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Ship Systems and Equipment—Hydraulic Systems—Noise Control

1. Scope—Hyfiraulic systems are used on marine vehicles for steering, vehicle control, and utility services.
System components that generate and transmit noise are of concern. This SAE Information Report (a)
addresses rjoise requirements which may apply to the hydraulic systems of ships and-submgrsibles, and (b)
identifies nojse sources and techniques which may be used to reduce system noise: Noise df power sources
(e.g., electric motors) and end items (e.g., steering linkages) is beyond the scope of ‘this document.

1.1 Purpose—The purpose of this document is to summarize design information on how to reduce noise of on-
board hydraplic systems.

1.2 Application—This document is applicable to the marine vehicles-using hydraulic systems.| This document
does not apply to recreational watercraft.

1.3 Rationale—This document has been reaffirmed to comply with the SAE 5-Year Review policy
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3. Definitions—For definitions of other terms, see ASA 111.

List of Symbols:

3.1  Sound—Solnd is a disturbance which propagates through an elastic medium of bulk modulu

(p) at a spee

The disturbance consists of a variation in pressure (AR),and associated fluid particle dig
velocity (Av))
dynamic balpnce. See Equation 2.

It follows that (see Equation 3)

The product

Table 1 lists

typical values'in engineering units.

B bulk modulus of fluid

c speed of sound

C capacitance

f frequency of oscillations
I intensity of sound power
L length of tubing

P pressure of fluid

Q lowtate

t ime of valve closure

v velocity of fluid

\Y volume of fluid

A wave length

p Hensity of fluid

dB Hecibel

d (c) characteristic of the medium. See Equation 1.

c = JB/p

The variation in pressure and the rate of\change in momentum across the di

AP = pcAv

AP/AvV = pc

pc is called the characteristic impedance of the fluid.

TABLE 1—FLUID CHARACTERISTICS

5 (B) and density
(Eq. 1)
placement, at a

sturbance are in

(Ea. 2)

(Ea. 3)

¢ (m/s) o (kg/m?) pc (Pal(m/s))
Ait20°C_Sea Level 343 1.2 412
Typical aircraft petroleum-base fluid 1360 860 1.16x 108
Water-glycol fluid 1358 1060 1.44x 108
Sea Water, 15 °C 1507 1027 1.55x 108

NOTE—The speed of propagation can be reduced by the elasticity of the tubing as much as 10%. SAE J1778
provides additional information for numerous hydraulic fluids.

3.2 Sound Intensity—Sound power transmitted per unit area. See Equation 4.

| = APAv = AP?/(pc)
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3.3

3.4

3.5

3.6

In Sl units, | is measured in watt per square meter (W/m?). At the threshold of hearing (see Equation 5):

12

l, = 107 2W/m”. (Eq. 5)

Sound Pressure—Sound pressure (AP) is measured directly. In air, the threshold of hearing is (see Equation
6):

AP = 20pPa, that is 0.0002 dyne/cm®. (Eq. 6)
Since Av is proportional to AP, the product APAv is proportional to AP? (see Equation 7):

2
PARS (Eq. 7)

Decibel—A [logarithmic scale for sound intensity levels is defined by Equation 8:
dB= 10log(l/1,) (Eq. 8)

When adding noises from different sources, it is their sound intensities that‘are added. The|[combined dB is
then calculated.

In terms of qound pressure (see Equation 9):
dB= 20log(AP/AP,) (Eqg. 9)

Table 2 illusfrates typical values of the decibel scale.

TABLE 2—DECIBEL SCALE

dB 60dB 80dB 100dB 120dB
I 1078 w/m? 10™4 W/m2 1072 W/m? 1.0 W/m?
P 0.02 Pa 0.2 Pa 2 Pa 20 Pa

Sound Powpr—Total sound power radiated from a source is determined by measurement of the sound
intensity at 4 specified radial distance. For example, ISO 4412-1 specifies a radial distance of [1 m for hydraulic
pump noise fating.

