specification of ;I iused both for

maximum sound pressure levels for boilers. A few noise exceedanses
exist in the octave bands above 125 Hz but these are not too significant

since the low frequency values will almost entirely control the acoustic _I
design of the room.

"Noise Levels in Boiler Houses and plant Rooms," D. KIBBLEWHITE, JIHVE !I_
(the British Journal of the Institution of Heating and Ventilating _ !
Engineers), June 1967.

, 22 _



....-•.•_....•,,*,_..•_._ •.(.L.;._,.•.,._.,,,•_.,-•,.•..•.,,. _ _ ....

TABLE B-I

ESTIMATED SOUND PRESSURE LEVE,LS OF B01LERS_ AT 3-FT DISTANCE *

OCTAVE SOUND PRESSURE
FREQUENCY LEVEL
BAND (dB re 0.0002 microbar)
(HZ)

31 92

63 92

125 92

25O 89

500 86

io00 83

2000 80

4000 77

8000 74

Distances should be measured from the front surface of _he
boiler.
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The noise levels shown by the solid line in the four figures are given in

Table B-I. These noise levels should be associated with the front face of JI
the boiler, where most of the noise occurs.

SECTION B. STEAM VALVES

Three examples of steam valve noise have been measured. All three eve
plotted in Figure V-I. In one room of a large building, the steam line _i

and valve serving that building was measured; this example is shown by
the thin solid line in the figure. In another mechanical equipment area,

three szeam lines and valves were located together, so that one noise _'t
measurement position combined the noise of three valves. The pressure

drop across the valves and the steam flow through the valves was not known,
but according to the labels on the pipes, two valves separated "high prea- _1
nnre" from "msditL_ pressure" and one valve separated "medltL_ presBure" from
"low pressure" steam. The noise from the valves seemed typical; the
measured noise levels are shown by the dashed curve in the figure. The

low frequency noise levels eve attributed to other equipment in the room. Jl
The szeampipes of the above examples were covered with thermal insulation _
and the conventionnl spiral-wrapped cloth tape. In the third example,

what appeared to be two valves in series were located close-together in _|'!one large steam pipe (approximately 20 in. outside diameter, including
thermal insulation). The noise levels are shown by the dotted line of J

Figure V-I. In this example, the thermal insulation was covered with a |I i
sheet aluminum cover. 'l_e lower noise levels in the high frequency region

for this third example presumably can be attributed to the use of two
valves in series or to the aluminum wrapping. Either step would reduce
the _eam noise. Even though the noise is generated at and near the _1

orifice of the valve, the pipes on either side of the valve radiate a large

part of the total noise energy that is radiated. Hence, a good pipe

wrapping (acoustic as well as thermal) is capable of reducing steam valve |I
noise radiation.

The spectramof the high frequency valve noise is presumed to be a function _i
of the Jet velocity and the size of the valve opening, and the intensity of
the noise is assumed to be related to the total mass flow and the velocity

of the sheen, Because none of these dlmensions is known for any of the

vulves measured, no attempt has been made to study the possible parameters, _I

A very approximate c_iculation was carried out in accordance with the

26 _ T
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I

procedure offered by Heitner in his paper, and the agreement was at least
reasonable. The calculations are not suggested, however, for an architect
or mechanical engineer.

The heavy llne shown in Figure V-I is suggested as a design curve for steam
valve noise• The noise level values are listed in Table V-I and are pro-
posed for use in the Manual. This curve ansumes a normal thermal insula-

tion on the piping, but no acoustic cover over the wrapping.

SECTION 9. COOLING TOWERS

Over the yearn BBN personnel have collected large quantities of noise data _]
on cooling _owers, and much of this has been reported in the literature. _
Noise estimation procedures originated by BBN have been used in the ASHRAE

Guide and have appeared in other publications. Tables 17 and 18 of the _
Power Plant Acouetiee Manual present sound power level summaries of propeller- _
_ype and centrifugal-type cooling towers. These values are still considered
•o be generally applicable, although they may vary from manufacturer to

• 1. "Cooling Tower Noise," Ira Dyer and Laymen N. Miller, NOISE CON-

TROL, M_yI959. El
2. "Noise Characteristics of Several Types of Cooling Tower Installa-

tions," R. M. Hoover. presented orally at the Acoustical Society

Meeting, Philadelphia, May 1961. _I

3. "The Noise of Cooling Towers," Laymen N. Miller, Bulletin of
International Iustltute of Refrigeration, 1962 Supplement.

4. "Acceptable Noise Levels of Cooling Towers," Laymen N. Miller, _J
presented orally at ASHRAE Symposium, New York City, February
1963. El

_. "The Noise of Cooling Towers," Engineering Bulletin No. S_O _I
of The Baltimore Aircoil Company, prepared by BBN and BAC, Ma_eh
1962 (reprinted June 196h and to be brought up-to-date and re-

printed in 1970).

2a
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manufacturer and from model to model as specific design changes take place,
' _ Table 17, for propeller-type cooling towers, has been changed slightly, by
W adding 3 dB to all PWL values in the 63 and 125 Hz bands. The change is

' intended to provide for an increase in noise output at the blade passage
_ _ frequency. Since the blade passage frequency may cot be known at the time

S of the preliminary design, this noise increase is provided in both the low
frequency octave bands that might contain the propeller blade passage

-- frequency. Table 18 and the modified Table 17 are reproduced here an Tables
CT-I and CT-2. The average outdoor sound pressure levels at any distance
from an unobstructed cooling tower can then be determined by applying the
_i=t_n:c _=.-mfrnm T=b!ms _I_or 3J7 ef the Pc-or Plnnt _n,_.t_.. M.nual tn

-- the PWL values of Tables CT-I and CT-2.

9-01. DIRECTIVITY EFFECT. For the Manual a procedure is offered for
estimating the directional effects of the noise of some of these cooling
_owers in an outdoor situation. This is based on a study of fairly com-

-- plete data provided by the Baltimore Aircoil Company ("BAt") on a large
nUmber of their oentrifugal-f_n blow-through cooling towers and their axial-

flow blow-through cooling t_wers. The BAC noise data are obtained fromfree-field sound pressure level readings taken at 5-ft and 5O-ft distances
from the cop and from each of the four sides of each tested tower. From

[3 these five sets of readings on a number of towers, generalizations havebeen drawn for this present study on the directivity of some cooling tower
noise. It is obvious, of course, that the noise differs for different
radiating surfaces of s typical tower. It is to be recognized that the

[7 here from rather detailed study of one masufac-generalizations drawn a

turer's data will not apply exactly to all other cooling towers, but it is
believed that these generalizations are one step closer toward the useful

[_= data frequently required by the architect or engineer in laying out coolingtowers and cooling tower noise control treatments in any given acoustic
environment. It is still desirable to try to obtain from the manufacturer

actual measured noise levels for all directions of interest, but if the_e Idata are not forthcoming, it is essential to be able to construct appromi-

mately the directional pattern of the cooling tower noise, i

For aid in identification, four general types of cooling towers are sketched "
in Figure CT-I:

f_ A. the centrifugal-fan blow-through type,

i B. the axial-flow blow-through type (with the fan or fans locatedU
on a side wall),

, "] C, the induced-draft propeller-type, andI_ D. the "underflow" forced-draft propeller-type (with the fan located
ii _ under the assembly).

0

.. .... , ................ , ......... ,



Table CT-3 gives the suggested corrections to be applied to the average
SPLs of a cooling tower for each of the principal directions (i,e,, in a _ :
direction perpendicular to each surface of the cooling tower). The
directional corrections for eentifugal-fan blow-through units and for
axial-flow blow-through units are based on the BAC measured data. No
detailed data on directionality are available on the other two types of
propeller cooling towers, so Judgement estimates are given for the
induced-draft propeller-type (with the propeller on top of the tower) ,,
and the "underflow" forced-draft cooling tower. Directional estimates for
the "underflow" cooling tower appear reasonable, although there have been
no field measurements to test th_e estimates. They -_reconsidered more
realistic, however, than the average SPL without any directional correction.
In Table CT-3, "front" designates the surface that contains the air intake
(when two surfaces contain sir intakes, both surfaces should be treated
as "fronts"), "side" designates the solid surface (next to the "front") _
that has no air intake, and "rear" designates the back surface (opposite
to the "front") if it has no air intake opening (otherwise it would be an-
other "front"), If it is necessary to estimate the SPL at some direction II
other than the principal directions, one should feel free to interpolate
between the values given for the principal directions.

The directional corrections and the calculated average SPL (calculated from gl
the PWL v_lues and the distance effects) would not hold for very close-in BI

distances to the cooling tower or for enclosed spaces that modify the sound
pattern radiated by the tower. Calculations would be reasonably reliable _1
for distances beyond about twice the largest dimension of the tower. In- _J
side that distance, sound levels may differ from what the "Inverse-square
law" would predict, and some localized noise sources may produce high local
noise levels that do not propagate to the greater distances. Thus, close- _]
in levels are not always predictable. In this project, it is assumed

mJ

that cooling towers will be used in outdoor locations. If they are located
inside enclosed mechanical equipment rooms or within courts formed by RI
several solid walls, the sound patterns will he distorted. In such in-
stances, the PWL of the tower (or appropriate portions of the total PWL)
can be placed in thut setting, and the enclosed or partially enclosed _I
space can bs likened to a room having certain estimated am0unts of re-
flecting and absorbing surfaces. Because of the limitless number of possible
arrangements, this is not simply handled in a general way, so the problem

enclosed cooling towers will not be treated in detail in the _Jof partially
Manual, General guidelines only will be offered.

_J
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9-02. EXAMPLES. It in of interest to check the data of Tables CT-1
" rn through CT-3 against some actual measurements. Several comparisons are

U given below.
,I

a. Centrifugal-fan Blmw-tbrou_h Unit with Fans on only one
_ "Front" Surface, Assume that the fans are driven by a motor having a _i

_,_ name-plate rating of 25 HP, According to Table CT-2, the sound power
level of this cooling tower would have the following v_uec for the nine

octave hands from 31 Hz to 8000 Hz (given in dB re 10- watt): ii

_,._ 91 92 92 90 89 8T 88 82 75 _
Then, according to Trebleh6 of the Power Plmut Aceuctiem Manu_l, ths _ILJ

-- average SFL of this cooling tower at 5O-ft dintance would he (PWL-32 dB), _:_
or

I '!
59 60 60 58 57 55 56 50 k3 :'i

LS Table CT-3 now offers approximate corrections to this average SPL in order _
to obtain the estimated SPL at various directions from the cooling tower.
The estimated SPLB are aB follows:

62 63 62 61 61 58 59 5k hk i_

Sidea _-i
59 60 60 56 54 51 51 _5 38Rear :_
59 60 59 56 5_ 51 51 4h 37 '_
TOp __
56 57 58 58 _8 57 59 5_, _8 ')

The measured and published SPLs at 50 ft distance for one of the 25-HP SAC _i

centrifug_l cooling towers are listed an follows for these same directions: ,_
Front '

_'_ 62 62 63 60 61 5b, 57 51 41 !_::Sidma i,
58 58 60 56 92 _8 h6 _i 3_ '!
Rear

L] 58 58 59 55 53 h9 _6 hl 3_ :
Top
56 56 58 58 57 55 56 51 h5 "_

b, Centrifugal-fan Blow-through Unit with Fans on onl_ one "Front"
Surface, Assume that the fans are driven by a motor having a name-plate of

10 liP, According to Table CT-2, the PWL values are 3 dB below those used ,..immediately above. Therefore, the SPLc will also be 3 dB below the estimated
SPLs above:

. _ 31
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Front

59 60 59 58 58 55 56 51 _i
Sides

56 57 57 53 51 48 48 42 35 _I

.. Rear

56 57 56 53 51 48 h8 41 34
"" Top

53 5_ 55 55 55 54 56 51 45 J

The published data for an earlier 1960-1962 version of a SAC cooling tower
of this type are as follows:

Frost

58 58 61 60 58 51 53 50 40
Sides
57 57 59 54 50 46 hh 42 37
Reai_ _1

55 55 57 53 49 45 43 40 34 il
Top
53 53 57 5_ 55 53 54 53 48

Published data for a more recent SAC 1966-1968 version of a similar tower
are as follows:

Front
61 6l 6l 60 58 5_ 53 50 _l _.I
Sides

58 58 62 55 51 h8 46 41 36 _I
Rear l_
59 59 60 54 52 h8 46 39 35

Top
55 55 59 58 55 53 52 47 _h

The _wo different versions of the same size cooling tower are included to
show the applicability of the estlmation proceduye over at least a small ¢_
range of tower variations as produced by one manufacturer. All BAC data
used here were picked at random; no attempt was made to select towers to
give the best agreement with the estimated levels. Admittedly, however,
the estimatisn data were derived from a large quantity of BAC measurements _I
in the first place. We have no Msrley data for a similar comparison, but
it is recalled from an earlier _ob that noise levels for a particular
Marley centrifugal-fan cooling tower were in very close agreement with the _I
levels for an equivalent BAC unit.

e. Centrifugal-fan Blow-throu_h Unit withFans on "Frnnt" and
_'_Rear"Surfaces (i.e., two "Front" Surfaces). In the examples given _I
•bove, the fans are located on only one side of the tower. In the
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_.._ following example, fans _re located in both Che front and rear sides of the
_ower, In this exsmple, a 12O-HP tower is assumed (in this modules arrumge-

i ,i_ men_. the fans _re driven by slx 20-HPmobore). From Table CT-2 and Table _6
_i_ of the Power Plant Acoustics Manual. the average SPLs of this tower at 50-ft

distances sme estimated to be:

_ 65 66 66 6_& 63 61 62 _6 _9
_u

The corrected SPLe in the v_rious directions become, using Table CT-3:

i_ Fr°n_and_ea_
6B 69 68 67 67 6b 65 60 50

65 66 66 6R 60 57 57 51 _5

62 63 6k 6_ 6_ 63 65 60 5h [i

Actual measured SFLs for a 120-HP BAC centrifugal cooling tower ane as _

follows, for _he 50-ft distance: ]._

Front and Rear _'

67 67 68 65 65 58 61 5_ 4_ ,Sides
61 61 63 59 55 51 50 4_ 37
Top

63 63 65 66 65 63 6_ 59 52
d. Axial-flow Blow-throu_h Unit with Fans on only one "Frost"

Surface. In thi_ example, assume a 15-HP propeller-type fan. Using

_ Tables CT-I and CT-3 and Table 46 of the Power Pleat Acous_ic_ Manual,
the following SPL estimates are made for a 50-ft distance:

Front69 74 76 73 70 65 62 59 5_
Sides
68 73 73 65 59 55 52 h9 45

6k 68 60 _9 k3 _i
.i 69 57 53

Top

62 67 67 62 62 60 57 56 50
Measured levels from a BAC 1966-1968 unib of this size and type are as "
follows:

Front
-- 7e 76 75 72 63 61 55 50 i:
Sides

-- 70 72 66 60 51 50 h3 hl
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-- 66 67 61 57 49 46 39 37

Top• -- 65 67 64 63 57 54 52 46

-_' e, Induced-draft Propeller-type Unite, The examples that follow M
are based o_ actual field problems, and is no cases arc there detailed SPLs _I
for all directions. These examples show the degree of general agreement
between the estimated levels and actual measured levels.

