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TCCSMULATORS AND ITS AFPLICATIONS

Tran Thieu Hanh

Theoretical and practical aspects of hydraplic accumulators
have been develbped through this technical report.. Selected
materiais and dimensional datg\from varicus handbooks and
papers- have been gathered to give the identity and value of
accumulators.

Hydraulic accumulators are devices to store fluid under
pressure..This nressure is exerted by either a dead weight
a'compresséd sp;}ng or compressed gas. Ve therefore
consider Qeight—loaded accumulators, spring-loaded accumulators
gas-loaded non separated accunulators and gas-locaded separated
accurmulators. .

An experimental and theoretical analysis of the effect of
frequency on the polytropie exponent in a gas‘chargea piston
type accumulator are.presented. Relying on Daniels®* theories
cencerning the theoretical value for the polytropic.expﬁnent as
2 function of the signal frequency, an initial series 5f tests
on an unmedified pistoh type accumulafor is made,ﬂnd show
good agreement between them. Also,” an attempt is made to obtain
isothermal conditions within the accumulator through the intro-
duction o% copper mesh in the cylinder chamber. Tests are then
repgated and all éxperimental results are obtained with an
0il layer on the cylinder wall. ¥e observed that we are more
near the isothermal zone under thesé circunstances.

Some applicetions of accumulators are mentioned.
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NOMENCLATURE

surface area of walls and pistan
Effective flow area of pipe
Aren of flask of the accumulator
Area of outlet of accumulator
Bore of pump
Conatant
Constant specific heat
Differential préssure in p;ia
Freguency radius parameter
Constant for a particular type of pump
Constant for a particular type of pump
Acceleration of gravity
Heat transfer coefficient

Bessel function of the first kind of zeroth order.
Bessel function of the first kind of first order
Force
Length of fluid chamber
Length at outlet of accumulator
Mass

Rotation speed of-pump
¢as pressure

Potention energy ' j‘

Fluid pressﬁre at outlet of accumulator
Fluid pressure at %plet of accumulator

Fluid pressure at load line \

)
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Gas pressure
Maximum sSurge pressure

System pressure, Or maximum accumulator
charging pressure

Precharge pressure
Minimum working pressure

Initial system pressure and accumulator
precharge pressure, psia

Maximum allowable Surge pressure

Minirmum system pressure at which additional
volume of fluid is needed, psi

Pressure at the lower point

Pressure at the higher point
Absolute presgsure

Pressure in inch of water

Fluid pressure in pipe at valve, psi

Fluid flow rate -

rate of heat transfer between the gas and the

surrounding

Rate of flow ‘
Constant

Thermal time constant

Average gas temperature
Tempurature of the surroundings
Temperature af time ©

Change in time

Velncity
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Volume

Rate of change of gas volume
Change in volume

Fluid volune .
Accurulator capaclty |

Compressed volume of gas at minimum pressure

Expanded volume of gas at minimum system pressure

Volume of fluid discharged from accumulator,
accumulator capacity

Accumulator total vgluge, or size

Velocity of flow in pipe before valve closure
Specific welght of fluid

RMO mass density of fluid

Polytropie exponent
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1. INTRODUCTION

Accumulators, are essentially vessels for storing
hydraulic fluid under pressure. They were originally
developed as'a mean of provid;ng the total system
requirements (e.g. with water hyﬁraulics) when pumps ~
were slow running and of relatively low efficiency. V
Although still employedAin this manner {e.g. to operate
a baitch of machines on a water hydraulié system from a
single pumping station), their main use todayligjto
supply peak demands of power. This offers considerable
economy in pumping since a smaller pump may be used to ‘
charge the accumulétor with fluid at a low rate, comparéd
with- the demand which would be required from a directly
coupled pump. An accumulator also possesses the inherent
capaclty of holding a high pressure in a system for a )
given period of time, even without recharging. It is also
capable of giving a smooth, even flow on demand at-an
appreciabiy constant pressure.

Other useful characteristics of an accumulator are:
1. its ability‘to attenuate shock pressures in a systeﬁ
2, its ability to act as an emergency source of.powér in

the event of pump failure ‘
3. its suitability as a ﬁol&!ng device for flﬁid make up,

etc., and for the synchronisation of movements
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4. It may be introduced into some systems normally supplied
by a directly coupled pump purely for shock absorption
5. it may be employed as the power source in a »pumpless®

emergency system.