Octave Bands—An octave.is'a range or “band” of frequencies such that the upper frequency [imit is two times
the lower limit. ASA 65(defines standard octaves. One-third octave band noise measurement is standard
where higher frequency’resolution is required. Figure 1 shows the noise contribution of a hydraulic pump with
a fundamental frequency of 500 Hz. The sources of noise can often be identified by their fundamental and
harmonic frgquencies.

One-third octave band data are shown in Figure 1 by squares and standard octave band data by hexagons.
Sound intensity of each standard octave band is the sum of the intensities of the component one-third octave
bands.
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FIGURE 1—TYPICAL TEST DATA
3.7 Harmonics+—Multiples of the fundamental*frequency of oscillations. For example, the pump|with the 500 Hz
fundamental frequency also peaked at 1000 Hz, the second harmonic, and at 2500 Hz, the fiftlh harmonic. See
Figure 1.

3.7.1  Subharmdnics (for example, 172,*1/4, and 1/8 of the fundamental frequency of oscillations) gometimes exist.

3.8 Measurements in Audible Frequency Ranges

3.8.1 SPEECH INTERFERENCE LEVEL—SIL measures the effect of airborne background noise on irftelligible speech
communigation{» Numerically, SIL is the mean (not power average) of sound pressure Jevels (SPLs) in
decibels fgr theroctave bands of 500 1000, 2000, and 4000 Hz. Refer to Figure 1. In the past, sometimes
“PSIL (“Ptefe 3 ] 000, 2000, and
4000 Hz whereas SIL was sometlmes defines as the mean of SPLs for the octave bands of 500, 1000, and
2000 Hz.
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3.8.2

4.1

4.2

4.21

4.2.1.

10
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-20 /
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-40
Frequency
63 125 250 500 1000 2000 4000-.B0O00 | (Hz)
FIGURE 2—CHARACTERISTICS OF A STANDARD AFILTER
dB(A) ScALE—This is the sound level or volume scale providing a weighted average of audible sounds that
reflects vdriable sensitivity of the human ear. The combined result. is"a single dB(A) number for specifying
loudness. | A filter is used for measuring sound on the dB(A) s€ale. See Figure 2. Attenpation correction
factors arg listed in ASA 47.
Requirements and Testing—Noise criteria vary with vehigle*and application. It is important fo design to well-
defined noisg requirements to avoid unnecessary penalties or redesign after the fact. Noise Igvels of hydraulic

systems and

Fluidborne
from detecti

ISO 10767-3

useful infornpation for the verification of component fluidborne and structureborne noise requir

For vibration

useful infor

Airborne N’I
noise requir

COMMERC

components must support noise criteriasfor the applicable marine vehicle.

, NFPA/T2.7.2 (which istechnically equivalent to ISO 10767-2), and MIL-ST

s transmitted from. solid surfaces to the human body, ASA 38 provides exposure |

ise—ASA 107;1S0O 4412 (-1, -2, and -3), IMO Resolution A.468(XIl), and MIL-S

jand Structureborne Noise—Where(a) structure-to-air noise coupling, (b) secutity of the vehicle
bn by radiated noise, or (c) the, éffects of noise on sonar performance (self-nois
fluidborne (particularly for pumps) and structureborne noise requirements may be specified.

e) is a concern,
ISO 10767-1,
D-740-2 provide
bments.

mits.

'D-1474 provide

ation for the\development and verification of vehicle compartment/space and conpjponent airborne

ments.

AL-SHIPS

1

IMO Recommendations—IMO Resolution A.468(XIl) provides guidance to Administrations regarding

acceptable noise levels. See IMO Resolution A.468(XII) for scope of application. Examples of categories
and noise limits are as follows:

Cabins, hospitals, and radio rooms (with radio equipment operating but not producing audio signals):
60 dB(A)
Navigating bridge, chartrooms, radar rooms, mess rooms, recreation rooms, and offices: 65 dB(A)

Listening

post, including navigating bridge wings and windows: 70 dB(A)

Machinery control rooms, galleys without food processing equipment operating, serveries, pantries, and

open

recreation areas: 75 dB(A)

Workshops: 85 dB(A)
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4.2.3 NOISE EXH
United St4
CFR 191(
conservat

5.1

5.1.1

5.1.2

noise is usually not significant compared to drive system noise.

noise is usually not significant compared to drive system noise.