(i) 30-11Punit at 325-ft distance: _]

Measured SPLB facing front of unit

-- 58 53 53 53 _6 45 40 30 iJ

Estimated SPLe for front of unit

54 59 59 55 53 49 45 42 34 ill
Estimated SPL higher than measured SPL by

-- i 6 2 0 3 O 2 4 _,'

(2) 60-HP unit at 400-ft distance:
Pt .

Meneured SPLs facing 45° to front !d

-- 62 58 53 48 47 46 37 25

:, _ Estimated SPLs for 45 ° to front _?

54 59 59 54 5l 46 43 38 30 _I

. Estimated 2FL higher than measured SPL by _]

" " -- -3 i i 3 -i -3 i 5 -S
=j -

(3) Three IO-HP units at 50-ft distance:

Measured SPLs 45° to front
4

. -- 73 68 66 63 60 62 60 54
Estimated 8PLs for 45° to front f]!

i: _ 69 7_ 74 69 66 62 59 56 _l _il

"" Estimated SPL higher than measured SPL by _I!

:': .... -- i 6 3 3 2 -3 -4 -3 i
" (4) TWO 20-HP units on roof deck 40 ft below: !I

I

:L. 1 Measured SPLs at window sill 5 floors above tower base

34
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I, (*Blade passage in this band)

'!_r_ -- 75 76 ao_ _6 67 60 50 40
_,_ Estimated SPLs 40 ft above top

i

i__i__ 78 83 a_ 78 7_ 7o 67 6_ 58
Estimated SPL higher than measured SPL by

-- 8 7 -2 -2 3 7 13 18
(5) TWo 20-HP units at 5-ft distance:

" -_....... _'4masuredSPLsfacingfrontof'_its

/i_: _ Estimated_,_.o_orfrontofunit
? :. oooteoftotalooias.0a tino:osti.todclose-inSP'. not,_ (Assume 5 ft from front equals approximately 15 ft from geometricexpected to be reliable,)

!! _ i 83 88 88 84 82 78 75 73 68

Estimated SPL higher than measured SPL by

-- -i -3 -1 -5 -4 -i +5 +5

ii_i_ _ (6)TWo25-.punits_ti00f_dist_noe:

: /_ ._lo,data,fooiogfrostofuni_o. -- 73 69 68 63 58 k8 37 26
Estimated SPLs for front of unit

Estimated SPL higher than Marley SPL by

_ I_ -- -i 3 0 3 4 Ii 20 26

(7) TWo 20-1{P units at i00 ft distance:

.... !_ Marley dat&, facing front of units

U -- 73 6h 60 55 50 43 31 24

" [ _ _ Estimated SPLs for front of unit

52
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(8) Ten IO0-KP industrial units at 2S0-ft distance:

Measured SPLs, facing front of unit

-- 79 73 67 65 62 60 59 56 _I

Estimated SPLS for front of unit

I 73 78 78 7h 72 68 6h 61 55
Estimated SPL higher than measured SPL by

-- -l 5 7 7 6 h 2 -i _i
(9) _go 20-11P units at SOO-f_ distance:

Measured SPLs, orientation unknown ("Blade passage in this hand.)

-- 72 61 70" 63 54 h6 39 --

Estimated average SPL, since orientation is unknown

61 66 66 61 58 5_ 50 h6 40 _I

Estimated SPL higher than measured SPL by _!

-- -6 5 -9 -5 0 _ 7 -- _:

When taken a_ random, the above examples do not seem to show impressive _

agreement between measured and estimated data. Many of these field in- M*
t_

etallations, however, do not provide ideal geometrical conditions for

measuring the true free-field radiation from a cooling tower, and the various _
manufacturers insert their own design variations which influence noise _I
production and noise radiation. It is not within the scope of this work
no a_empt _o explore and Justify all these factors, although many of them

have knows causes for not fitting the general pattern. The noise data of |/I
Table CT-I generally enjoys the confidence of many manufacturers and engineers
and these data afford a reasonable and useful estimate of the noise output

of the many varied propeller-type cooling towers. _|
R_

_-O3. CLOSE-IN NOISE LEVELS. The noise data given in the preceding dis-
cussion are mos_ useful in estimating the noise levels of cooling towers _a

as heard a_ some distance away. Although the sound power level data can "|

he used _o estimate approximately the close-in noise levels, in this study
t_

considerable close-in data have been collected. These close-in noise levels

are used mostly for determining the type of wall or floor required to _|
separate the cooling towers from quiet parts of the building. The accompany-

leg Figures CT-2 through CT-8 summarize all the data collected in this study.

Figures CT-2 presenns the noise levels measured at 3-ft to 5-ft distances
from the fan discharge of propeller-type induced-draft cooling towers
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(Type C in Figure CT-I) for a rungs of 15 to 75 HP. Because of the wide

variety of designs (different speeds, diameters, blade designs, number of
._ blades, tip speeds, clearances to the shroud, and manufacturers), there is

,_, no simple obvious relationship between noise and certain noise-influencing
parameters, no_ even HP rating of the fan. The "Suggested Design Carve"

would appear to give m reasonably safe working SPL for the close-in positions.
The peak as 63 Hz reflects the energy peak at the blade passage frequency

i_ that usually occurs in the 63 or 125 Bz band for the large fan blades (typi-

_ _i_ L_" tally ranging 6 ft to 20 ft in diameter). The black dots on Figure CT-2
represent one example of an "underflow" tower (Type D on Figure CT-I). Since

there are no other data for this type of tower, the fun intake position of

_ this tower is treated as being somewhat comparable to the fan outlet position
of all the other towers shown on Figure CT-2. A noticeable difference is the

.-- absence of a strong peak at one of the low frequency hands. The triangular

point on this plot represents data frnm an odd problem that included a strong

I] pure _one signal from one particular unit. The pure tone frequency was thethird harmonic of the blade passage frequency. An array of stator blades may

have helped cause the unusual signal.

! _ Figure CT-3 summarizes the close-in noise levels of the air intake to the
'_ propellur-type induced-draft towers. Seven conventional cooling towers,

ranging in size from 3 HP to 60 HP. are shown along with the special problem
., unit from Figure CT-2 and one unit of a group of six 125-HP industrial towers.

The cause of the unusually high noise levels of the 125-HP unit is not known,
- but this newer is excluded from consideration ms a representative tower for

_][_ office building applications, The "Suggested Design Curve" is drawn along

i!!_ the upper range of the remaining eight towers, Note that the low frequency
pea/t is not ms pronounced as at the discharge. The two Design Curves are

_]_ compared in Figure CT-_. These levels are suggested for use in the Manualwhen known noise levels are not available from the manufacturer.
L

_! Figures CT-5 and ST-6 summarise the collected data for the intake and dis-

iJ_ charge openings of the axial-flow blow-through cooling tower. Most of thedata are taken from BAC towers, which are mostly made up of smull modules
assembled in various configurations. Because the fans are usually not very

I_'_ large, it is expected that some larger towers with larger fans would pro-

_ duce higher noise levels. Hence, in Figure CT-5 the Suggested Design Curve
Is drawn much higher than the range of BAC data and is given a slight peak at
63 Hz. The noise levels from the "underflow" tower of Figure CT-2 are also

l_I shown here because the fan of the "underflow" tower is functionally
" similar to the fans of these blow-through towers (the principal difference

is in the relative location of the fans).
.,4

Figures CT-7 and CT-8 summarise the close-in noise levels for the intake and
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L_
TABLE ST-3

APPROXIMA_ DOP_ECTIOSS _AVE_SE SPL_ FOR DIRECTIONAL EFFECTS OP COOLING TOWERS

Add these doclbel corrections to the nvora e SPL calouloted for a Elven di_tenoe

than 10 to S0 ft. Als°, these °or_e_tdona apply when there are no refleetisK or ob-
otruotlng surfaces that would modify the normal radiatlon of sound from the tower.)

OSTAVE
EA_r_(3z) _ 63 _ RSO 500 lOSS SOOO _ooo 8000

For centrlfu_al-fanblow-throught_pe

Front +3 +3 +S +3 +4 +3 +3 +h +_I
• "_ Side O 0 O -S -3 -4 -5 -5 -5 _.

Rear 0 O -i -3 -3 .Z& -5 -6 -6

Top -3 -3 -2 0 +i +R +3 d_ +5
For _lal-flow blow-_hrou_h t_pe

FTOnt +_ _ 4.4 +6 44_ +5 +5 +5 +5 rl

Sid_ +i +i +I -E -5 -5 -5 -5 -_Roar -3 -3 -4 -7 -7 -7 -8 -Ii -8

Top -5 -5 -5 -5 -2 0 O +2 +i

For InSuced-draft propeller-type _Front O O O +i +2 ÷2 +2 +3 +3

Side -2 -_ -3 -3 -4 -4 -5 -6 -6 _!

Top +3 +3 +3 +3 +3 +_ +_ +i +i ':
For "Dnderflow" forced-draft propeller-type

Any ,Ide -i -1 -i -S -_ -3 -3 "_ "_ C:

Top +_ +2 +3 +3 +3 _4 +4 +5 +5

b

ESTD4A_D CLOSE-IN _O_ PREeEDSE I_ FOE _ IRTA_ A_D '.

DISC}_RGE OEENIIIGS OF V_IOUS GOOLIRS TOW_S

OCTAVE FRE_UENSY BAND-HZ _

6_1 _ _o 5oo lOSS sooo _ooo 8ooo I
OENTR_I_L'OAL-FAN BLOW.TNROUSS 'ITPE :!

_ntaKe 85 85 85 83 81 79 76 73 68
Dis°harE° 80 80 80 79 78 77 76 75 74 ii

. . _ |_ AXIAL-PLOW DLOW-T_IROUON TYPE ,_

[! IntaKe 97 lOG 98 95 91 86 81 76 71

_ Dlschar_e 88 88 88 86 8_1 82 80 78 76

W

Intake 97 98 97 9_ 90 85 80 75 T0
_srge 10_ lO7 lO3 98 93 88 83 78 73
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OISCHARGE DISCHARGE

il

,NTAK_ ,N,_KE _

BLOW-THROUGHTYPE BLOW-THROUGHTYPE

OISCHARGE :l

DISCHARGE /_

f,_TAKE :l

,NTAK, iNTAKE

C. INDUCED-DRAFT D, FORCED-DRAFTPROPELLER-TYPE _ !PROPELLER-TYPE "UNDERFLOW" '
L

FIG.CT-1 PRINCIPAL TYPES OF COOLING TOWERS _i
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discharge openings of centrifugal-type blow-through cooling towers. The

_ data are for the most part taken from SAC measurements. The Suggested Design
Curves are drawn several dB above the BAC data to protect somewhat noisier

'-: towers. In the low frequency region, the intake fan positions (Figure CT-7)

are noisier (due to the fans), but at the highest frequency region the splash-

_; ing of the falling water produces higher noise levels at the discharge span-i ing. This effect was also present in Figures CT-5 and CT-6.

! -- The noise levels shown by the design curves of Figures CT-_ through CT-8 are ;_I!
_ listed in Table CT-_ and are recommended for use in the Manual. )

i SECTIONi0. PUMPS
Noise data have been collected and studied for nineteen pumps ranging in size

from 3 HP to approximately 2000 HP. All but the 20OO-NP pump were used topump hot or cold water in various typical building applications. The 200O-HP
pump was used in fuel oil pipeline transmission and was located out-of-doors.

This type of pump is not usually located inside occupied b_ildinge but its

I_ noise data are included here to represent m very large size pump, Thirteen
A of the nineteen pumps operated in the speed range of 1680 to 18OO RPM, four

pumps operated at 3500-3600 RPM, one pump operated at 1180 RPM, and one pump

operated at hS0 BPM. All pumps were loaded but not necessarily at full ratedload. The nameplate horsepower of the drive motor or turbine has usually
been used to rate the pump power.

All noise data have been normalized to the reference distance of 3 ft in an
indoor situation. All known data on these pumps are given in Table P-l,
Because pumps are usually located very close to their drive motors or turbines, i

some of the noise attributed to the pumps may actually be due to the drive _
unit. In most cases, however, measurement positions were selected to favor _i
the pump noise. The data represent pumps that had both "isolated" and

"unisolated" vibration mountings but it is believed that the airborne soundradiated by a pump is not influenced by its base mounting, at least not for
large pumps that would be supported on thick, massive concrete floor slabs.

Figure P-i presents the suggested "Design Curves" of noise levels vs pump
size in NP. These curves are based primarily on the 1700-1800 RPM speed

'_ group, but corrections for other speeds are offered. There are not enough

°Ui pumps in the 3600 RPM speed region to Justify a correction at this time for
this higher speed, One might assume that the higher speed would shift the
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I

frequency of the noise upward by one octave, but data from the four examples

here do no_ show this trend. For lower speeds t the correctioms shown on
Figure P-I are suggested, Actually, the shortage of the data makes these
somewhat unproven corrections, There were insufficient data on fluid flow

(GPM) and operating pressure (head in ft or psi) to support a_y study of

these possible effects on noise.

AS with electric motors, pump manufacturers point out that sleeve bearings

help produce quieter pumps in the low power sizes, There were not enough
pumps in this study, however, to include an evaluation of this possible
e_fec_.

The noise levels of Table P-I are presented individually in Figures P-2 to
P-lO where they are compared with their suggested Design Curves, All pumps
are identified by their code number (see Table P-l) and HP_ the speed is

also ivenifitisnotlathe1680-18o0RPMr ge.
I!