"

-
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2. THEORY ON ACCUMULATORS

Accumulators may be classified according to type and

construction. '

1. Weight-lcaded accﬁmulators

a) simple

b) differential

2. Spring-loaded accumulators

3. Gas-loaded non segparated accumulators
L, Gas-loaded serarnted accumulators

a) diaphragm separator

b) bag separator

c¢) free piston separator

2.1. WEIGHT-LOADED ACCUMULATORS (1]  Figures 1 and 2

The weight-loaded accumulator is inherently bulky and
is normélly erected outdoors to act as the central station
feeding =a namber of separate machines or hydraulic circuits,
or heavy industrial requirements. Particular advantages
offereq are
(i) the extremely high capacity possible

' (ii) the fact that it can be erected anywhere
(e.g. out in.the open on spare ground)

(iii) relatively low cost per volume

ol
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The basic désign consists of a fixed, vertical cylinder
into which fits a ram (or a fixed vertical ram surrounded by
a sliding vertical cyiinder). A crosshead attached to the
upper part of the ram (sufrounded) carries a weight‘ case
which is loaded with‘béllast—concfete slab'ﬁaights or cast
iron weights in the smaller sizes, or slag or similar 5allast
in larger gizes, Thertotal weight of thé bal;ast plus the
ran assembly then effectively acts on the cross sectional
area of the ram bearing on the fluid contained in the’
cylinder. - |

The fluid pressure available is thus determinable by the
formula

Pressure _ ~ loaded weight of moving assembly
- cross sectional area of ram

The capacity or ultimate wofking fiuid volume available
is determined by the cylinder bore and length of stroke. It is
normal to use a long stroke since this produces more efficient
operation, A stroke of between 10 and 15 times the cylinder

bore is common practice for weight lcaded accumulabors working

. up to 1,500 psi (10,342.5 KPA) and higher stroke bare ratios

for higher pressures. The total headroom required is over twice

the stroke.

The <two main type of welght-loaded accumulators are the

‘__-I
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self-guided and externa;ly guided, referring ta the arrangement
of constraining the weight case. In the self-guided type the
weight case ig provided with internal guides. On externally
guided types external guide channels are mounted around the
weight case tosconstraint any lateral movement during its
vertical displacement. These gulde channels are usualiy
mounted on a steel structure, although on earlier types brick
ér stone housings were often used. Externally guidéd types

are usually preferred for high pressure accumulators to

- minimize bending stresses.

Por_working pressures up to 1,500 psi (10,342.5 KPA) cast
iron cylinders are normally used but for higher pressures cast
steel or forged steel cylinders are preferred. Rams may be
of cast iron although on many modern designs are fabricated
from steel or alloy steel (s talnless) or chrome plated.

fThe size of the accumulator and the strcke bore ratlo
cshould be selected so that at maximum demand the falling speed
will not cxceed 3 feet per sec (.615m /35) and should preferably
be kept to a lower figure (e.g. not exceeding 1 feet per sec
(.305n/3). This will‘ensure that there is no excessive
hydraullc shock when the weight stop moving.

;he nractlcal pressure avallable is reduced from the
theorctical amount through fractional losses at the gland and
ram seals. These may be variable with the condition of the

packings and the speed of movement but should not be significant
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JLf the rackings are properly maintained. It is also
important that the gland packing be kept in gcod condition
in orcer to minimize leakage.

The actual pressure wili also be variable with ram
movement due to the inertia of the system, From a given
static pressure the fluid pressure will tend to drop slightly
as the weight starts to move and then increase again aﬁovq the
static pressure as the weight slows to a stop. In geheral
the likely pressure variation can be estimated as 5 per cent
mavirum (2% per cent above and below the average) although
nomentary pesk pfessures nay be lower and higher at the
begirning and ending of the stroke, respectively, of a’

_ single movgment.
DIFFERENTIAL WEIGHT-LOADED ACCUMULATOR [1] Figure 3

The differentialwight-loaded accumulador employs a
fixed ram with the lower part fitted with a sleeve to
increase its diameter. The cylinder 1is weight-loaded and
slides over the ram. The difference is diameters D and
¢ being quite small, very high pressures can be preduced
for a comparatively small loaded weight. The volume of
riyid which can be accomodated is strictly %imited. Hence
this form of weight-loaded accumulator is essentlally a

high-pressure, low-capacity type and has limited application.
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2.2 SPRING-LQADED ACCUMULATORS [l] Pigure &

The spring-loaded accumulator in its basic form consists
of a free piston in a cylinder with a compression spring
applying loading to-thg piston as fluid is pumped in via the oil
port. The pressure is equal to the inta%aneousspring force
divided by the piston areé

Pressure = spring force
area

where spring force = spriﬁg constant x compréssion distance

As liquid is pumped into a spring-loaded accumulator,
the étored fluid pressure 1is deté;mined by the spring
constant,compression rate of the spring. The design is

essentially limited in application to low pressures and small

“volumes and also suffers from the fact that the pressure

) loading is not constant due to the varying force of the

spring  (unless specially constructed springs are employed).
Pressure is normally a maximum when the spring is fully
compressed, falling to a minimum when fully extended, )

To avoid accumulation of leakage fluid, the spring
chamber of 2 spriﬁg—loaded accumulator is vented. Leakage
f£iuid will eventually discharge from the vent hole.