UNITED STATES MILITARY REQUIREMENTS

Surface Effect Ships (SESs)—For commercial SESs with displacements up to 145 Ltons, hydraulic system

Air Cushion Vehicles (ACVs)—For commercial ACVs with displacements up to 30 Ltons, hydraulic system

Equipment Noise Limits—MIL-STD-1474, Requirement 5 specifies equipment noise limits. These limits

are specified in terms of sound pressure level measured close enough to the machine as to minimize the
effect of the room in which the machine is tested. These limits are typically invoked for land-based (e.qg.,

Uaot

stringent than OPNAVINST 9640.1.

effects of moise on speech, hearing loss, and.physiology.

Hydraulic N
pumps, actu
reduction of
general guid

Pumps

GENERAL—
considerin

a. Des

ol toctina vaotlh ot ol oAl o odin o
matrvT II Coll Is TatTeTr uriart ot IIVUU“IU woln IU-
fment and Space Noise Limits

Ships—For Navy ships and submarines over 150 ft in length or'manned K
embers, OPNAVINST 9640.1 specifies acceptable airborne noise(leyvels. Older
band requirements in lieu of dB(A) requirements; newer ships‘may have red

shion Vehicles—Navy noise limits in the command moddle and personnel and eg
dB(A) and 99 dB(A), respectively. Hydraulic system noise is usually not significi
r lift system noise.

OSURE AND HEARING CONSERVATION—29 CFR»>1910.95 is applicable to all ships
tes federal regulations. OPNAVINST 5100:19 is applicable to all United States
.95 and OPNAVINST 5100.19 invoke, and IMO Resolution A.468(XLL) recon
on requirements for noise exposure. «Harris’ “Handbook of Noise Control” (2.1.3

oise Sources—Hydraulic system noise is typically dominated by pumps, mg
ators, and fluid flow and(cavitation. The main sources of noise should be iq
3 dB results from reducing sound power level by 50%. ISO/TR 11688-1 and
ance regarding the design of low-noise components.

-Hydraulicpumps are the main source of fluid power system noise on board
g sound-power and exposure duration. Factors affecting pump noise are:

gn-requirements (pressure, flow rate, drive speed)

y 100 or more
ships may have
uirements more

uipment module
ant compared to

operating under
Navy Ships. 29
mends, hearing
) addresses the

tors driving the
entified first. A
11688-2 provide

marine vehicles,

b. Typu of dubign
Installation (inlet quality, outlet impedance, mounting)

C.

Pump noise will significantly increase if cavitation occurs, for example, from insufficient suction pressure or

excessive

pump speed.

QUIET PumPs—Helical screw pumps are generally, but not always, quieter than other pumps. These pumps
require a rigid case and a viscous hydraulic fluid for minimum internal leakage. Some other pumps also have
relatively low noise levels. See Smith (2.1.3) for a comparison of airborne and fluidborne noise levels of
various pumps. See Yeaple (2.1.3) for an estimate of the effects of speed, pressure, and swept volume on
the noise of axial piston pumps and vane pumps. See Taylor (2.1.3) for a discussion of fluid effects.
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51.3

5.2

5.3

5.4

LIGHTWEIGHT PuMmPs—Lightweight systems are of utmost importance for advanced marine surface vehicles.
Typical system requirements call for a constant pressure of 21 MPa (3000 psi) and for a variable flow rate.
Design solutions include:

a. Fixed-displacement pumps plus accumulators, or bypass regulation
b. Centrifugal pumps of 2 or 3 stages rotating at 18 000 to 30 000 rpm
c. Variable-displacement pressure compensated piston pumps at 1800 to 5400 rpm