The design curves of Figure P-I overestimate the noise of most of the pumps;

yet two of these nineteen pumps produce noise levels in single octave bands

(probably impeller blade frequency or a harmonic of impeller blade fre- |_.
quency) that exceed the design carves by 7 and i0 dB. The i0 dB ezceedunce

is associated with the 2000 HP pump. Three pumps have octave band levels

that Just equal the appropriate design curves in one to four octave bands, _

and three pumps come up to within i dB of their design curves in one or two
octave bands, Four pumps come up to within 3 or 4 dB of their design curves.

'1On the basis of this sampling, the design curves would represent approximately _
the 80 to 90 percentile noise curves. In the 125-1000 Hz bands, the 75

percentile curve would be about 3 to 6 dB below the design curves and the
50 percentile curve would be about 6 to i0 dB below the design curves. '/I
It is cautioned, however, based on the data, that occasional pumps may ex-
ceed the design curves by large umounts, i.e., 5 to iO dB.

Heitnur offers in his paper a formula for estimating overall pump noise at _eJ
a 3-ft distance:

SP5 = 71 • i0 log HP (i - E/2) !J

where HP is hydraulic horsepower and E is pump efficiency. For a pump
efficiency of 60% (a reasonably good efficiency for overall operation) _I

and _es_misg hydraulic horsepower is very nearly the same as the horse- _

power of the drive unit, the Heitner estimate has been made and is shown

on each figure for the largest pump in each grouping. Heitner makes no _ I
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TABLE P-i

MEASURED SOUND PRESSURE LEVELS OF

PUMPS _OP/4ALIZE0 TO 3-FT DISTANCE

(All centrifugal Rumps pumplng fluld;
ma_ include Bome motor noise.

*indicntes asotumed values)

APPROX. APPROX. PLOW HE_D OCTAVE BAND CENTER FR_UEECY - HZ

CODE RATED EP RRM GPM _vf. MANUFACTURER 31 63 _ 250 500 iOOO 2000 _0O0 8000

P-I 7.5 1750" 76 60 62 66 70 76 61 53

P-2 iO 1750" 175 320 Synchroflo 59 58 65 68 66 ?0 63 60

T-3 25 1750 Taco 71 60 69 63 64 68 64 54

P-4 30 1750 Wilson Snyde_ 83 80 76 79 82 86 79 75 66

P-5 40 1750" 60O 230 70 72 95 80 78 76 67 66

P-6 50* 1750" 79 81 _6 84 82 82 8E 70 65

P'7 75 1750" Well 76 76 8_ 85 91 89 86 83 78

P-8 75 1750" Well 7_ 71 83 83 83 85 78 74 66

P-9 80 1700 1500 Hi -Tomp 78 86 80 81 8_ 87 85 81 76

P-IO 100 1770 84 81 86 85 B7 88 85 79

P-ll 150 1775 4500 Worthlngton 81 82 84 8_ 84 82 79 73 74

P-I_ 250 175o Allis-Ohalmers 81_ 85 85 85 80 87 82 75 67

P-13 2000* 1790 Bingham 87 88 88 89 99 108 95 83 76

P-14 _;OO _50 E_,00O De Laval 77 84 86 84 83 81 79 72 64

P-15 ROD* 1180 5100 Ingersoll-Eand 75 83 85 85 85 84 81 75 58

P-16 3 3500 90 41 Alli,-Chelmer, 61 57 54 64 61; 73. 69 68 63

P-17 15 35R0 _'Iorthlngton 76 75 75 76 79 74 70 63 61

P-18 500* 3600* 14,000- De iav.l 76 86 90 81 83 81 80 73 65

P-19 800" 3600" el,000" De Bav_l 77 84 85 81 82 82 79 7_ 65

i,_ _



TABLEP-2CO

ESTIMATED SOUND PRESSURE LEVE_LS OF

PUMPS (AT 3-FT DISTANCE INDOORS) AS A
FUNCTION OF POWER AND SPEED

(Note: Noise levels may include some
noise from drive motors or turbines)

PUMP RATED OCTAVE BAND CENTER FREQUENCY - HZ
SPEED HP 31 63 125 250 500 i000 2000 _O00 8000

Under 12 7T 77 80 82 82 80 77 74 69

_, 12-2_ 80 80 _ 85 85 _ 80 72

o 50-99 89 91 91 89 83
I00-199 89 89 92 94 94 92 89 86
200-400 9292 95 97 97 95 92 89 8#o

o Over _00 95 95 98 100 100 98 95 92 87kO

Under12 72 72 75 77 77 75 72 69 64

_ 25-"912"2477_ _ Z880 80 78 _ 72 6781 83 83 81 75 To
81 81 84 86 86 84 81 o-99o_

um 100-199 84 84 87 89 89 87 84
200-400 8787 90 92 92 90 87 84 79

o Over 400 90 90 93 95 95 93 90 87 820
Oh

73 _0 _ 62

_ Under 12 70 70 76 _7_ Z_75 73
12-24 _ 73 76 _ 70 6525-49 76 79 _i _ 79 73 68

o_°_ 5o-99 79 79 82 84 8_ 82 79 76 71

i00-199 82 82 85 87 87 85 82 79 7"
o 2oo-4oo 85 85 88 9o 90 88 85 82 77
uq Over 400 88 88 91 93 93 91 88 85 80

T
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0
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2

' o o o   ITNER   N  PEEB)_. .o I I I I I I
3,._ Gg ,2s 2_o _oo ,ooo2000 4000 Bose iI0 OCTAVE BAND CENTER FREQUENCIES IN HZ (cps)

FIG,p-IO PUHp NOISE LEVELS AT 3-FL [}ISTAt_CL

: (De=Ig,lcurve F colnparedwith no,so data for pumnpsin 200-400Hpand450-899 RF_,range) _1
provision for speed differences. Because both the Heitner estimate and the

.' suggested Design Curves follow a i0 log HP relationship, the Heitner curves el
and the Design Curves bear the s_me relationship to one another for pumps
of 12 - hO0 HP and for speeds of 1600 - 3600 RPM. Within this power and

speed range, the curves rare h dB apart at their point of closest approach

in the 2000 Hz hand. Outside this power and speed range, the curves may _I
move differently with respect to each other. The Heitner estimate assumes
no noise change for differences in pump speed. The noise data show a speed

; effect for lower speeds, hence the Design Curves in Figures P-9 and P-10 drop _I
below the Heitner estimate by a few decihles in one octave hand.

The Heitner method does not appear to recognize the low frequency noise

radiated by a pump, Almost all the pumps measured have low frequency noise _j



i

I '

| L_ levels considerably higher than the Heltner estlmste would predict. Admit-

_ redly, some (but not all) of the measured low frequency noise may be con-
, tributed by other sources in the pump rooms.

i In summary, the Heitner estimates are useful for comparison purposes, but

I,_ it is believed the proposed Design Curves provide more realistic noise
estimates. Thus, the Design Curves are suggested for use in the Manual,
and the noise levels from those curves are reproduced in tabular form in

-- Table P-2.j
I-

I-- SECTION ii. AIR COMPRESSORS

-- TWO hypes of air compressors are frequently used in buildings: one is a
• relatively small compressor (usually only i or 2 HP) used to provide a high

_ pressure air supply for operating the controls of the ventilation system,
_ and the other is a medium size compressor (possibly up to i00 HP) used to

,_ provide "shop air" to maintenance shops, machine shops or some laboratory
spaces, or to provide ventilation system control pressure for large build-

i I] legs, Larger compressors are used for special industrial processes or
--- special facilities, but these are not considered within the scope of this

study.

_ The noise of four small and five medium-size air compressors have been
measured or collected for this project. The noise levels of four recipro-

cating compressors in the 1-2 HP size range are summarized in Figure AC-2,

noise levels of two and three reciprocating
while the centrifugal mompres sore

in the 10-75 HP size range are given in Figure AC-3.

_ The small sample-number of compressors does not Justify any detailed data
study. It is seen that the noise levels range widely for the relatively
small size differences for some of the units. It is considered adequate

[_ as draw noise design curves that form envelopes ovar the top of the variouscompressor carves. The heavy curves shown at the top of Figures AC-2 and AC-3
• re two of the noise design curves arrived at in this manner. The suggested
_amiiy of three design carves for air compressor noise is shown in Figure

These noise levels listed in Table AC-l,and are proposed for use
AC-I. are

in the Manual.

'_ The one- and two-cyclinder low-speed reciprocating compressors are capable
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of producing considerable vibration in s building if they are not properly
vibration isolated. Proven vibration isolation mountings will be described ,= i

in the Manual.

SECTION 12. ELECTRIC MOTORS
,J

.... A large oupply ef noise d_ta (91Fentries) for el_etr_c mote_s has been accu-

mulated for this study. Surveys of recent BBN Jobs and earlier BEN literature

have produced noise levels for 26 motors, and material supplied by motor and
p_p _snufaeturers have provided noise data for at least 32 motors, In _ddi-

rich, a table of motor noise levels given in the IEEE Publication No. 85*

lists probable maximum octave band sound power levels for a range of sizes
from i to 150 RP for 1800 sad 3600 RPM speed and for both "drip-proof" and I_
"totally-enclosed fan-cosied" configurations. In his paper, Heitner also
lists "a oondensatioa of one _anufmcturerls noise levels". An article _e

On "Electric-Motor Noise" gives a general but helpful discussion of sources
of motor noise and a description of the noise-influencing differences be-
tween various types of motors,

Because of the difficulties in applying full load conditions to large motors, l;I
moan published noise data on motors are for no-load operation. Also, be-

cause much of the higher frequency noise of a motor is associated with the _I
movemenn of air within the motor, thic higher frequency noise does not change _.j
appreciably with load _d probably represents full-load as well as no-load

operation. The no-lo_ test conditions, however, probably do not reflect _p

adequately the noise of a loaded a-c motor at 60 and 120 Hz and at the _i
h_rmonic_ of these basic drive frequencies. Bearing noise also may vary
with applied loads, especially for different connections of the motor to
its load (i.e., whether directly shaft-coupled or whether connected by belt- I I

drive to a radially offset load). _.

e "Test Procedure for Airborne Noise Measurements on Rotating Electric J.,
Machinery", February 1965. This table of noise data is repeated in the NEMA il

Publication MGI-1967 on Motors and Generators. S.F. Henderson of Westinghouse

advises that both these documents are under review, but for the present he _Ircconunends "use of the values given in the NF_A publication for they do re-
present the composite of data from a nt_ber of companies."

me "Electric-Motor Noise", Jon Campbell Assistant Editor) Machine Design, _I
AugUst 15, 1963.

58 _!i
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Motor noise is made up of magnetic noise (most pronounced at twice the line
frequency and st the rotor slot frequency), shaft unbalance noise, bearing
noise, brush noise and windage (including ventil_tion) noise. Various

-_ mixtures of these noises Occur in the three main types of motors: d-c
motors, a-e synchronous motors and a-c induction motors (the latter divided

" _ _ into woundmrotor and squirrel-cage motors). For their low cost and rugged
-- construction, squirrel-cage induction motors are widely used in most indus-

trial applications,

Squirrel-cage motors generally are cooled by one of three types of ventila-
-_ tion. Th_e three types are identified as (i) "drip-proof" (or "splash-

proof" or "weather protected"), (2) "totally-enclosed fan-cooled" (TEFC),
and (3) "totally-enclosed non-ventilated" (TENV). All three types usually

-- contain internal fan blades in conjunction with the rotor, for circulating
sir around inside the motor components, In the "drip-proof" model, this
circulating air is vented to the outside through openings that provide

._ weanher protection to the motor. In the TEFC model, an external fan is
mounted on the rotor shaft within a protective fan housing at the end of

the motor and this fan helps dissipate motor heat. The fan noise and airflow noise are generally quite high for this type motor. In the TEI_ model,
heat is conducted from the interior to the exterior motor surfaces and

radiated or cooled by natural convection,

Sleeve bearings are generally quieter than ball bearings, but sleeve hearings
are usually limited to motors of the lower power range, due to lubrication

limitations. For quiet operation, motors of low power requirements may bespecified to have sleeve bearings.

The attached Tables M-I to M-5 summarize all data on motors collected under

this project. All sound pressure levels have been adjusted to a
distance

of 3 ft for an indoor location. The data identified by "IEEE" in the tables
were taken from the IEEE Publication No. 85 (see earlier footnote) which_

_ listed sound levels in the "old octave bands" (i.elo 75-150,
actually power
150-300, 300-600 HZ, etc.). The sound power levels (in dB re i0-_ watt)
were converted to indoor SPLs at 3-ft distance by subtracting 7 dB (this

I_ would apply for a room having a room constant R = 500 sq ft, as may be seen
from Figure 11 in "Power Plant Acoustics"). Throughout this study, the "old"
and the "new" octave band_ have been treated as interchangeable without any
modification of sound levels. Table M-I lists the data for "drip-proof"

_ I_i or "weather protected" motors in the 3500-3600 rpm range, while Table M-S
-- gives the data for TEFC motors ("totally enclosed fun-cooled") in the 3500-

3600 rpm range. Tables M-3 and M-h llst data for drip-proof and TEFC motors
ii in the 1700-1800 rpm range, and Table M-5 gives data for iS motors in the
• 1200, 900, 600 and 450 rpm groups, In many field measurements, the type of

I_ 59

i /
/

/

!

C



motor or its type of ventilation was not identified. In the accompanying
Tables M-I to M-_, motors that were identified or used as "ourdoor" motors
were placed under the group "drip-proof" (or "weather protected"), while
those measured sad used entirely indoors were placed under the TEFC group.

We especially appreciate the use of data supplied by TACO Inc. (pump manu-
fanturer) and Wagner Electric Company on several series of motors manufactured
by Wagner for use with TACOs pumps, and we wish to thank Allis-Chalmers for a
set of noise data on a 1250-HP motor that may be connected and r_n at speeds
of 900, 1200, 1800 and 3600 rpm. For all motors measured by BBN in field _J
installations, the motorz are assumed to he at or se_ full-puw_r operation,
and there is the possibility that some of the quoted noise may be attributable
me other noise sources in the area, although the positions are selected to
favor motor noise alone.