Spring-loaded accumulatofs are not ex%ernally drained
back to tank because they can cause 0il foaming. With an external
drain terminating either above or below fluid level, leakage

accumulated above the piston will tend to foam during

accumulator operation. As the accumulator discharges



e

A

PooR Cory!

=)

|
)

& 4

Fig.t. gpring-loaded Accumulator

Non Separated Gas loaded Accurnulator

Fig.5. Pistonless Type
Fig.6. With Pressure Cut Off
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'repidely,.fluid above the piston will be unable to keep
up with pisten movement. A less than atmospheg&gmgressure .
will be generated in the sprlng chamber resulting in
dissolved air coming out of -the l;quld. When the accunulator
is recharged, the piston mOVes_up gushing the,aerated 0il to
«tank. Since air bubbles in a reservoir are undesirable.
spring-loaded aceumulators are not generally externally
Mahmd '

- Wg&p spring chamber vented, sprlng-loaded accumlators
demand 1mmedgate attention once thelr piston seal wears.,
T If malntenance 1s not performed on a spring-loaded accumulator
7 ‘with a poor seal, large oil spills could. arise. Dt
The particular advanfage of this type of accumlator
is that it can be mounted in any position and may be built

dlrectly into the power unit.

2.3 GAS CHARGED ACCUMULATORS [1]

Gas charged accumulator use compressed air or
nitrogen to force pressurized fluid into the system. These
accumulators. may be a non-separator tyre hgﬁwhich the
compressed gas acts difectly on the'pressuri;ed fluid,
or a separator type.'where»scme barrier separates the gas
from the pressurized fluid. The barrier may be a piston,

a bladder, or a diaphragm.
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In gas-loaded accumulator,air 1s used as a spriné. The’
spring constant could be determined from the thermodyna@ic
properties of the air. It is possible to:express a re;ﬁtion .
between the pressure and density of a gas during 2a polytropic
process which 1is valid for a perfect gas. \

In this case
Pa

o = C
3
Wkere Pa' = absolute gas pressure
~ .
e = gas density
n — constant which depends on the process

and how heat is transferred to the cylinder:
c = constant '
If the gas remains at a constant temperature, then n
equals one and the equation &s the same as the state equation

for a perfect gas. This agsumes that the piston moves slowly

and all heat generated'inSide the cylinder 1is transferred to

the outside. If the piston moyés quickly in a frictionless
cylinder which is well insulated so that no heat flows in or
Qqut, n equals 1.4 for air and the process is called asentropic.

The gas pressure and density are related to the cylinder
dimenéions as follows:

AP = F
a
Where A is the piston area, F is the force exerted on the

'
piston. The density of the gas in the cylinder can be related

to cylinder dimensions

_ M
f= AL

Where M is the mass of gas inside the cylinder. Since no
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leakage is assumed, M is a constant. L is the lenght of the
gas column and A is its area.

In order tc¢ establish the relati'.onship between the clxé‘r1ge
iﬁ gaé column length AL and force F, it is necessary to ’find
‘an expfession forTAL . This can be dane by substitmting the
relation for pressure and density into“the process“"equation

and differentiating. Hence:

o wr C° ;
\ | (M/AL .
Differentiating this expression yields
dP/A . n (_13_) (_A_)“ " tay _ o
M/AL | A/ - \m
Then
dF = An(F/A) = dl ’
‘ o L ‘

F can be replaced by P,A
If dF is identified as A F and considering small
changes in L, d1 = -AL. So, AF= An (ps_q/_q)f bd A L/L

In this case, the spring constant {AF/ A L) is
AnPs

————

L

K

If the air spring is uninsulated and moves slowly,

the temperature will remain constant so that n= 1.

N

Then

For isentropic case, n =1.%, the value of K will be

- Kk _ 1.4 A%
L
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NON-SEPARATED GAS-IQADED ACCUMULATORS Pigures 5 and 6

Tn non-separated types the gas acts directly on the fluid
surface. The pressure vessel is invariably-tall and narrow and
mounted in a,verticél positidn s0 that the contact area is
relatively small. Gas absorption by the fluid is linited
to a relatively shollow depth of fluid which acts in the
nature of a "boundary layer" to inhibit further penetration
of gas into the fluid. - . |

The simplest accumulator of this.type thus consists of a
pressure vessel partly filled ﬂith hydraulic fludd, the space
above the fluid being charged with gas at a pressure corres-
ponding to the ﬁydraulic working pressure required. As fluid
~is withdrawn the gas expands, causing a =light drop';p,
pressure;When fluid is>pumped into the'veésel the‘éaé is
compressed; causing a slight increase in pressure. The --
percentage variatiom in pressure is determined by‘the ‘
particular application and is largely'controlled by the
ratio of the gas volume to the fluid'volume in the vessel.
At the same time, it will be- appreciated that no gas is
actually used up during cycling, other than the small amount
lost auef%o absorption.