Accumulator weight has caused rejection of fixed displacement pump systems on many advanced marine
surface craft. Three-stage centrifugal pumps of 760 L/min (200 GPM) flow and 21 MPa (3000 psi) pressure
were built for United States Navy Hydrofoil Program. The pumps were relatively silent, but the speed-
increasing_gears were a problem. Some surface effect craft are at present equipped with variable-

displacem

Aircraft ty
discrete fl
can incred

For a 9-pig
is determi
rev/s = 54

nt piston pumps.

e piston pumps are noisy. Pump noise is due mainly to filling, compression, &
id volumes plus to a lesser extent to vibration of unbalanced rotatingcomponery
se the severity of noise at each pumping cycle.

ton pump operating at 3600 rpm, the shaft frequency is 3600460 = 60 Hz. The
ned by the number of cylinders passing by the port plate in a«given period of time:
D Hz. The fundamental frequency of piston pump pressure ripple for a pump with

nd discharge of
ts. Poor porting

biston frequency
9 pulse/rev x 60
an even number

of cylinders is equal to piston frequency; for odd number of cylindérs, pressure ripple fundamental frequency

is two time
where it is

A noise vérsus weight tradeoff exists in the selectionf-pump speed. A slower speed re

increases

PumpP INST
pump vibr.
a. Flex
b.
c. Elas

Motors—Na

and power fating. Motors-fun generally only intermittently such as for turbine engine star

propeller dri
order of 150
motor noise

Isolation mounts

s the piston frequency (in this example, 1080 Hz)._ The piston noise is in the SIL
most objectionable.
weight of the pump.

ALLATION—Mechanical isolation of pumps is particularly important to preclude
htion. This should be in the formof:

ble hose at all hydraulic connections

tomeric section between coupling parts if possible.

ise characteristics Jof hydraulic motors are similar to those of hydraulic pumps d
e, or for winches. Intermittent-operating motors may need slow, quiet shutoff val

ms is typieal for establishing pressure. Flow restrictors and servovalves can bg
by reducing start-of-motion, end-of-motion, and steady-motion velocities.

frequency range

luces noise and

‘rebroadcasting”

f the same type
, bow thrusters,
es. Time on the
used to reduce

Actuators—

sion noise. The

Bottoming hydraulic actuator pistons at end of stroke can cause a sharp percu

higher the actuation speed, the more probable the need for deceleration devices. These devices can reduce
noise and also extend service life.

Valves—Valve noise increases as flow energy dissipation (QAP) in the valve increases. High-speed jets with
pressure recovery downstream can result in gas-related or other broadband noise. High return-line pressure
helps to prevent gas-related noise. Valves are relatively quiet when fully open or fully closed, with noise
peaking at partial valve opening. Reduced flow velocities through any one metering path in the valve result in
reduced noise.

Pressure-control valves may become unstable if fluid viscosity is greatly reduced, such as at high
temperatures, or in the presence of entrained air.
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5.5

5.6

5.6.1

5.6.2

Reservoirs—A hydraulic reservoir is an ideal noise sink. However, a gas-over-fluid type reservoir could
become a source of entrained gas if not properly designed and pressurized. In addition, in a gas-over-fluid
type reservoir, the fluid will become saturated with dissolved gas over time. Return fluid should be introduced
below the lowest reservoir fluid level to be encountered in service. There should be adequate baffling to
prevent vortex formation at the reservoir outlet, and possibly screens for gas bubble separation. A gasless
reservoir which incorporates provisions for removal of dissolved and entrained gas or which is installed in
conjunction with a gas-fluid separator will tend to avoid these possible problems. See Skaistis (2.1.3) for
additional information.