The enclosed Figure M-I summarizes the suggested "Design Curves" for motor _I
noise as a function of rated HP and speed of the motor. Based on the

i quantity of data included in this study, it would appear that the curves _I

of Figure M-I will "protect" about 85% to 95% of the motors to be encountered,
assuming the data represent a fair sampling of motors. The remaining 5% to
10% may range O to iO dB noisier in some octave bands then the Design Curves.

The 75 percentile noise curve falls about 6 dB below the Design Curve; andby proper selection, some motors may range 20 to 30 dB below the Design if!

i 0urvos :I
Although one might expect motor noise to increase at the rate of

i0 log IiP,

it appears from the data that unexpected amouats of noise can appear in el- _
be due to one of the possible causes ofmos_ an_ band 8_d that it might say

iJ motor noise. This mixture of noise makes it difficult to draw a "tight"

design curve over the data or to expect the i0 log HP relationship to hold _Iconsistently. No attempt has been made to separate motors into various types
0 or to separate the effects of drip-proof, TEFC, or TENC configurations.

Figures M-2 to M-15 present visual comparisons between various Design Curves _|
and the measured noise data appropriate to those curves. As an example, m]
Figure M-5 illustrates a comparieioc of data for motors in the speed range
of 3500-3600 rpm and in the power range of 50-99 HP. _nsre appropriate, the

Because of their use in apartments, hotels, hospitals and other critical
locations, the Wagner motors are gives special concern for quietness by both

and TACO. This is illustrated by the fact that the Wagner motors are _IWagner
much quieter than the IEEE and Heitner values for motors of the same power.

60 _
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i -' IEEE and Heitner values are shown along with the values specifically measured

! _ or obtained for this study, It is seen in Figure M-5 that Design Curve D is

i ._. constructed near the higher IEEE values in the upper frequency region. Re-
call that the IEEE values are the probable maximum noise levels (at no-load)

_. for the motors of several manufacturers, so it is to be expected that few of

LI the motors measured in this study will exceed the noise levels of the IEEE
} -- values in the high frequency region. In the lower frequency bands (where

i magnetic noise and dynamic unbalance can influence the data), it is reason-

I able to expect many of the measured motors at full load to exceed the noise

i ,._ of the no-load IEEE and Reitner data. At least this appears to be borne outby the data. Pigures M-2 to M-7 p.... nt da._ comparisons for moLors in the

] -- speed group of 3500-3600 rpm, Figure M-7 suggests that the SPL of motors does ,!
non increase after motor power reaches about 200 HP; this may be due to the !!

-- massive construction of the large motors and to the more circuitous (and i!

i _ possibly sound attenuating) path of the air flow through the interior of these _

I momors. Figure M-7 includes noise data for motors covering a power range of :200-4000 HP, yet Curve F is only 3 dB above Curve E (of Figure M-6). Because _
of the apparent interplay of speed and power, it is not fair to Judge each

_ individual Design Curve solely by its own degree of agreement with specific
i _ bits of measured data, Rather, the entire family of Design Curves must be

appraised in terms of its overall ability to cover adequately the full range

] of speed and power values.
Figures M-8 to M-13 present data comparisons for 1000-1800 RPM motors over the

power range of this study. As seen in Figure M-l, a noise reduction of 5 dB
I_ is suggested for this speed range relative to the 3500-3600 rpm speed range.
_J Most of the data in this speed group are for motors in the 1700-1800 RPM

range, but the group was expanded to include five motors at or near 1200 RPM,
_ since their noise seemed to fall into general agreement with the noise of the

_ 1700-1800 RPM motors.

!_ Figures M-14 and M-15 complete the sequence, of visual comparisons; Figure
M-l_ presents data for two 200-HP motors in the _50-900 RPM speed group

and Figure M-15 presents data for three larger motors in this same speed

!i group. As shown in Figure M-l, a noise reduction of 9 dR is suggested for
I_ the speed range of 450-900 RPM, relative to the 3500-3600 RFM group,

It is believed that the purpose of this study is to develop noise estimating

procedures and noise control designs that will cover m large percentage of. possible noise sources, but it would not seem economically practical to
' require that noise control be designed to protect against all the noisiest

sources that could exist. On this basis, the Design Curves shown in Figures

'{ M-2 to M-15 do not envelope the noisiest of the motors, For all data given,

,j



TABLEM-I

SOUND PRESSURE LEVELS OF ELECTRIC MOTORS AT 3-FT DISTANCE (INDOORS)
DRIP-PROOF 3500-3600RPM

APPROX. MFGR OR OCTAVE BAND CENTER FREQUENCY - HZ
CODE RATED HP DATA SOURCE 31 63 125 250 500 iOO0 2000 4000 8000

M-I 1-3 IEEE 59 58 55 52 49

M-2 5-7½ IEEE _ _8
3 66 64 60 57 54

M-3 10-15 IEEE 3 70 72 70 66 _3 59
M-4 20-25 IEEE - 69 75 76 74 70 67 62

.-5 3o-4o _EEE - _4 79 82 _9 74 _ 65M-6 50-60 IEEE 78 82 86 _ 79 g8

_:_ 75-iOO IEEE - 79 8483 88 85 81 77 71125-150 IEEE 80 89 87 83 79 73
M-9 300-500 Heitner - 83 8Z 90 88 85 84 80 72
M-10 600-1500 Heltner - 89 91 90 90 88 88 89 '8Z
M-11 1750-2500 Heitner - 88 95 82 86 89 89 83
M-12 3000-4000Heitner - 8Z 83 89 92 92 86

92
9z 94

M-1450_ GE* _9 97 89 5 _M-15 75 GE* 73 85 92 80 69
M-16 i00# GE * 87 93 98 105 102 96

98 i00 _
86

M-I_ 125 _ Continental* 90 99 95 94 91M-10 150= GE * 89 92 95 98 99 9? 89 82
M-19 250# GE * 78 89 93 94 97 97 92 84
M-20 300 # GE * 9O 9T 103 98 99 90 85

91 82 69
M-21 600 GE 91 98 _ _M-22 1250 Allis-Chalmers 83 91 90 73 78 79 62

.-215oo * 8473M-2_ Westinghouse2500 Westinghouse ,u 93 3 86 77 72

# At or near full load (all other motors nssumed unloaded).
• BBN-measured in field condition.
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TABLE M-2

SOUND PRESSURE LEVELS OF ELECTRIC MOTORS AT 3-FT DISTANCE INDOORS)

TEFC 3500-3600 RPM

APPROX. MFGR OR OCTAVE BAND CENTER FREQUENCY - HZ
CODE RATED HP DATA SOURCE 3__i63 !25 250 500 i000 2000 4000 8000

M-25 1-31 IEEE - 657 65 74 77 76 69 61M-26 5"7_ IEEE - 69 78 80 78 71 64
M-27 i0-15 IEEE 65 73 83 85 83 76 69
M-28 20 IEEE 69 77 88 89 87 81

M-30 40-50 IEEE 84 94 95 94
M-3160 IEEE 87 91 83
M-32 75-100 IEEE _i9 97 97 97

Heitner20-50 7o 70
60-100 Heitner 88 90 87 74

M-35 125-250 Heltner _29 _i8 83 8287 76
M-36 1 Wagner 53 46 B9 _3 _3 90 86
M-37 800 4/" De Laval * 84 92 92 94 90 92 _8 _ _0

# At or near full load (all other motors assumed unloaded).
* BBN-measured in field condition.



TABLE M-3

SOUND PRESSURE LEVELS OF ELECTRIC MOTORS AT 3-FT DISTANCE INDOORS)

DRIP-PR00F 1700-1800RPM

APPROX. MFGR OR OCTAVE BAND CENTER FREQUENCY - NZ
CODE RATED HP DATA SOURCE 31 63 125 250 500 i000 2000 I;000 8000

M-38 1-2 IEEE 44 48 48 50 51 52 l_

M-4o7_-io IEEE - 6O 60 oi 57 49
M-41 15-20 IEEE - 62 65 65 65 65 SO 52
M-42 25-30 IEEE - 67 69 69 69 69 64 %6
M_43 _0-50 IEEE - 71 72 72 72 72 67 59
M-44 60-75 IEEE 73 75 75 75 75 70 62
M-45 100-125 IEEE - 74 77 77 77 77 64
M-46 300-500 Heltner - 80 83 78 75 70 66 _ 59
M-47 600-1500 Heitner - 83 84 84 84 85 88 77 74
M-48 1750-2500 Heitner - 88 89 85 84 85 90 87 77
M-49 3000-4000Heitner - 91 93 89 87 89 94 90 82
M-SO 40 # Westinghouse * - 84 87 88 86 84 96 86 76
M-51 75 # Westinghouse* - 79 79 87 82 81 78 71 66
M-52 1250 # Allls-Chalmers* - 77 82 86 86 81 78 76 69
M-53 2500 # Louis Allis * 80 8_ 85 82 86 83 90 81 73
M-54 4000 G.E. 94 95 92 92 i00 99 90

# At or near full load (all other motors assumed unloaded).
* BBN-measured in field condition.

m _ 1 mmmm_ _ ml_ _ 1 _ k,.mW_ _ ml_ _ _ m m



TABLE M-Jl

SOUND PRESSURE LEVELS OF I':LECTR!0MOTORS AT 3-FT DISTANCE (INDOORS)

TEFC 1700-]800 RPM

APPROX 5_GR OR OCTAVE BAND CENTER FREQUENCY - RZ
CODE RATED NP DATA EODROE 31 6_3 125 eSO 500 iOOO _OOO 4000 8000
M-55 1-2 IEEE J_8 55 62 62 58 53 46
M-96 3-5 IEEE 55 _ _9 69 65 59 5!

M-57 7}_-10 IEEE 61 69 75 75 71 64 _70M-58 15-20 IEEE 65 73 80 80 76 67
M-_9 25-30 IEEE 70 78 84 84 80 71 6_
M-60 I_0-50 IEEE 74 81 87 87 83 74 67
M-6160 IEEE 76 82 89 89 85 77 70
M-62 75-i00 IEEE - 77 84 91 9_ 87 7_
_-63_o-5o .o_t_e_ _7 63 7o _5 7° "to _ _8

52 I_9 46 41 37 30
M-66 IO _* _lagner _7 52 50 I;6 I;8 39 30
M-67 lo Wagner _ 54 52 h9 J16 42 37 30M-68 i0 /_ Wagner
N-6915 Wagner 68 56 56 55 61 45 36
M-70 15 _'#_ Wagner 59 52 59 " 50 118 III_ 37

M-?I 20 _* Wagner 66 58 59 52 49 44 3_

M-T3 20 #// Wagner 64 59 57 5_ 50 46
59 53 47 39

I,_-7__ wa_n_r 65 61 _ 52
M-75_5 Wagner 68 59 6_ 57

M-78 30 ** Wagner 65 569 61 61 53 50 4750 _* Wagner 68 3 6e 6S 57 55 50 _
M-_O 50 //a _ 75 73 7I_ 6_ 58

- _ GG 61
8:_ 88 86 87 85 82M-83lOS# *

M-84 15o # * 81 83 85 85 89 85 81 '{9

# Believed loaded (all other moto_s assumed u_louded).
a F_st_.mated,not known _*Aver_e of 3 motors.
• BEN-measured in field condition _[ew design relative to

unl$ in lilleabove.

i
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TABLE M-5

SOUND PRESSUBE LEVELS 0P ELECTRIC MOTORS AT 3-FT DISTANCE (I_300RS)

APPROX, t.£FOROR OCTAVE BAND CENTER FREQUENCY - RZ
CODE RATED HP RPM DATA SOURCE 31 63 125 250 500 i000 2000 4000 8000

M-85 250 # ii_o O.E. * 78 85 81 89 91 90 84 77 73
M-86 1250 1200 Allls-Chalmers 77 79 85 81 81_ 93 88 76

M-811250 1200 .... _; 84M-8 1500 # i190 G.E. * 80 82 85 " 86 86 93 778592 7886 84 77 69

M-89 4000 # 120O O.E. * 80 90 88 88 94 96 6994 83M-90 1250 900 Allis-Chalmers - 8_ 86 81_ 9 78 77 6_,

M-91 200 ,_ '600 Fairbands-Morse * 79 ._ 78 80 t3 9869 t_ 74
u{a

M-92 200 # 600 Palrbanks-Morse* 81 83 75 83 71 61zt
M-93 250 // 600 Palrbanks-Morse * - 5 872 84 97 80 66 -M-94 400 # 450 _,lestlnghouse* 76 83 _5 83 87 81 77 75

# At or near full load (all other motors assumed unloaded).
* BBN-measured in field condition.
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TABLE M-6

ESTIMATED SOUND PRESSURE LEVELS OF ELECTRIC MOTORS

(AT 3-FT DISTANCE INDOORS)

FOR VARIOUS SPEEDS AND POWERS

MOTOR OCTAVE BAND CENTER FREQUENCY - HZ
RPM RATED RP 31 63 125 250 500 i000 2000 4000 8000

o UNDER 12 73 Z4 78 82 83 83 82 76 69O
<o 12-24 78 79 83 87 88 88 87 8Z 74

25-49 83 84 88 92 93 93 92 86 79
o 50-99 87 88 92 96 97 97 96 90 83O _oo_2oo9o9_ 95 99_oo1oo _9 9_ _
rn OVER 200 93 94 98 102 103 103 102 96 89

o UNDER 12 68 69 73 77 78 78 77 71 64
o 12-24 73 7_ 78 82 83 83 82 _6 69

co_ 25-49 78 79 83 87 88 88 87 81 74

o 50-99_28836_ 91 92 9_ 9_ _ t_o i0o-2oo 85 9o 9_ 95 95 94O

OVER 200 88 89 93 9? 98 98 97 91 84

o UNDER12 64 65 69 73 ?4 Z4 73 6Z 60o _2-24 69 70 74 ?_ 79 79 78 ?2 _5
25-49 74 75 79 83 84 84 83 77 70

o 50-99 78 79 83 8? 88 88 87 8]. 74U_

=r 100-200 81 82 86 90 91 91 90 84 Z?
OVER 200 84 85 89 93 94 94 93 87 8O

0%

_i_._4;t_.,_,_._ ,_-_._:_, ¸,;_!_ _ !._ !. _ _; • :! _:ll. , _ ;, . ,. ,_,_ ,,_ .....
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there are thirteen entries that show greater noise levels than their appro- 'I
priate Design Curves would predict. Four of these nine entries exceed the _ i
Design Curves by i, 2 or 3 dB, and these four entries represent IEEE values, GS

• which are quoted as probable maximum levels for the motors of several manu-
facturers. Thus, they represent possibly some of the noisiest motors pro-
duoed within the industry. Of the remaining nine entries of the thirteen

, exseedances, one is a 3090-4009 HP motor included in Heitner'a collection

and listed here in the "over 200 SP" group and the other eight are motors _!

measured or collected for this study. The two highest exceedancan are 8 and
9 dB in one octave band each, the next two highest are 5 dB each in one

:7=::::::_I octav_ ba,_d,and tl_efour other nxcccdancss -_-'ein the range of 1 to 3 dB in
one or more octave hands. In view of this distribution (and the possible hut !I

F _

' unknown influences of other room noise and of no-load vs loaded operation),
_ ' the Design Curves of Figure M-I are suggested for this project and are be-

lieved to provide realistic estimates of noise for a high proportion (possibly _
i 8_-95%) of moturs tl_atmight be used. Since there seems to be no lack of J

motors that make less noise than the Design Curves would predict, it would
i even he possible to specify that a motor for any particular location not s:t

exceed the SPL values suggested by the appropriate Design Curve.