Where the.variations in preSSure.dué to expansion and
contraction of the gas are too great, then the gas volume
may be increased ( and pressure fluctuations thus reduced) by.
connecfin%xkn auxiliary gas bottle to the accumulator. fqually,
qapacity can be increased byaﬁding further ‘pressure vessels

in parallel.'
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Thus, the type is pérticularly flexible both as regardsi
capacity and oontrol of pressure variation.

A reserve of liquid volume-is essential to maintain a
safety margin to prévent any possibility of gas being drawn
out of the cylinder into the system. ' Thus a low-level control
device.cuts in whiie there is still a reserve capacity of
fluid, and normally before the actual low level p01nt is
reached. This allows a time margin for the sw1tch~gear to
shut down the accumulator, or start the pump and bring it up
. to maximum optput before the design low level point is reached.
A stop-~valve control is also necessary to prevent complete
émptylng of the accumulator due to an exceptional heavy
demand, or failure-of the pump.

Another important feature is that by maintaining a
reserve fluid capacity none of gas-rich boundery layer of fluid
is ever drawn into the systeﬁ, thus eliminating the possibility
of free gas ﬁeing evolvéd at low pressure points in the system.
Correct positioning of the fluid draw off point also ensures
that it cannot be exposed by a vortgx developing in the fluid
af low level and thus opening the vay for gas exit into the
system.

Working pressures vary considerable, according to system.
requirements and typically range from 4bout 500 psi (3,447.50 KPA)
to 6,009 psi (41,370. 00 KPA) in standard industrial Qroduction§.

Controls are normally fully automatic, together with relevant
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safety devices, and may -also include "monitoring" of the
actual fluid level inside the vessel. This can be done quite
simply by pressure measurement (the'actual pressure of thé
fluid being related to the actual gas volume)h_diiecfly by
floats (indirectly coupled to external indicaters); or

elec#ronically. The latter system is usually the most .

o

accurate.

L3
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SEPARATED ‘TYPE GAS-LOADED ACCﬁMULATORS
Dianhragm type accumulators are usually spherical in
' ~shape and used for specialized applications e.g. alrcraft
hydraulic accumulators. Bag-type accumulators have numerous
industrial applications, particularly where relatlvely small
capacities afe required. The bulk of industrial requirements,
however, is usually met By ocne or other~of the piston-type

[20]

DIAPHRAGM SEPARATOR ACCUMULATOR : Figure 7

accumulators.

A diaphragm type accumulator con31sts of two metal hemlspheres
which are bolted together, but whose interior volume is
separated‘by a synthetie rubber diaphragm. The diaphragm
divides thé vessel 1nte.tWO separate COmpartlments - a gas
chamber and a fluid chamber. When the vessel,has been precharged
with air or gas to the required pressure, the dlaphragm is
normally fully flexed so that the gas occupies-the complete

.,  volume of the accumuiato:. Fluid is tlren pumped into the
accumulator, displacing the diaphragm and compressing the 7
gas.. Gas and fluid pressure are always.equel. cbnsequently
there is no pressure stress induced on the diaphragm.

Dur}ng normal operafgon +the pgmp vill build up pressure
in the accumulator to a predetermined level. At this point
the unloading valve will switch the pump delivery directly to”
the reservoir. Thus the pump operates under pressure only for,‘_

relatively short periods at a time, i.e., as necessary to

recharge the accumulator. A certain minimum volume of fluid
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Fig. 8.

/

BLADDER TYPE
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-is alwayé maintained in the reservoir buf a safety device
would normally be inccrporated to ensure thet in the event
of fluid being completely exhaustedf(e.g. through excessive
demand or pump failure) the diaphragm cannot extfude into
the'fluid outlet and be damaged.

Such an accumulator is best suited to systems where
demand is intermittent and fluid voiumes required not very
large, otherwise the size of accumulator required would
become prohibitive. The pump is normally run continuocusly
as noted, with the accumulator providing a useful reserve to
meet peak power demands. Isothermal conditions applyiné
vhere cycling is intermittent, or approaching fully adiabatlc
conditions wvhen there is varying accumulator operati/g between
given pressure limits, {

BAG TYPE ACCUMULATORS[l] , Figure 8

The bag type accumulator consists gssentially of a
cylindrical pressure vessel with hemispherical ends inside
which is damped a flexible bag. The shell 1s usually made
from alloy steel without welds, seams or joints. Bag and
shell are assembled, by meéns of a high pressure valve moulded
into the bag and clamped with an external nut. The other end
of the-shell has a relatively large hole into which 1is assembled
the oil part. This joint is normally closed with an o-ring
and the design made such that the lower mouth of the shell

will spread at a pressure below the design bursting pressure of
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the shell as a precaution. The wide hole is necessary both to .

accomodate a large oil port for unrestricted flow, and also to *

allow the bag to be removed from that end (after removal of
the 0il port) for inspection or replacement.