Hydraulic Lines

WATER HAMMER—Fast-acting-shutof-valves;such-as-direct-acting-soleneid-valves—ean-setup reverberating
water hammer in long hydraulic lines. The incremental pressure (AP) which can.|be reached for
instantangous valve closure in a rigid pipe is shown in Equation 10:

AP = pcAv (Eqg. 10)
where:
AP = oVerpressure (Pa)

p = dgnsity, per Table 1

¢ = speed of sound, per Table 1 (less for elastic walled tubjnAg
v = vgriation in flow velocity (m/s)

The instarftaneous closure equation applies up to valve closUre time (see Equation 11):
At = 2L¥c (Eq. 11)
where:
L = length of pipe

It is recommended that velocities be'kept under 5 m/s for APmax = 5.8 MPa (840 psi).
The desigh criterion to preclude water hammer is shown in Equation 12:

At>6L/c (Eq. 12)
Transient pressure.is then given in semi steady-state conditions by Equation 13:
dv

AP= pL (Eq. 13)

which yields pressures mild compared to water hammer (pcAv).

LINE CAVITATION—Water hammer will occur if continuity of the hydraulic fluid is interrupted by a vapor cavity
or entrained gas. Flow transients can be set up, for instance, in hydraulic lines of hydraulic flight control
actuators on automatically stabilized vehicles, when the vehicle is subjected to turbulence. Transient
pressures may be relatively mild, but sufficient for lowering return-line pressure below reservoir pressure to
vapor pressure, and result in a vapor pocket. When the vapor pocket is pressurized it collapses suddenly.
The resulting water hammer pressure is given by Equation 14:

AP = pcAv (Eq. 14)

same as for sudden valve closure. A sharp noise is heard.

-10-
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5.7

6.1

6.1.1

Selection of System Pressure—Increased system pressure will increase pump and system noise. Valve,
motor, and actuator transient noise will increase with system pressure due to higher differential pressure.

Noise Propagation and Attenuation—Noise may propagate from its source through fluid, structure, and air
to inboard spaces (as airborne noise) or to the hull and into the water. Noise propagation through any path can
be attenuated by reflection or absorption of acoustic waves. Where reflection is used, the designer should

ensure that

the reflective path is not an equally undesirable path of noise propagation. N

oise attenuation

devices and system components (e.g., reservoirs and accumulators) may be designed to attenuate noise, and
distribution piping (a transmission path) must be designed with sufficient isolation. All contributing paths and
acoustic interactions must be considered to balance the acoustic design of the system. Skaistis (2.1.3) and
SNAME TRB 3-37, provide guidance regarding noise attenuation.

Fluid Borne

PumP RIPH
may be ar
determine
and wave

STANDING
occurs if a
at one-hal

CAPACITAN
pressure T

By definiti

Frequency
frequencie
pneumatig
frequency
including t

PASSIVE P
isolating n
occupied

Noise—Noise propagates in hydraulic fluid by pressure waves along the tubing:

LE—High noise levels can result from even relatively mild pump pressure-ripple.

alyzed as the sum of a steady flow plus a superimposed pulsating flow. ,Steady-
d by load resistance, and pressure pulsation is determined by dynamicfoad impe
engths and compressible volumes as design factors.

WAVES IN HYDRAULIC LINES—Standing waves can be avoided by design. Organ
line from the pump has an abrupt change at a one-quarter wave length, and reso
wave length intervals. Wave length is given by Equation 15:

A= c/f

CE—A compressible volume which accommodates an incremental volume of §
se AP is a “capacitance.”

bn (see Equation 16):
C= AV/AP

response of a capacitance varies with type. A passive fluid volume is eff
s only. A piston-typetaccumulator is effective for flow transients below audible fre
charge (in-line flexible membrane or bladder type pulse damper) is effectiy
band. A givenipe arrangement tuned to a specific frequency will perform at disa
he fundamentaf*and its odd harmonics.

oise_at/its source. However, flexible hose radiates noise and is undesirable fof
bpaces. Vickers (2.1.3) identifies preferred flexible hose configurations. Coiled t

Pump discharge
State pressure is
dance, with pipe

pipe resonance
nance may recur
(Eqg. 15)

fluid AV with a

(Eq. 16)

ective at higher
luencies only. A
e over a broad
rete frequencies

LSATION-ATTENUATORS—A flexible hose of good installation design is the simplest means of

routing through
Ibing attenuates

pulsations
devices.