No concern has been given here for a more detailed study of motors under

• 12 HP, as they generally will be quieter than most other equipment in a _I
meehunical space. _J

ThenoieelevelvaluescfFi_ureS-l_reproposedforuneintheMnaualand ,|

_ are summarized in tabular form in Table M-6.

The SPL data derived here are considered to be applicable also to electric

motor-generatoreete. IIi

SEc_IO_l_.ST_T_BI_S II
Noise data for eight steam turbines have Been collected under this study.
An attempt has been made to separate the noise of the turbine from the noise

or generator driven by the turbine, hut, as in _of the pUmp, compressor t gear
any complex assembly of somponents, it is possible that in eome octave bands
the quoted noise levels for the turbines are influenced by other nearby
attached equipment. Noise levels were originally measured at distannes as _I
close as i to 5 ft for seven of the turbines or as far as 30 ft for the case
of one of the turbines located in a large room. All sound pressure levels

..,L



E

!_ have been extrapolated to the "standardized 3-ft distance." The extrapolated
L_ noise levels and the known data of the turbines are su_t_arized in Table S-l.

Details of the various attempts to correlate noise with the known performancevariables are not repeated here. With the limited number of turbines, there
appears to be no strong correlation of sound pressure level with power rating

of the turbine, although one might generally expect noise levels to grow asa function of i0 log NP. Also, from the measured data, there is no clear
tendency for noise to peak in a predictable high frequcncy band, although

some tendency in this direction might be found if the number of blades on
various turbine wheels were known. Available time on this Job would not

permit an in-depth probing of such details, There is undeniable evidence,
however, that the low frequency noise levels (obviously below turbine blade

passage frequencies) sometimes exceed the higher frequency noise levels.

Because of the small number of turbines in the study, it is suggested that

_, the noise prediction scheme be tailored to cover the upper limit of the noise
of all the turbines given here. This may overestimate the noise of some
turbines, but it will also underestimate the noise of any turbine that is

actually noisier in any frequency band than the noisiest of the eight tur-

i_ blnes studied. Figure S-I gives the suggested noise level "Design Curves"for the range of power covered by the eight turbines, To check these curves,
the measured noise levels of the eight turbines are compared with the Design

I_ Curves on the basis of turbine power, in the following Figures S-2 to S-h,
I_ Note that the curves of Figure S-I are separated by 2-5 dB intervals, while

representing differences in turbine power of a factor of three. In Figures
S-2 no S-h each Design Curve represents a noise level equal to or higher than

i_ of all turbines in that particular
the noise levels power range.

The Heitner paper, mentioned earlier, offers a prediction scheme for turbine

_ noise, The overall SPL at a 3-ft distance is estimated by either of tworelationships

SPL = 58 + i0 log HP or

_ SPL = 82 + i0 log G,

where G is the steam flow in ib/sec. The peak of the spectrum is set in

the 1200-2h00 Hz band (now the 2000 Hz band) for turbine speeds under 9000/_ RPM, and in that band the SFL is taken to be h dB below the overall. Either
side of the peak, the SPL drops off at the rate of 3 dB per octave. The

_') Heitner method makes no provision for low frequency noise from the turbine.

_ii _ In the current study, steam flow is not known, so only the relationship
involving HP can be tested. In Figures g-2 to S-4, estimates based on the
Heitner method are included.

77



._ TABLE S-I

SOUND PRESSURE LEVELS OF EIGHT STEAM TURBINES

NORMALIZED TO 3-FT DISTANCE

BATED APPROX OCTAVE BAND CENTER FREQUENCY - HZ
COD E ,HP RPM MANUFACTURER 31 63 125 250 500 i000 2000 4000 8000

S-I 500 -- De Laval 75 80 81 75 85 84 81 78 73

S-2 600 5000 G.E. 79 87 85 83 Z8 84 79 70

S-3 800 -- De Lsval 78 90 94 82 85 8A 79 ?6 ?0

S-4 1200 -- Murray 88 83 83 80 85 81 87 78 73

S-5 6000 .... 88 95 88 92 88 86 81 76 77

S-6 10000 3600 Westinghouse 87 92 90 87 84 84 82 87 80

S-Z 1000O 3600 Westinghouse 81 82 83 83 80 83 ?8 83 83

S-8 ii000 3600 Westinghouse 83 82 78 80 90 80 7? Z8

TABLE S-2

ESTIMATED SOUND PRESSURE LEVELS OF

STEAM TURBINES (AT 3-FT DISTANCE)

AS A FUNCTION OF POWER RATING

OF THE STEAM TURBINE

OCTAVE BAND CENTER FREQUENCY - HZ

RATED HP RATED KW 31 63 125 250 500 lO00 2000 4000 8000

500-1500 333-1000 88 93 95 91 8Z 87 88 85 80

1501-5000 1001-3333 90 95 97 93 89 90 9e 89 85

5001-15000 3334-10000 92 97 99 95 91 93 96 93 90

mm mm _ m _ mmmm mm _ i _ _mmmmm)_ (wm,l_ _ _-J _
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J

Figure S-2 the measured noise levels of turbines S-i through S-4
compares

with the suggested Design Curve A for turbines in the power range of 500-
1500 HP. The Heitner estimate for a 15OO-HP turbine is also shown. Figure

S-3 compares the Heitner estimate for a 500O-HP turbine with the suggested
J_; Design Curve B for the 1501-5000 HP range. Figure S-4 compares the noise

levels of turbines S-5 through S-8 and the Heitner estimate for a 15OOO-HP

turbine with Design Curve C for the 5001-150OO HP range.

In the Manual, the noise level values Of the three Design Curves of Figure

_ i_ S-I are suggested for estimating the SPLs at 3-ft distance for steam turbines.
i l_ These values are given here in tabular form in Table S-2.

f_ SECTION ik. GEARS

Noise data have been measured or collected for nine large gears in the power
handling range of 300 to 23,200 HP. Three of these are taken from the O.E.

_ __ data first given us in conjunction with the gas turbine engine study for the
_ Power plant Acoustics Manual. The known data for the nine gears are sum_ar-

_J ized in Table G-l; sound pressure levels have been normalized to a common

,'II distance of 3 ft.

_! Table 15 of the Power Plant Acoustics Manual offered a schedule for estimating
the sound power level of gears. That schedule was derived from the G.E.

data on three gears plus an earlier generalisation power
BEN that Sound of a

gear grown in proportion to the power transferred through the gear and that
sound power generally increases with increasing speed of a gear. Because of

the usually unknown design of the gear, it has been impossible to try toassociate peak frequencies with gear-tooth-contact rates or with "ringing"
frequencies due to the bell-like structure of some gear components. In

Table 15 of the Power plant Acoustics Manual, the schedule of sound _owerlevel was constructed around the noise of the three G.E, gears and the sound
power level change was taken to be 3 dE for each halving or doubling of power

_ and speed of the gear. The speed of the lower speed shaft was taken as the

speed parameter.

Study of the data of the nine gears in the present program reveals that the

i sound putput of gears does not vary as widely as given in the Table 15 (PPA)schedule. A change of i dB for each halving or doubling of power and speed
appears to be a more realistic rate of change. Even so, it is cautioned that

81
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, _ a group of only nine gears does not constitute a very large sampling, but it
: ,-. is believed that the currently proposed schedule is an improvement over the

earlier Table 15, The proposed schedule of sound pressure levels of gears

_I_ at 3-it distance is given in Table G-2. This schedule is suggested for use, in the new manual, and it is proposed that this schedule take precedence over
Table 15.

:::__,] The noise levels of the nine gears are shown in Tables G-I through G-8. where
each gear is compared with the estimated noise level derived from Table 15

_ of thc Power Plant Acoustics Manual and with the noise levcl given by thc no'."

schedule of Table 0-2. A flat spectrum for the 125-8000 Hz octave bands is
assumed in the new schedule in order to cover any octave bands in which
gear-tooth-contact frequencies or "ringing" frequencies might occur. A

4!_ slight drop-off of noise in the two lowest octave bands seems Justified by

I_ the data.

Comparison of the plots of Figures G-I through O-8 shows that only one gear(0-5) exceeds the proposed estimated value (by _ dB at 2000 Hz), if we ignore

the 31 cps exceedance of gear G-9 (which could have been partially due to

noise from the nearby 15.5 megawatt gas turbine exhaust). Four gears fall

0 so 2 dB below the new estimate and four gears fall 5 to i0 dB below the new-_ estimate. At least one of these quieter gears (G-7) was known to be a
"herringbone" gear and was specially installed as a quieter replacement

_'__| for an earlier noisier gear, On the basis of a sample of only nine gears,

_',_ it is conjectured that the estimating procedure will give adequate coverage

_; of gear noise in most situations.

i_ SECTION i_. TRANSFORMERS

H Transformers typically are covered by NEMA sound level ratings, and trans-

_ _ former manufacturers usually quote the NEMA ratings when asked to specify
the noise output of their products. Some manufacturers, however, produce

and market transformers having sound levels below the applicable NEMA rat-

These transformers be sold at somewhat higher prices.
ings. quieter may

The current NEMA Standards Publication No. TR 1-1968 specifies the method

U for measuring and calculating the sound level rating for a transformer. Ineffect, the procedure consists of averaging a large number of A-scale sound

level meter ranAings tMcen all around the transformer (at suitably specified

positions) at distances of i ft from various surfaces of the transformer
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(or at 6-ft distances from fan-cooled radiating surfaces). The reader is
.R

referred to the NEMA publications for more detailed discussions of the _i
prooed_re. _ _

It is important to understand the significance of the NEMA "audible sound
_ level," as it is called in the specification. Interest here is limited to i.,

60 HZ power. Due to the magnetostrictive action of the transformer core

material, the core goes through a complete cycle of oscillation for each
half-cycle of voltage change. Thus, for 60 Hz operation, maximum sound
output from the core occurs at 120 Hz and its harmonics (2_0, 360, 480 Hz and ''

+_+_ ' so on). Of course, there are relatively small amounts of sound radiation
at 60 Hz and its odd-numbered harmonics but these are not significant in

the present discussion, t_,_

'+ The A-scale weighting network of the sound level meter intentionally dis-
criminates against low-frequency sound; it somewhat simulates the response
of the human ear for low-level sounds at low frequency. To he specific,

_ (i the A-scale network reduces the signal levels of the transformer frequencies,
of interest here, by the following amounts (in accordance with USASI stand-
ards for sound level maters): __

60 _z -27dB
i 120HZ -16dB _

i:_.,' 2hoNz -9dB rPi
360 Hz -5 dB _i

I

hSO Hz -4 dB L,, i

!': ' This means, simply, that if a transformer produces at the l-ft position a _ I

i true sound _ressure level of 66 dB at 120 HS (and assuming no other com-
ponents preseet), the A-scale reading would be 66-16 = 50 dBA. Mote the _',l

' i designation "dBA" to indicate an A-scale reading in decibels, and note also _ ;

that this value ks called a "sound level," not a "sound pressure level," i

and sell transformers that are quieter than the [IiMany manufacturers produce
NEMA standard for transformers. In fact, one might conjecture that the l

NEMAsound level standard is high enough that only the most unreasonably I

noisy transformers would be rejected. Even so, occasional noise problems !! I
are produced by transformers, and it is the purpose of this study to protect _
a building against excessive noise due to a transformer that (i) possibly

: does not meet the NEMA standard when installed, or (2) becomes noisier with _

_:' use, or (3) becomes noisier when under load (the NEMAratleg is t_en under
no-load conditions), or (_) is simply too noisy for the quiet environment
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_ in which it is to he used, regardless of its NEMA rating. In any event, a
reasonable safety factor is derived here so that excessive noisiness can he

_ anticipated and estimated.

First, experience shows that one important manifestation of a "noisy" trans-
former is that it produces an extra-ordinary amount of 2_0 or 360 HZ sound

components, compared to the output at 120 Hz. Second, because discrete
frequency sound signals can produce standlsg waves in enclosed spaces_ pro-
vision must be made for Bound level build-up. Also, of course, the NF_4A

_ data for l-ft distance must be extrapolated to the normalized 3-ft distance

_ used in this report.

_ A step-by-step development is given here. First, assume that the measured

" average sound pressure level at l-ft distance from a sample transformer is

i!_ as follows for the specific frequency components:
' 120 HZ 50 dB

:_l.r_ 250 Hz _5 dB

: 360 HZ 55 dB

:: _ 4_0 H_ 50 dB

>J
This assumed combination of sound pressure levels reflects the fact that a

"noisy" transformer has high signal components at 2_0 and 360 HZ, It is just
i:,_ such a marginally "noisy" transformer that is to be protected by the building

design. If the transformer were much noisier, it would be subject to re-

I Jeetlon and return to the manufacturer, if the building specifications cam-

_ _ tuln provisions for such action. Now, for this particular combination of
_i frequency components, the A-scale reading probably would approximate the
' decibel summation of the component signals after each component passes

I'] through the filter action of the A-scale networE; i.e.