Built-in safety factors normally include a Provision that
the oil discharge plug cannot be removed frcom the shell untll
all the pressure has been exhausted from the bag. The oil
port is also fitted with a poppet valve to prevent extrusion
of the bag through the port should all the fluid be d}awn off
and at the same time helps to maintain a high volumetric
efficiency.

In use the bag is charged with air or gas to the required
precharge pressure and fluid then pumped into the vessel to
compress the bag. Compression ratios as high as 5:1 may be
achieved according to service requirements with nominal
working pressures up to 3,000 psi (20,685.00 KPA) in standard
sizes, or‘up to 5,000 psi (34,475.00 KPA) for special duties.

Wher&\3§ditional gas volume is required (i.e. to reducel

the pressure variation) this type of accumulator may be

connected to an external gas bottle. 1In certain circumstances,

however, this can lead to troubles as an overnight temperature

dfop ‘could lead to an appreciable fall in gas pressure to the

extent that the bag is damaged by crushing. -
The bag itself is normally tapered or pearshaped with the

largest section at the top, since this gives optimum pressure
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distribution. The shape of the bag may, nowever, be dic%ated hy
the material used for jts construction and most suitable method
of prefabrication. Bag failures, with modern designs, are
usually produced as the risult of impropeér charging or lack
of.appre;iation of temperature dTOP when usiné external bottles,
rather than material faults.
¥ Bag-type accumulators are parﬁ;cularly suitable for use
with oil fluids, but can also accommodate other types of fluids
provided that the bag material ja selected on the basis of
compatibility. ysed with water or water-iluids, it is
génerally necessary to preheat the steel shell to eliminate
corrosion.

A typical treatment in such cases is a stove enamelled

interior finish for the shell.
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PISTON TYPE ACCUMULATORSLE - Figure 9
N The simple piston-type accumulator nerely employs a
free piston within a cylinder as the separator, the gas
charge b;ing introduced into one end of the cylinder and
the fluid info the other. The particular advantages of
this type are that it is simple, essentially safe and robust
and should r#juire tittle or no mainfenance. The guestion of
providing a2 complete one huhdred per cent seal at the'piston
is not important although a high degree of seal is usually
achieved. The seal matsrial can be Selected to suit the
fluid concerned and thus piston-type accumulator can be used
with all types of hydraulic fluids.

Accumulators of this type are normally intended to be
mounted vertically with the gas head uppermost, although most
can be mounted horizontally, if necessary, with no less of |
performance,

¥Where such an accumulator is working continaously, the
accumulator should have an initial inflation pressure (Pl) as
near as possible to the lower or cut-in valve of the system
working pressure (P2). This. gives a greater swept volume aver
the working pressure and thus reduces the numbef of pressure
cycles. VWhere the accumulator is only being used intermittently

- for peak demands, or as an emergency power source after 4
pressure generation has ceased, lower inflation pressures and

consequently higher compression ratios c¢an be used. Compression
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ratios are generally in the range 1.5:1 to j:l.bdepending
upon the particular app}ication. A ratio of 2:1 being a
ltypical average figure.

The pressure difference over the working range (P3 - P,)
can, of course, be reduced by increasing the gas volume
(i.e. by coupling the accumulator to an auxiliary gas
bottle). In this case a large size port is usually provided
in the gas head, in addition to the charging valve, for .
connecfion to é gas bottle.

A simple variation in piston design can be utilised to
provide “dashpot™ damping at the end of the stroke, thus
éliminating hydraulic shock should the liquid content be
exhausted. The liquid side of the piston is simply reduced
in section to enter a corresponding “damper" section in the
1iquid head. ‘

An alternative method of increasing the gas volume is to
employ an inner steel liner inside the cylinder casing providing
an annular gas volume around the outside of the "working"
cylinder (Figure 11), The separator is a free ﬁiston as
before. The liner can be relatively thin since it is pressure
balanced (gas pressure on the cutside equal Ho liguid pressure
on the inside) and considerable economy in weight is possible
for an equivalent liquid capacify and compression ratio. This
has the advantage of providing a substantially larger £as
volume without increasing the length of the cylinder, or

employing gas bottle,
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An other variation in piston type accumulator design is
the liquid seal piston assembly designed to shut off the oil
supply before the piston contacts thé end cover and also provide.
a reservoir of pressurised oil %o act as a llquld seal to
prevent gas leaking into the hydraulic system when the system
is shut down. This takes the form of a'};robe attached to

the piston which enters the head at the exfreme limit of travel

.to seal the outlet and trap a quantity of fluid in the space

betweerr the piston and the end cower. NO gas leakage can

. take place into the fluid outlet. If any leakage does occur,

e.g. due to the deterioration of the piston seal, it would. be
of fluid into the gas side of the cylinder.

A further variation on the pistaon-accumulator is a.
conventional piston-accumulator with the addition of a small
diaphragm in the piston. This, it is claimed; 0vercomes the
inertia effects of a normal piston-type accumulator to give
it the same instant response to pressure changes aé a flexible

Separator type accumulator.