( H ! FaY DD TS 7~ WP B-1\ Ll FIMIRT) : b b i lal
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hoses and other

A hydraulic fluid filter is an available means of passive ripple damping at no additional equipment weight. To

be effectiv

e as a ripple damper, the filter should be near the pump, if possible.

A fluid-filled sphere built integrally with the pump case acts as a Helmholtz resonator. It has the advantage of

stopping most of the pulsations at the source, and requires no maintenance.

Diamete

however, limits frequency band width. A larger diameter sphere would weigh more.

r of the sphere,

Suction, return, and case-drain line pulsations are lower in magnitude than pressure-line pulsations.

Attenuatio

n may be required depending on line routing.
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6.1.5

6.1.7

6.2 Structure B

6.2.1

6.2.2

6.2.3

6.2.4

Shorin (2.1.3) addresses in-line dampers utilizing both reactive (reflective) attenuation via damper geometry
and dissipative (absorptive) attenuation via porous throttles.

Location of attenuation devices should be optimized with regard to peak resonance points of standing waves
within the system.

GAs-BACKED PULSATION DAMPERS—A nitrogen-charged bladder-type accumulator with flow through its fluid
chamber has been used on hydrofoils to reduce noise. Broad-band noise attenuation is excellent. Charge
maintenance is periodic and bladder replacement unscheduled. Loss of charge reduces effectiveness to nil.

Appendix A identifies computer software for pulsation damper sizing.

very effeclive at their design frequency. A QUINCKE tube splits flow in two branches, ohe

velocities below 1.2 m/s (4 ft/s) are recommended unless an inlet charge system is employe
orne Noise

NoISE TRANSMISSION—NOoise, vibrating hull structures, angd radiated noise induced by hydrau
source of|{concern. Hydraulic pressure fluctuations temporarily deform the walls of hyqg
system components and disturb the air at the outside wall surface. Noise intensity transm
attenuated because air has a density times spéed constant some three thousand time
hydraulic fluid. Airborne noise-radiating area_of hydraulic lines and components is relatiy
noise is in|fact transmitted from the hydraulie’system first to structure and then radiated fron
decks intd occupied spaces.
advanced Jmarine vehicles.

For calculation of noise transmission through ship structures, empirical data vice theoretical
used. SNAME TRB 3-37 prevides some relevant data.

BULKHEAD|AND DECK PENETRATIONS—Bulkhead unions can transmit longitudinal oscillations
unbending and stretching under internal pressure pulses. This can be a noise problem far ]
transversg pulsation.or hydraulic lines at clamps.

Numeroug @watertight penetrations exist on marine vehicles, with an added requirem

 attenuation are
branch one-half
180 degrees out
nent.

on. Options to
late return line

ntaining suction
d.

ic systems are a
raulic lines and
tted to the air is
s less than the
ely small. Most
h bulkheads and

This is. particularly true of the lightweight aluminum consfruction used on

analysis is often

pf hydraulic lines
hore severe than

ent of retaining

watertight integrity—duoring—=afire:
degrading the ship’s fire resistance.
suggested for new design.

Aqubt;b ;bUiatiUll Uf ﬁ 1< hydlauiib “llUb Illubt IUU aCUlUl
230 °C (450 °F) resistant elastomers or metal

plished without
diaphragms are

HvyDRAuULIC LINE CLAMPS—The function of hydraulic line clamps is to support piping or tubing. Resilient
clamps are required for acoustic isolation. Soft mounting blocks are preferred for lines connected to high
noise sources over simple clamps which are lighter in weight. SAE AS5440 identifies hydraulic line support
spacing as a function of tube size and tube material for aircraft-type hydraulic systems. MIL-M-24476
specifies resilient mounts with proven shipboard experience in pipe hanger applications.

RESILIENT MOUNTS—Hydraulic pumps and motors should be vibration isolated from structure by resilient
mounts whenever practicable.
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