[i at 120 HZ: _0 dB-16 dB = 34 dBA

:,_ at 2h0 Hz: 55 dB- 9 dB - 46 dBA
at 360 HZ: 55 dB- 5 dB = 50 dBA

i_l_ at 480 Hz: 50 dB- _ dB = _6dK_

Sum (A-scale) = 53 dBA
)

! [I It iS conjectured here that this p_rticular transformer would have met a
53 dBA NEMA sound level rating.
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It is _sx_ desired to estimate the sound pressure level that might occur in
a transformer room when such a transformer is brought in and installed. In

the usually highly reverberant room that houses a transformer, and consid- I_
ering the near-fleld effect of a transformer that is probably large compared

_o the l-ft NF_MAmsasurement distance, a 2-dB reduction is allowed for ex-
trapolatlng from the NEMA 1-ft distance to the normalized 3-ft distance used
in this study (refer to Figure ll in the Power Plant Acoustics Manual for

support of this point--there are a few subtle facts involved which will not

be elaborated upon here). There is also the strong possibility that standing _
waves may occur within the room at one of the transformer frcqucncins. For

this possibility, an increase in sound pressure level of iO dB is assumed;

this is not at all unreasonable. Finally, for purposes of protecting the
building design, the actual sound pressure levels of a transformer are
assumed to range 5 dB higher than the values considered here. These various

adJumt_entstotal [,!.
-2 dB for 3-ft distance

+iO dB for standing waves 1
E)

+_ dB for added protection
i

*13 dB _ ]

In the transformer example started above, a NEHA rating of 53 dBA was found

for an assumed sound pressure level of 50 dB at 120 and 480 Hz and 55 dB at

240 and 360 Hz. A 13 dB increase of these values is now suggested. Thus,
when designing a room to contain a 53 dBA NEMA-rated transformer, the follow-

ing assumed sound pressure levels would be considered: 1

at 120 Hz 63 dB _

2_0 Hz 68 dB

360Hz 68dB _
hg0 Hz 63 dB

No_e that these values are numerically i0 and 15 dB, respectively, above the

NEMA rating of 53 dBA.

When converting the 63 dBand 68 dB discrete frequency components into the _I

octave frequency bands used in this work, the 120, 2hOand _80 Ha components

clearly fall into the 125, 250 and 500 HZ octave bands, and the 360 Ha band
falls Just at the cross-over between the 240 and _80 HS octave bands. Hence,
the 360 Hz signal is assumed to be shared equally between the two octave

90 "_
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[ _ bands. This distribution then leads to the following octave band sound
' {_J pressure levels:
[

_ 125HZband63dB

I 250 HZ band 70 dB
U

500 HZ band 67 dB _.

_; These values are now seen to be iS, 17 and ik dB, respectively, above the ,

........ _ 53 dBA NENA rating. In this an_-!ynis it is aez,u_ed that approximately these
same differences would apply for any transformer installed indoors. In
Figure T-l, these data points are plotted in such a way that the estimated

,_ sound pressure level can be determined for any transformer, provided its
_ NEMA sound level rating is known. For example, if a transformer had a NEMA

i;
_ sound level of 70 dBA, its sound pressure levels would be estimated to beU

80dB isthe125Hsbaed,
U 87 dB in the 250 HZ band, and

8h dB in the 500 HZ band
!i

_: Below and above these three frequency bands, the noise is taken to drop off

,: at the rate of 5 dB per octave.

{ Tables T-I and T-2 su_unarize some of the sound level data from the NEMA
{ Standards Publication No. TRI-1968, Table T-I gives a somewhat abbreviated
_! version of NEMA data for dry-type transformers and Table T-2 gives a very

['_I abbreviated version of data for oil-immersed transformers. The data given in?
these tables are offered here only to provide a general view of the overall

!_ sype of information given in the NEMA publication. The data in Tables T-I

_il_ and T-2 are lacking many of the technical qualifications contained in the NEMA!] standard. Do not use Tables T-I and T-2 to determine specific sound level
" ratings for specific transformers! Instead, refer to the actual Applicable

NEMA Standard for the appropriate NEMA ratings. However, once that rating

has been determined, it is believed tha application of the Figure
T-I ad-

Justmenns will provide approximately the maximum sound pressure levels re-

quired for designing the transformer room, The data of Figure T-I are
tabulated in Table T-3, and this estimation procedure is proposed for use in

_ theManual,

il_ There sa.e a few points to keep in mind in the application of this procedure.
z i. Where a manufacturer is willing to guarantee that his product

"_
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will produce a lower sound level rating than the otherwlse-

applicable NE_ rating, the manufacturer's sound level value
(the average dBA reading taken at 1 ft distance in accordance ,J
with the NEMAmethod) may be used as the value of "N" when
entering Table T-3 or Figure T-I.

2. The purchase specification should state that the sound level _I

of the purchased transformer shall not exceed the applicable
NEMA sound level rating, and shall be removed if it does not

i comply.
L)

3. Although the procedure developed here is based on transformer
noise rather than cooling fan noise, it is believed that the

envelope of the noise curve of Figure T-I will protect against
a reasonable amount of fan noise for any large forced-air cooled

transformer. One form of this protection is the addition of
i0 dB to the estimate in order to cover possible Branding wave I-i
build-up of the transformer frequencies. Fan noise would not

likely have such a large standing wave effect, if indeed any
effect at all. In a somewhat similar manner, if the original IJ
NEMA ratings were largely influenced by fun noise (in this case

measured at a 6-ft distance, instead of a l-ft distance), the
combination of adjustments will still give adequate coverage, _J
since broad-band fan noise would not be subject to standing

m_

wave build-up to the name extent as is possible for transformer

frequencies. _]

_. The procedure outlined here has not been tested against specific
ease histories, so it must be considered somewhat hypothetical.
The values and the suppositione are all reasonable, however. Many

transformers are quieter than the NEMA standard, many transformers
do not produce unusally high 240, 360 aed _80 Hz noise components, A|

and for many installations there will be no standing wave build-up, _|
so this procedure will appear to yield high sound pressure levels

m_

when tested against many existing situations. As implied at the

outset, however, this procedure is designed to protect a room _I
against the marginally "noisy" transformer in which each of these

effects may be somewhat pronounced.

r
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::!!_ Designerscan now anticipatehow 10-much noisewill comefromthe more

.-°,,i noiserpiecesof equipmentin 8.
an HPI plant

,_
: ;;[ Irving Heltnor 6' -I,0

). .-_T|fe-M. W. Kellogg Co., New Yorkj N.¥, SPLI- SPL2
!:_-" Nozs_lsl_zcoMtNolncreasinglyimportantas_re_ultof - SPLsuM- SPL'
"; " (SPLI-> SPLz) 4']egMation, insurance requirements, community reaction

[_. and union rcgubltions. This report will help you obtainan estimate of expected noise levels so that adequate funds

r,i andlevels.deslgncan be provided to e.nsure satisfactory noise 2, ,2,0
=

i THE NATURE OF NOISE

Noise is defined as unwanted sound. Sound as a vibra- 0- -3,0

i! tion is characterized by frequency and amplitude. Tile
following describes some of tim ways noise is measured.

Rg. a--To add noisefrom two sources.
Frequency Oand. Some noise sources emlt a single
frequency but most arc broad band, Thus bands are
used to describe die noise frequency. These bands are

generally octaves so that the upper frequency band is used in the United States. Outside of the United States
double the next lower frequency band, The frequency the International Organization for Standardization (ISO)
bands shown in tb_ first column of Table 1 arc comrrtonly preferred frequencies are used. These preferred frequen.

elcs are the geometrical center frequencies of tim band
TA6tE1--Frequency0andl and are also given in Table 1, The ISO preferred fro.

u.8. FIIF:0.BAND I.S,O.IlltEO,UAND quencies are already in use in the United States.

_tean,Ge°m'J[;¢ (]oo_1,oi,na.a,Meaatlz Decibels, The strength of a nohe source is expressed in

t i_ terms of the acoustical power it emits. Because of the'¢ 20,r/s 40 31,5
• _ very wide range of acoustical powers measured it is cus-

I a 75/_ t]_ i_
: s_o/aoa sl _ ternary to use a log scal_, 1.c.,

#100/1._00 7_ I.ono_.ot)O
1,=m/a,4oo z,7 4.c¢_ decibels,dbs : 10 logl0(mcasurcd/rderenc¢)_,4_)/4 DO 3,4(_J

I_.] _ _,_0o/l_c_ . o.o_o u.0oo. . or PWL : 10 log_ (W/|_",) (1)

_ecernBer 1968_ VoL ,f7= No. 12 ' '_"' " r, ,,., 67....... ...................................... .....---.................................



HOW TO ESTIMATE RANT NOISES . .. caseS isproportionalto r_where r isthe distancefrom
thesourceto tileareareceivingtileradiation,Thus |

where

PWL = logarithmicunitofacousticalpower,dbs A(SPL) == 20 log(r../n)

IV"= acousticalpower,watts ora doublingofdistancedecreasestileSPL by 6 decibels.

ll_= referencepowcrjI0-zswatts In filehnmediatevichdtyof a noisesourcecalledthe

(Sometuse li_= I0-n watts) "nearfield"tldsreladonsldpdoesnothold,]_fe_urementsshow dmt

Itisnot convcldentto measure acousticalpower but
itiscomparativelyeasyto measureacousticalroot-mean° A(SPL) = _.log(r../n) _.I
tKlttaropressure,It can be shown_ thatsound power is where K mR)'be fiand increaseto 20 n_ r_ becomes a

i proportional to tim square of sound pressure. Thus larger nm]tiple of file pbyslcaI size of the source: _'|_ ,SPL _=20 log*0 (P/P_) (fl) Noise in Enclosures. There are many areas in processing ,
plants filet }lave considerable reflection and some, such

where as pipe rocks and compressor shacks, am essentiMIy large :IllSPL = sound pressure level, dbs enclosures. It can be shown' that Equadon 3 can be ex-
P = rms pressure_ dynes/sq, cm. tended to give

P,= referencepressure,0,0002dynes/sq,c,n, [0 4\ I_

Nolle Addition. To obtain the sum of a number of SPL = PIlL + I0 log _r_ + _] (4) _t

sources tlle logarithmic basis for defining decibels must Q = antilog [(SPLo - SPL_,s)/IO J (5)
be considered. Tile energy of tbe total noise is tile sum of

the individual energy murces. Time S_
W0_= rV't+ W:+.,. R= (l -_) (g)

This is equivalent to _ = _d ad,/_ SI (7) 12_

p,.mt = PI' + P_ + "" wllere _'1

Since SPLo = SPL at angle 0 :

SPLI._== 10 log (P_,m_/Pa=) SPLa_ = space average SPL le._'

and _ '= average absorption coefficient :

SPLt = l0 log (PI1/P, =) _r¢= absorption coefficient for element 6"t .

then SI = clemcnt of area; _'-Sf _ S, total area -""'_l

SPL_um = 10 log [antilog (SPLfflO) + Note flint the 0,5 ten, of Equadon fl bits been neglected. I':
antflog (SP_/IO) + . .. ] Tile tern1 [2 allows for any unequal radiation in different i

A convenient method for obtaining the sum of two disecdom, Some dlrectlvity corrections will be given later. "'_<
noise sourcess is possible with the scales given in Piff. 1. The tcnn 4/R accounts for tile reflected noiso when eqtd-
Repeated addidon of pairs can be used for adding any llbrlum is established. Tile vahto of at varies from 0 to I
number of source_, and may be taken as 0.0g for steel and concrete, and 1,0 :

For example_ adding two noise sources of equal inten- for empty space.
shy Increases the level by 3 decibels. If one noise source is _" i

10 decibels greater than a second the total level is rein-

tively unehrmged by adding the smaller noise source to The Source of Noisethe larger. .._

NoI,o Radiation. The ,9PL on a surface receiving noise Noise production in lrydrocarbon plants may be divided ,r _

radiation can be related to dm PIVL of the noise source into tim following categories. First, tbe effect of gas _/]
as follows: a streams on stationat_, alr--vents and air intakes. Second,

the effect of moving fiuids on confining metal surfaces-- !.....,

SPL = PI,I:L -- 10 log (S/So) + 0.5 (3) control valves and pipe lines. Third, tim effect of moving _}_
where metal surfaces on stationary or flowing flulds--fans, td_

SPL = decibels relative to 0.0002 dynes/sq, em. pmnp% compressors, Finally, tile effect of periodically con- (

PWL = decibels relative to 10-u watts taedng metal surfaces--gearing. "_[_,i

8. = unit area. one sq. ft. Vont.. The noise generated by tim action of gas flow _a_

S = total surface receiving noise, sq. ft. into tim atmosphere will be considered first since vents t i
generally constitute major noise sources. Defining .lI, tile 11 '

For a nohe source in free space and a receiving point free Math number of tile jet as tile exit velocity divided by

of reflecting surfaces we have spherical radiation and S = the speed of sound in the surrounding atmosphere, tbere ¢_
4-trrL A receiving point near the ground is approximated are the following.three classifications:

b), hemispherical radlatlon for whidl S = 2_r#. In either First, subsonic (M < 1) for wldeh the total aeoustieM ll[_

68 ._ - " Hvn_oc^l_nn_ ffl_O_sslt_ i:__
..... 24



power is proportlonal to V". Second supersonlc (M'> I) to-

where the acoustical power Js proportional to V to some |(

r_ power less tbnn 8. Finally, choked flow where the gas _-.to'=reaches its sonic velocity and when: its pressure is reduced
to atmospherle hy a shock or series of shocks. _ 1o-_

i _ Aerodyn,'mqic nolse was investigated by _f. J, Ligbthill,' _ P'/P,I(II_'-L_J///p)(Iwho showed that the total acoustical power generated by g t0"_

i' a subsonic jet may be given by: _ ,0"=

'ff /
;v, = K. ,_' (g) _Lo-_ /

-' and t_. = _ ll'a (9) 0.2 o_ OGOOi2 8 Io_MtCHNUMBER,M

_iJ!'im Since F/_. 2--Acoustical efflctencosfor Jets.'

, rI% = py;d_/8 (to)

,be.o(g/.> : (ll> .o
gwl_ere I0"t

W. = acomdcal power _
A'. = acoustical prover coefl_eient _" 10"3 /tlJ

p_ =_ density of flowhlg gas _ 10"4p, = density of atmosphere
IO'Q

V = jetexit velocity

t'_ d = Jet nozzle diameter _ IO"
L_
: e° = sound velocityin atmosphere PaESSURERATIO,PI/Pe

910

: acoustical efficiency

IV,,= mechanical prover 3--Choked exhlbRshock formation.'
Fig. lets

M = Maehnumber, V/G

_1 Experimental results and Lighthill's annl)_is" have tivity pattsm depends on tile frequency of the emittedshown for subsonic jets that _ is of tlle order of I0 -_ M _ noise but only corrections for tile over-all SPL will be
_! and is proportional to I_/p_ and (T_/T,} _ where T_ is noted herein. For non.choked vents the corrections= to be

•" the absolute temperature of the jet and To is tile absolute applied to the avenge over-all SPL to obtMn tim over-all
1_1bl temperature of the atmospbero. In extending Equation 9 SPL in free space at the given angle arc gb,en in Table 2.