A tandem type piston accumulator is shown in Figure 10
and‘is used for specizl duties. It is also called & sglf—
displacing accumulator and basically comprises an accumulator
combined with a pressurized reservoir, and thus being capable

of maintaining a constant volume of active fluid in the

hydraulic circuit. The gas precharge displaces the tandem
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piston fo fill the low pressure cylinder with liquid. When

the system is pressurised, the high pressure (hydraulic) side

of the accumulator is filled with liguid and the gas|compressed.
The liquid to fill the'high pressure side is drawn from the low
pressure side, thus maintaining a constant volume of liquid

both in the system and the accumulator.

TUBULAR ACCUMUTATORS L[1] - Figure 12
Tubular accumulators are intended primarily to act as
pump pulsation dampefs cr shock absorbers, rather than

snergy storers. They comprise inner and outer cylinders,

the inner cylinder tube being perforated and covered with

a rubber sleeve. The unit is precharged with gas in the

‘annular space between “the two cylinders, fluid flow being

through the inner cylinder, but with access to thé inner
side of the rubber tube through the perforations. Advantages
are cbmpact design, and excellent performance in reducing

shock, noise and pulsations.

)

’
i
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2.4 GAS LIQUID ACCUMULATOR PERFORMANCE ~ (4]

As a h&dro-pneumatic accumulator develops pressurized

\

_flow or maintains pressure, usable volume is an important,

consideration. While developing a flow, a certain amount
of fluid must discharge between two pressures in order for

system demands to be met. while maintainingkpressure, an,

oaccumulator must have available within a certaln presaure

range sufficient fiuid to compensate for leakage, Consequently,
three pressures are involved in actumulator operatlpn.
Precharging pressure is the pressure of the‘gaé before

liquid is introduced into the accumulatof. In most commergial
accumulators, the gas volume at this pressure iSIEqual to the
volumetric rating of the accumulator. Minimum working preésqre
is the .lowest pressure at which\the device operated by the
accumulator will still'work. This pressure could equal
precharge pressure if the accumulator ran down completely.
Generally this mlnlmum preSSure is higher than-the precharge .
pressure, sSo that some 0il will be left in the accumulator
after the minimum working pressure’is reached. Maximum pressure
is determined by the working liguid volume stored in the
accumulator. This volume is the sum of piston area times stroke
for both forward and return étroke of all cylinders, cor
hydraulic motor displacements multiplied by the total number

of revolutions that the motor must operate. All displacements
must pe based on the reguired system enexrgy or torque at the

minimum; working pressure.
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Sizing the accumulatqf'for this working wvolume is not

sufficient because tngéﬁcumulatorvshould not be emptied

‘during the work stroke{ L{Euid volume may also be decreased

by leakage losses and voids created by the momentum of the

-1liquid at the tank port of the control valve. These losses

occur even if the tank port has a counterbalance valve.
Altogetker a reserve capacity of 2% to 3 times the demand
volume is recommended. In addition, a safety factor of 1%

to 5% should be applied, depending on the type of accumulator

and operating conditions. .

For a piston type accunulator in which wear of the

piston packing and leakage between oil and gas are minimized, -

a factor of 1.5 is suggested. Thus tke total warking volume

/

4

should be from 4 to 5 times the component displacement. This
storage gf working. volume raises the minimum working pressure.

Maximuam working preséure ig limited by the pressure rating
of the accumulator or of the hydraulic system,

"Since hydro-pneumatic accumulatofs use compressed gas '
to maintain pressure on a liquid, gas properties affect
accunulator operation.

As a hydro-pneumatic accumulator is filled with liquid,
gas is compressed. We know that as a gas is compressed it
heats up. .

"“Isothermal" describes the operation of 'an accumulator

as the gas is maintained at a constant temperature. While an

4
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1

accumulator is being fillea,"isothermal operation indicates that
the gas'is beiﬁg compresseé slowly enough fer the heat of
compression to dissipate. |

QAdiab?tic" describes the operation of an accumulator as
gas temperature chaﬂges.: Wnile an accumulator is being filled,
adliabatic operation iﬂdicatesrthat the gaé is being coﬁpréssed
rapadly so jhat all heat of compreséion ié retained. )

A hydro~-pneumatic accumulator which is being charged with
liquid up to a certain .pressure, will hold more liguid if_it is
‘charged isothermally rather than adiabatical;y. '

As . a hydro—pneumatié accumulator discharges liquid, gas

expands. We know that as a gaﬁ\:xpands it cools, wWith pressure
X
remaining constant a cooler gas |

occupies less space than a gas
at an elevated temperature. i

An accumulator discharging liquid under isothermal
bcondition, indicateé that discharge occurs sloﬁly as gas expénﬁs;
it is.capable of acquiring heat from the ambient through
accumulator walls or from. the fluid. Adiahétic operation
indicatgs that dischérging occurs rapidly with no heat gain;
as gas expands it-cools.

A hydrolpneumatic accumulator which is discharging
liquid until a lower pressure is reached, wiil discharge
more liquid if it is discharged'isothermally rather than

‘adiabatically, o
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Henceé more fluid enters and exits a hydrofpﬁeumatic
accumulator as it is operated 1sothermally. But, this is
usually an ideal s;tuation. Ordinarily. accumulators are-.
charged and'disbharged either isothermg; or polytropic.
For proeesses taking less than one minute use adiabatip
and .for processes taking more than 3 minutes assume
isothermal. For timss between one and three mlnutes n
varies between 1 and 1.4 and it is polytropic; for
example 1.1 for low to moderate rates. of cycling ‘and
some heating effect 1.3 for rapid cycling where heating
effects are very apparent. .
The biggest concern is nct how. much fluid the

accumulator holds, but how much fluid is discharged before

a lower pressure,raached.‘ Thisg is largely effected by gas

precharge.

The precharge'preesure of an accumulator should be
chosen s thet most efficient use can be made.of the
available 0il. All of the oil pumped in should be made
available as use-able oil for work. '

{.pt.2
valter Ernst[1 P .

suggests a way to select a most
economical size of:acéumﬁiator. petermination of
accumulator size is accomplished with the help of the
five following concepts. ) - '

This is the maximum pressure that the system will

/ ) | -
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stand. ThlS pressure should be as high as the accumulator ratlng,
or pump or system ratlng permlt. '

Maximuin rating of most commercial accumulator is 3 ‘000 psi
(20,685.00 KPA), standard pump ratingsare l 000 psi (6,895.00
KPA), 2,000 p31 (13,790.00 KPA) and 3,000 psi (=20, 685, 00 KPA).
System rating may be glven as in an existing system to vhich
an accumulator is to be added or it may bé determined to
fit pump or accumulator rating
2. Determination of Precharge Pressure p; ‘ —

For straight isothermal charge and discharge, the
Precharge pressure shoulg be made equal to the minimum oil
pressure required to do wsrﬁ. _

Or for best utilization makes pl.. 2/3p3 If this is

not p0351b1e, 1t should be made as high as feasible, but

not more ‘than 3/4 nor less than 1/3 of maximum System pressure.

' 3. HMinimum Pressure Py

This is the minimum pressure at which the system will
operate. This pressure should be made equal to the precharge

pressure, but never less than one half of the maxlmum pressure.

.4, WOrklng Volume h -

The worxing'volumelvw of the accumulator should be four
to five times.the displacement of the system for one cycle - v
including forward and return stroke. bJSteﬂ displacement .is

based on 0perat10n at minimum pressure p2.
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5. Accunulator Size
- The required accumulator volume (size rating) for
isothermal change of state equals
oo Y (pp/ 1)
1 - p/Py

If precharge pressure'is equal to minimum working
pressure, thig simplies to

v Y.

1 - w
1 - py/pq

For polytropic changes of state, the accumulator

volume equals:

V1 (93-/131 ) M \{V

(P-‘B/PZ) l/'n -1 . .
ALFHONSE A. JACOBELLIS [9] observes that usually a

'system is charged slowly and discharged fast. The optimum

o precharge -to use in this instance may be calculated by

3 1
o (L - 1/n) . 1/n
. Py = . P, X 23
If discharge is pure adiabatic, that is n =k = 1.4
then the equation becomes:
: - - 0.285 . 0.715
P = P, . Py
‘ihere Px = Precharge pressuré
Pw - Minimum working pressure
P =  System pressure or maximum accumulator

s =

.

charging pressure, psi,

If compression and expanéion'aré-both adiabatic, and

.
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expansion immediately follows compression with no appreciable

time lag, then the precharge should egual the minimum pressure.
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ANATYTIC METHODS L8)
S

3.1 VOLUME CONTROL APPROACH

1.

=
GAS \ o QI L
Vo | VF | l
2l i PF I =5
l PF | | PE” 6] (118
1 1
§ T IJL_
ABE 1 '.L _____ A
} llrug
______ _ Figure 13
FLASK OUTLET

——— 1

CONVENTIONALIZED RUBBER BAG ACCUMUTATOR

The control volume a

Kdt =

and substituting

- ‘using the momentum equation to the volume a:

d (m.u}"

= mdu + wudm (l)

u_ 9  (2) = du = -49__ (3)
ABE '~ ABE

m = () Vf (Ll')

Q. _av
dt

dm_ dv  _ . . dt

.m P - ar - g - Q (5)

‘Then

g -0 V¢ aq P (6)

- ABE dt ARE

The net force K acting on the fluid volume a is

across ‘the control volume.

suppoéed to arise solely from the differential pressﬁre
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Consequently, a force baléﬁce equation gives

K = (PG - PP') . ARE - (7)

A flow equation for control volume a is now composed
of equations (6) ahdl(?).