_l _ v For choked jets the noise contributed by tile shock for-; "a to supe_onlc jets there is evidence flint the total acous-
tical power is proportional to W' with tl decreeing with matlon produces strong radiation normal to tbe jet. ° For
increasing M. Further, as M increases the neouslical these jets tbe correction _a to be applied to the over-all

ii ;I power becomes pmportlonal to p*, instead of h*=. The space average SPL can be taken from tile last column of
_i.!_ temperature correction deceases and eventually _ becontes Table 2.

constant independent of .4/. These variations giving nevus- Tile corrections for choked jets apply to the total noise,

_i1__ tical cfficlencies for both subsonic and supersonic jets are both turbulent and shock. As noted previously, dlrectivity
', shown in Fig. 2. corrections will differ for different frequencies and will

differ from the over.all corrections given. /-lowever, an
Clinked Jets. A typlcal jet is cone shaped (angle about individual band correction is not warranted for dds sort of

','l, 16 degrees) and extends about 17 to 20 dlameters t whh estimatc.

:[i idgldy turbulent boundary which is the source of the bigbly reflective environment such as exists ata In a
observed noise. Choked jots in addition to this turbulent grade in tbe average chemical plant, the above corrections

i: boundary noim form a cellular structure t as a result of will not be measured. The corrections given enable one
"1_ shock formatlon_ which structure is an additional intense
h source of noise. The acoustical efficiencles shown in Fig. 3

: are used to calculate the noise produced by this phe- tAlttl 2_Olracfenal Corr_tltsn=tar Jwt_
nomenon, whldl nolsc is in addition to the turbulent Sl*_CoItnEG_tON.DBS

,:I< boundary noise as calculated from tile aeoustlcal effl- Anglo_romJet Asia.Degrcua Non.Ohokc_d Qmk_J
ciency given in Fig. 2 ('¢ V < 10"a). o......................... n - a

i Directional Corrcctimt. tlavlng obtained tim acoustical _0........ :::::::::::::::::::::::::::60,,,,.*.*,,,,...,....*

I power in watts the PIVL is obtained from Equation 1 and so .. ' .......... - -

tbe SPL from Equation _. Tile SPL.thus calculated is the _o2°.............. . ::.....:._. ................. -ls-tz -- _
I apace average SPL and should be cdrrceted for tile anglo _e0 . -_ - s

axts to the point of measurenlent. Tile dn'ee- --......from the jet ' _o............. :2....... _:.....::: -It -10
t f'
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1

.ow.o p ,N,.oisEg To los,ti,rougEt.ov v°wallo..o
is made to the results of studies of waves in soIid strue- ,-
lures, chiefly panels? Tile following is recommended to i
estimate the transmission loss tbrough a pipe walh t

-tO / N. TL = 17 log (m D - 36 (13)

--20 / _ where i iITL = transrnission loss, dbs (TL >_ O)

\ m = welgits of pipe wall, lb,/sq, ft. _ :*

f = frequency, cycles per second, tfz * '_
"401/321/,6I/0 [/4 I/2 I 2 4 8 16 32 64

ffl° This formula is intended as a conservative approximate :."_l_
answer to a complex problem? It assumes adequate strue- ; _
tural rigidity and thus for large diameter, thin-walled, in-

Fig. 4_Nolse spectrumfor Jets, adequately supported lines tile loss may be less than given ;
above. Y"

A frequency estimate is required to solve Equation 13. i i :
to calculate Q. in Equation .} and then to estimate or e.'d. Eased on calculated single port diameter and calculated
culate the 4/R tenn. From tht'_e caicai,du,s d,e ..:_- slngle port velocity a peak Irequeney can he obtained
sured noise can he estimated, using _ Strouhal number of 0.5. This frequency is used in t -.

Nolle Spcctllln|, To check conformity with plant noise Equation 13 to estimate the over-all transmission loss.
specifications an estimate of the SPL in the different fre- Sine° tile tranmdssioa lass is greater in the higimr fre- ,_
quency bands is required. For a jet a typical plot _ of quencles the spectrum of control valve noise wlH shift to i
noise intensity versus frequency is shown in Fig..L Ta lower frequencies external to the valve. Here the peak i.
_fimata/o_ the frequency of maxlmum noise produedon_ frequency is esth_ated on the basis of a Strouhal number !

a dimensionless number, the peak Strouhai numberj No. of 0.2 using port size and velocity and the spectrum is _ [is used: obtained from Fig. ,L The transmission loss could be cal-
culated on an octave by octave basis hut tile meehanlsm *.- I

,Iv', =, f_/V does not warrant tills refinement. Furtber, no dlrecdvlty 'q

corrections are made. i [_
The value of N, is gallerally taken: as 0.2. The SPI.. _,.

in the octave conhalning/, is taken .as 5 decibels less than. Pipe Lines For Gases. Tim noise produced by long large
tile over-all SPL and the $PL. in the remaining octaves high vdoeity gas lines can be of importance. Again it is
am estimated from Fig. 4. For dmked jets the sbock noise nsdul to use the mechanism of a mechanical power source _-
pardon of tim total noi_e will have a Stmuhai number and .an acoustical efficiency even though the mechanism *.,',
which is dependent on tbe pressure upstremn of the shock_ used for vents is not direcdy applicable since there is no
but for most estimates it suffices to use Equation 12 fat' jet. Nevertheless, as friction drop can he expressed in _-j i'

choked flow. terms of velocity head, a posslbl° medmnism is to comlder _j_
Steam Vents. It is a common plant observation that tbis drop as the source of mechanical power. Th_ acous-

steam vents are especially noisy, posdhly as a result of tical efficiency would be calculated on tile basis of the

eventual condensation in the atmosphere. There are few llne velocity and dlameter .as weft as the gas density and JItheoretical or experimental invcsdgations of steam jets." temperanlre. Thus we would have _.

On the basis of personal measurments it is recommended 10"_/ WT.flAL). !dtat the SPL for steam vents as estimated by methods SPL = 10 Iog( _ -- (TL) (14 I ";\ 4- a'r' /
noted previously be inere_ed by 3 decibles if _1< .005.

lit= = 1.36 (AP/L) 0rd_/4)V
Control V4alvo Nol:o, Tile important problem of con- ..:-
trol valve noise for gas flow bas bee,, d,e subject of little where -_

theoretical or experlmental investigation. One mechanism q = acoustical etfieieney, Fig. 2
t,,i

considers the control waive as forming a jet whictx is con-
fined by the pipe wall and then applies the previously W= = mechanical power, watts/ft, of length _.
noted vent formulas, a= Tbere is disagreement as to d_e AL = differential pipe length, ft. _

validity of this meehanlsm:: hut it has proved useful r = paint of measurement distance teAL m_

for estimates. TL = transmission loss: dbs I '

Gomiderlng the valve _ slngi_ seated, calculate the AP = total pressure drop, incl, fitdngs and valves
port dimneter, velocity and gas density under operating Ib./_, ft,conditions, l¢l_m vcloelty, pressure and temperature file a,
aeousdcal efffieieneies for subsonic and eboked flow can be L = total length of pipe, ft. l
estimated. Multiplying Equation 10 hy the acoustical V = average line velocity, ft./see.

efficiency and using Equadon 2 gives the PWL. Tbe $PL d ffi pipe dlametei'_ ft.
ill calculated by caleuladng tim loss dlrough tim valve
wall and applying a correction for distance. The Strouhal number for calculating the TL is taken I
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as0.5;externaltotheplpe_itistakenas0.2.Equatlon14 and _ coelTicicntof 20,insteadof 22,isuscdforthe last
requiresintegration.For an hlfinitellne,use termof Equation17.

(_) Tileresuffis flmSPL .attheinsideof thecontrolvalvei SPL -- IO log -- (TL) 05) and must be correctedbodl for distance from and trans-
! mlss[onlossthrough tilevalve wallA Strouhalnumber of

-" where 0.05basedon portdlamcterand ve]ocltycan he usedto. r = perpendiculardistancefrom the observerto the calctdatetilewMl lossand die spectrumexternalto the
" _ pipe wail. pipe can be approximated similar 1o that for g_ flow.

ii_,l Tile model being imperfect requires correction, For Tile noise produced by liquid flow h| pipes can generally
gases whose density is approximately flint of the .-mlbient be neglected. If all esdnlate is required an acoustlc effl-

, '* air it underestbnates tile noise level by 2 to ,t decibels, For elcncy of 6 x I0 "_ F"o'N_can be used with the nleehanical
high density gases (about 30 times that for atmosphcde source taken as tile fi'ictlon drop,

'_'_ air) it overestimates the noise level by 2 tl, 4 dccibeb, For
"_,d vacuum lines tile mechanism is completely inoperative. Rotatlno Blades. The action of rotating so]kl members

For high vacuum systems calculations show tile mcehan- in produchlg noise is second in importance only to jet
ical power in both the friction anti in dm velocity head are noise. Tile subject is complex slnee there are several noise
insufficient to account for tile aeousdcal levels measured, sources_: thickness noise (blade thickness), thnlst noise_

I_._ But it has been observed that the following term wilt give vortex sheddhlg noise, wake noise and noise generated by
resuhs consistent whh measured values: the interaction with solid stationary surfaces. In general

- d'.e PII/L gene_ted is v. functlon cf a t)_ical vcloclt-t to

IV., = 1.36 (p/2g) (1:,d_/4) F a (16) a ]dgh (5 to 10) and the generated is
power spectrum

where p is dm density of atnmspl|erie air in Ib/en ft and g ganemlly a function of the rotating speed.
m. Is tile gravitation constant. Tlds medlanism would suggest Fan ilo_se call be estimated by tile following formula

it dlat tbe atmosphere fnmishes tile power for the noise in which is based on reported propeller noise data?
, i

_¢ vacuum lines,
PIIIL = 116.5 + 0,027 U -[- I0 log (HP/25 B) Ln

Pips thin For tlqulds, llecaum of lower velocities, noise + 10 log (B/3) (10)from control valves and pipe lines carrying liqtdds are of where
lower intensity and frequency compared to lines carrying U -- tip speed, ft./see. (I00 < U < 700)

':" gases. Control valve noise for lines earryblg water may be HP _ horsepower
approximated to by

,£_ B -- number of blades
t SPL = 38.5 log V + 53 -- 22 log (d_l,/d_,f) (17) ".['he principal frequency with the greatest noise power is

i[_[_| where estimated Iry
,:_|]] SPL == sotmd pressure level at pipe wall

' k' ----fluid velocity at valve port, ft./sec, fo = B (RPM)/60
The octave containing this frequency has a noise power

,,,_ We can cheek Equation 17 against tile previous mocha- of ohout 3 dbs less than die over-alI noise level, q'he noise

"_ nism proposed for flow through pipes by starting with power decreases about 8 dbs per octave for frequeneles
Equation 3 as follows: below tim pdnclpal frequency and decreases ah_ut 4 dhs

_| SPL == PWL -- I0 Iog S per octave for frequencies above tile principal frequency.
) where All' coolers can be estbnated by nslng Equation 18. To

:./ select fans for ndnlmum noise, apply tile fan equations
S =m 4lrt t of

Also ' q _: D_UB
PWL = lOlog 4rr P ¢_ U1

.¢

:";| Applying Equation 16 for IF,. and sepamgng terms gives HP ¢¢ QP

1.06p ¢rd_ # q = air volumt_ per unit dine] wboro
i! where D ,= blade diameterP -- static pressure

d = port diameter, ft. Another source t gives the following:

F" ,= fluid velocity through porb ft./see,

: p = water density. 02.4 lb./cu, ft. PWL = 100 + I0 log lIP (19)

j' , r =t distance to part; i.e., dpiv,/2, ft. with a correction added of 10 log P when P exceeds unity

g = gravitational constanh 32.2 as measured in inches of water,This will give units equal to Equation 17 if For cooling towers, Koppers Co., Inc, gives the follow-
ing procedure:

l_jl_Li'_ rt == 6x IO"4Vo's= Stepl. Compute over-all acoustlcat power by
1
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HOW TO ESTIMATEPLANT NOISES . . . and unsteady flow over tile vanes. For reelprocadng com-
pressors the source is tnrbulcnce_ pressure fluctuatlon and _.

TAdBU_b--Coolln9TowerNoise¢orractJonl non-unlforgn mecbanlcal operation.
DIRI;CTIVITV COttRECTION, DIIS For centrifugal compressorstile fo][owlng formld_, are

roe out et at Given A.l_le from -- I'ccomlT_ended:t

O¢lt_tzve+ O©tuve lla._ Vert _l liar
_*o_'ru¢| [oMI |tl.

m,* -_'l IP 6o° _o" t_" ts0* I_ PIFL = 20 log tip + fll -k 50 log (U/fl00) (2I)
-- ---- d.

3rJ_7_t_ ~- ,__ :_ o° :_ " _ : _ -o-_ S i with the readlng being taken at the exit piping.
fl0 I]_1 --lO --11 --14 --14 The frequency of lnaxinlHnl noise production is taken

--]2 --1_ --ltl
l._00 _,*100 --17 _13 --18 _lS as I
2_400 4.8U0 --21 .fi --5 _14 --20 --20
4,8_ g,600 --2S ._ --_ -14 --_11 --_1

.f. = 1.2su (22) ,.
Tile SPL in tile octave range containing [o is taken ,as 4 i

PWL = 105 q- 10 log HP (20) deelbels less than tile over-all SPL and the slope is taken
Step 2. Apply octave band correction as shown in one as 3 decibels per octave above and below tile maximum

of tile columns of Table 3 for propeller fans. noise octave,
Step 3. Compute fan frequency by In ealculathlg tile SPY., using Equation 21, allowa_lce _ J

must he made for tile transmission loss througl_ the pipe
f. --- B (RP._)/50 w.l itt tile exit p 11g { I

and add 5 dbs for tile octave containing this frequency. For axial colnpre_ssors_the following is a procedure* for t;.,
Step 4. Apply dir0efivity corrections as shown in Table estimating noise: I

g which are based on a cooling tower baying a 64-square _ '

foot outlet, Over-all PITL = 76 + 20 log HP (23) i i i

tdotor=. Sources of noise in electric motors are mEchan- '/'he frequency of maximum noise output is the second

ieal (bearings and rotors), aerodyaamlc, and magnetic, barmonie, or _-
For fan cooled motors tile major noise source is tile fan ,
and preccedlng formulas may be used to estimate tile f. = 2 B (RPM)/60 (24) '-'

nolsc level, Induction motor design allows 100 to 150 The specmlm is ohtalned from tile followblg equations: _
cubic feet per minute of cooling air per kilowatt of loss For tbe 37.5-75 Hz octave
wbJeh varies from 10 percent for motors about 10 bp to =,_

6 p0reent for motors exceeding 1,000 bp? PWL _ f15 -t- 10 log liP (25) '_

Uniquestionably the most accurate way to obtain motor _]
noise is from mamffaeturEr's data. Motor noise levels are For tile 300.600 IIz octave

a function of horsepower, speed and type of construction,
Table 4, is a condensation of one manufacturer's noise PWL = 80 + 13.5 log tIP (26) i

levels giving maximum SPL at 3 feet from the motor, For the octave eontakdng [o _"
Totally enclosed fan-coolEd motors give levels 2 to 3 L.

dbs above those for weather protected motors. SpEcial PIVL = 74 + 20log LIP (_7)
enele:u:'e= for Idgher horsepmver motors can reduce the
noise levels significantly. For the octave eontabdng [_ _':_'

i
Comprossorl. Modem bydrocarbon processing plants PWL = 80 q- 13,5 log [1P (21]) ,
frequently have large compressor installations wldeb are _,*,
major noise producers, For centrifugal and ,axial flow tom- wb0re
pressom the noise sources are tnrbulence, separated flow fn = fo_/.lOO (:£9)

TABLE4_Approxlmato Nolso tovols for Eloctrl¢ Motors Is

5PL FOR GWI!N OCTAVF.

tlorlull0Wer Elll:hsluru* _ltI M 37•5--75 7_--150 t_0--300 300.,,,-600 600--1,200 1,200--2,400 3,411tt-.q,S0O 4,BiI0--9,¢_00

20 TO _) ........ TEFC _ 600 72 72 7_ 81 86 8?, 78 70 I
..... TEitC LS00 67 ilS 70 75 715 . 70 ti4 fi8

fltl TO 100,, , , * *, TE[;O 3,600 7[I 78 83 _ fill 87 ,'_J 7,i
4i0To I_.** .... I'EIIC ],flU0 7'_ fill 7fl 71) 81 77 70 _t[ •

I._lo._,,,,*,, TliFC 8_
12/I TO _SO....,,. TEI/C 74 71 79 _] 8S
30_ To _I0. ...... WP 3'.6_ 75 7U8-3 87 gO _ _S f14 80 72
:lO(ITo _O0 ....... z*Vp 1,_00 _EI 83 7_ 7/i 70 fill f12 _l)

{_] TO l.fiO0 ..... "_VI' I.SDO 83 84 fit _4 8*5 8._1 77 74
,.Trio To 2.'00 ..... 'V" .'l._0fl 88 ,, OS 82 80 ,,, 89 83 .:
1,7_0 Ta _,/_K) ..... WP 1.800 88 8_ 1_ 81 8S 00 87 77 ;.J•_.f_O TO 4,flO0..... WP .'I.0C_ I)1 114 S7 83 Sg 112 I}2 _l_
3,000 To 4,00_ ..... WP I,_ tl0 9! 93 80 S7 1_9 94 90 8_

• En¢lot,re TyDel i
T_:trO--Iot _1[_ enclosed fancied,
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_. To plot tim total spectrum, the SPL for tile 37.5-75 Hz Casing transmission loss is included in the foregoing,, octave is connected to the SPL for tile 300-600 I-Iz octave equations,

by _. stralght llne. A smooth curvo is drawn through the The noise spectrum for pumps is flat and as a rough
SpL values for the 300,600 Hz oetav_ the octave contain- estimate for pumps below 500 hp one may take an equal
ing f,, and tile octave containing [h. Beyond tile ]h octave, noise level in each of the octav_ between 150 and 2,400
tile slope is continued as a straight llne. Hz (7 dbs below the over-all) with a decrease of g dbs

For reciprocating compressors the followblg equation per octave above and below this region. For pumps 500
can bt: used as a rough approxhnadon in the absence of hp and above tile SPL in the octaves 150 to 300, 300 to
published data, 600 and fi00 to 1,200 may be taken as 5 dbs below tile t

over-all wkb a decrease of 6 dbs per octave above and
Over-all P|I"L = 115 -{- 10 log IIP (30) below this region, !

Tim fimdamenu-d fi_queney of tbe macldne is calcu- Furnacas, Furnace noise represents a combination of sev-
luted and tile PIVL [n that octave is taken _ 4 decibels eral noise producing mechanisms: firs h tim noise produced i

_..: less than the over-all. The levels in higher and lower oc- by the entering fuel gas wldeh represents a critical drop ;
taves decrease by g deelbds per octave. 4 Tile reading is at if above 1.5psig; second, tile noise produced by the intake
the compressor and a correction must he made for the of primary and secondary air; ddrd, the noise produced

; casing Io_s. At dlstmtses close to tile compressor tile sur- by tile combustion process,
-: face for computing tile 8PL sllould be similar to tile corn- To calculate the fuel g,'_ noise the procedure for estl- i

J_-- presser exterior, mating control valve noise is used. For burners having a ;

Li Idgh fuel gas pressure tiffs is the dominant noise _urce, !Turbinol, Turbines, both gas and steam, are major For burners using fuel oil this noise source is negligible.
sources of noise in process plants but have reeek,ed little Low pressure drop flow into a fi,nlace is calculated as a

attentlol!, in published literature. Tile following empirical vent.equations from limited data are offered for estimating To calculate the noise 3 feet from the burners and pro-
turbine noise levels, duced by tile flow of primary and secondary air the fol-

SPL _- 58 4- 10 log tip (311 lowing formulas are recommended,

SPL _ 112 -_ i01og 0 (32) SPL = 10log l`".4+ 101o[_ GL7 -- 15 (36_

where G Steam flow, Ibs,/see.
PIP'L = 10 log V t'4 -]- 10 log G 1'7-{- 6 (371

: _'_.j_l Tile SPL for above eqttations are S ft'et from turbine cas. where

.iLl ing. V = air velocity through register, ft,/see,
! ; For ealeuladolls involving enclosures where the PIFL is

_|L ! required the foilowlng equation has been found useful G = air flow, Ib./nfin.

:1_2_ PWL = 109 + lOIog G (33) To estimate the octave of maximum noise a Stmuhal
number of one is used, i,e.,

:_ and wilere a transmission lost through tile eashlg (esd-
_i1 mated _ 28 dbs) tam been included. /_/V _ I

To estimate d_e spectrum of turbine noise a rough rule where d is the smallest dimension of tile air opening,
i _ is to select the octave ofma.xknum noise production as Tim SPL in tlds octave is taken as3 dbs below the over-

p_'l_| I_200 to 2;/00 I-Iz for turbines operating bdow 9,000 rpm, all with a slope of 5 dbs per octave above ;rod below
;[f_ and the 2,400 to djli0O octave for turbines operating the octave of maximum noise production.
-: ahovv 9,000 rpm, The SPL in the maximum frequency Burner noise lnust be estimated octave by octave since

!! I'q octave may be taken as ¢ decibels below tile over.all SPL tile fuel gas noise is high frequency noise and tbe air in-

with a slope of 3 dedhch per octave above and below take noise is low frequency, Ilaving obtalned tile noise for
L,_ tile maximum frequency octave, tile indivklual burner, tile furnace noise is obtained by

summing the noise of all tile burners.

'_.: | PUmp_h The low horsepower of pumps makes thenl in-
i dividually minor nohu _ourccs hut colleet;ve_ riley serve Combustion noise is not as significant as that produced

to raise die general ndse level of tile plant, I_\l_e absence by air and gas flow. A complete analysis is given in die

i based on limited data are presented .as rough _ides.
of published data on pump noise tile followil_}_formulas literature, lr As a condensadan of tllis analysis we may use

! 11r = 1055_ GH (gg)

l, SPL -- 71 + 10 log HP_t [1 -- (E/2)I (24) where

_ where IIr = acoustical power, watts

'[ HPIt _ffihydrauilchorsepower _ = acoustical eMcicney_ use l0 -6
E = pump etfideney G = flow rate_ lb./see,

SPL == sound power level 3 ft, fl'om pump H _ffiheatin_ value, Btuilb,

A rough approximation for tile PIP'L of noise in an ca- The octave of maximum noise production may be esd-
closed area is mated as g00 to 600 Hz and tile SPL in this octave may

_. be taken a 3 dbs below the over-all with a slope of 6 dbs
i PWL = 97 + lOlogltPH [1 - (E/2)l (35) per octave above and below this octave.
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HOW TO ESTIMATEPLANTNOISES . . .

TAmLE 5--_alltornM Noise Coal/hi lulity Ordl_ TABL! 6_NatJo Atlanuutla_ In Air

I AI r _,blot IIIoB IOcm_'a, IIz dtml ,coo II,

_rluq* nxind_ |l& Oclata I_aRd SPL, db| J_ I

........................... _ no _r.sm, ...................................
7/I/150 .......... _ .......... ]fl_ 7S/15U .................................

l_o/a00., ....... ,...,,., ,,..,,, .......... 07 )_)/300 ............. , ....................

. ,KOO/ _._4)0................................ O_ 4.800/g Jinx,................................. i1_ !

300/6C4) .............. ........ ............ 95 3tl016Cll ........................ *. ** ......
II00/LgO0 , . ........... . ................... D8 _00/I 200 ....................... ***... * ...

I 200/'2,4 flO , 05 1,dO_/J.400 ......................... ,,.,. *..
2 4t10/4 I_00. . Off 2.4tO/4 ./tlX}. *.......................... * *. *.

Mocllanlca[ Nolso, Under thls cI_s[fieation is blcluded * Longer exposure tlme lowers permissible noise levels.

noise generated by the contact of metafiie surfaces and • Higber frecluencies lower permissible noise levels, _=_'[

tbe vibmtlon of pipes and structures, The magnitude of • The specifications are intended to avoid bearing It
t

thest_ noise producers is essentially a bract[on of nlechan- damage, Speech interference or psycbological effects

teal design. Careful machlnlng, adequate plate tldckness arc not considered, p.a
and proper supports can lower tbe_e noise sources to levels

below those previously considered, Becauu_ of this de- • Tbe wording is legal, Tile failure of an elnploye to I

pendenee upon factors outside of tim mechanical energy wear bearing protectors may not relieve the employer

available fur tmnsfonmttlon h,to acoustical energy no of responsibility for empIoye Ilearln_" loss and may ... !

attempt will be made to estimate their magnltndes by not bar an emplol'e from receiving workman's ecru- i I iformal means, We cannot, however_ fail to consider gear- pensation. Incleed, insurance and design specifications |

ing. Larger gear boxes in compresor trains can be de- make no reference to bearing protectors, _ [

signed by special order for quiet operation. However_ for

tlle usual proee_ plant installations field measurements Noho and tim Almolphoro. For noise radiation to dis-
indicate readlngs in floe vicinity of gear boxes are gener- tent points one should include dm effect of atmospheric !
ally 2 to 3 decibels higher than tile readings taken at tile attenuation, One audlority t_ gives attenuations in units _ I
driver or compressor, of deeibels per 1,000 feet as slmwn in Table 6. __

Wind and temperature gradients are unimportant i.]!
whbin tbe plant but for coramunities at a distance they
can increase tile expected noise levels. These effects are i

rliN i Sp ifi fi d  cussed.,fl,e,.e ture'0 Se eC ca O/'_S Ground Rofloction. In plant measuren,ents the effect of lJ

ground reflection is of importance. For endured areas tids _t_
The procedures presented herein have been applied will be considered in the evaluation of the room constant. leL

with sucres in e_timatlng generated noise levels of Iwdro- For open areas near tile ground one melhod is to con-
carbon proeesslng plants. The estimates have provided a sider tile soulld propogatlon ,as hemispherical (i.e.. S = t

basis for required silendng to meet specifications, 2err_) wldcll is equlvalent to an increase of 3 decibels over |'_'
Typical of noise specifications is tbe following excerpt mcliatlon in flee space, _' |i

from the California Noise Control Safety Orders: t

"If an emplot'e is exposed to noise for fl'.'e or more LITI!ItATU|tnCITED I i
boBl_ per normal workday, the levels sbown (Table _liar h_ C. M,. tlandbook o| Nol'.e Camml McGraw.lUll New York t957.

z Wood A. Aco_adca Dover New York, I_'._. ]5) are tile levels at nnd above ,,vbleb tile wearing of , Ileranrk I], , Not_ R_tluclion _*lc_raw-Ilill New _ork l_'g0.

bearing protector_ is mandatory. For emplol,es wbose *Aeou_' t col _/obe C,_, .a a k.ro J_:_r_8" . Nalln_ r D v _o_nen^' W. anti Feral,cosA.• D._.]211nndlmnk._ el
eXpOSUI_ to OCCltp_tiOBal noise is less t]lan five ]1ours ' _fl,, M.J. "On Sou. d O....... A.r_drn,,nlcall , Patti 1 .... Ill.,lloyd _o¢i_ty l,ondao) 1952 'q'art 2'* Pra¢, Royal _aci_ty (_a_dan),

per clay, tile noise levels may be three decibels Idgher u_4 _tg _ _ " e Nc a " A AA Joe na u y 96_ . 1508
for each bah'lag of e.'qmsure time," , Slmplro, A. 1_., '"l{m Dynamlcl ,tltlTt,tnnod_n_mlo o_Compreu$bta Fluid

Fow" Vo 953 Cha). 5. . .
SVe note tbc following: l aw_:_l A *A Survey o[ _xperlmrnt_ ol, Jet Nob©, d_rrra/t Enlm_rlng

an, l_4"p, 7, - . '
• {'owell, A., "On Medmnl_m ot O.hokcd J©l Nol_ Prec. Phy_, 8.¢.*
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