. e
~ E PG-PF’) ARE =
%= R ) ABE

%) (8)

2. Control volume b (o0il contained in the neck)
The momentum equation and force balance equation

give, in combination:

"

PF ;PFBL=P.LA%_._&1% (9)

3. Flow resistance of the.outlet

The pressure loss at the outlet, comprising the bottom
valve, is described by a quadratic flow equation.

PF' - PF" = GRUD . Q2 (10)

¥Wherein the ' quadfatic resistance number 'RUD is a
characteristic of the accumulator.

The flow eguation of the A éc. is now obtained, combining

equatiéns (8), (9) and (10).

(PG - PFBL) - (RUD - €__ ) Q?
2
ABE
aa. o — {11)
dt p/=L + L_UD)
(ABEZ AUD

Equation (11) defines the dynamic relationship between
the lcoad pressure PFBL at the outlet of the accumulator and

the outlet flow rate Q.
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3.2 HEAT TRANSFER APPROACK [12]

The conservation of energy equation for the charge

gas gives:

ne, sl - gq - p¥ (1)

= =

24 =]

The o0il flow rate out of the accumulator, Q, is equail
to the rate of change of gas volume,that is:-
Qe = f
So we have

mcv Q_I = q - PQ (2)
dt

The cooling of the compression-heated charge gas is by
free convection and we assume the rate of heat transfer is
ﬁroprotional to the temperature differgnce and the éurface
area, that is,

e - om (1, - 1) (3)

‘here h is a constant called the heat transfer coefficient,
A is the surface area of the walls and piston, and TO is the
tenperature of the surroundings,

To relate these data to the model,équatiln (1) is solved
for the constant volume cooling process,

Substituting Equation

(3{ into Equation (1) and noting +that V = 0 for a constant

volume process.

T

-_— =

d
= =

o3
>

:l_

4 (1, - M) L

2 (T-rT)
v T °

ot
2]

and By integration
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where

T

ut

(hA )Fl
mc,,

The parameter é is called the thermal time constaht,
and is assumed a constant in the integration. The progedure
recommended for selecting [, is as follows. Find the time
at which the experimental curve for the temperatufe (or

pressure) has dropped to a value of .37. That time is T

The time constant,®@ , is now the key parameter that
characterizes the thermal behaviour of the accumulator.
Once its value is known, it can be used to-calculate the

gas process for any work cycle.

COMPUTER SINMULATION OF A WORK CYCLE ,
whence, the thermal time constant, T , is introduced

in the energy equation, we have:

dt ) T - T P . Q
dt. - < me,,

Replacing the derivatives by finite elements one obtains

T, - T P N
AT =( 2 — Q) - bt
rA mcv

The change in gas volume is simply

AY = Q. At
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The pressure is obtained from the ideal gas equation
of state

P _ mRT
v

We could write the basic algorithm as:
VOL = VOL + FLOW * DELTI
TEMP = TEMP + ((TZERO-TEMP)/TAU
- (PRES/(MASS * CV))* FLOW)» DELTI
PRES = IASS » R » TEMP/VOL
The aléorithm alloWs thé-calculation of volume,
.temperature, temperature and pressure at the time ¢ ;A%

valﬁeé for all properties at time t.

given
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The analytic methods are complicated and required a
computer to visualize the process in which the accumulatoer
behaves during a work_cycle;. This, we need only:in complex
problems requiring precision demand of an accumuiator that
actuates a mechanism to provide the desired performapce. -
However, usually we have to furnish.the system an amount of
fluid without'great precision and we wish to have the acu-
mulator behaves as close as possible to the ideal condition,
that is the isothermal one. This maylbe accomplished by

 p1acing fexible, open-celled foam into the charge gas volume.
(figure 14).
~ As the gas is compressed, it passes energy (in the form
of heat) to the foam, through a small témpefature difference,
and the charge-gas experiences neariy is othermal compression,
—During gas decompression, the heat transfer is reversed and
the foam heats the expanding gas charge.,

Energy flows back and forth between the gas and the foam
during cycling. Heat losses to the accumulator‘and'the
surrouﬁding area are reduced because during the cycle, gas
temperatures are lower,

Professor D,.R+s Otis has conducted experiences Qith
accumulator enveloped with and without foam.

‘A 150 cu, in. (2,&58.65 cm3) piston accumulator is
subjected to the following work cycle, with and without foam:

a 5 second filling peried, a 44 second holding period and a
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6 second emptying.period. '

In each test the charge gas is nitrogen at a'precharge
"pressure of 900 psig (6,205.30 KPA). The foam £ill is Scott
Industrial'Foam‘(lzq pores per inch) impregnated with wax
(Union Carbide Carbowax No. 750) to enhance the foam's
heat capacity. (Foam weight is 62.6 grams, and 1ncreased
to 191 grams after being treated with carbowax) ,The results
are shown in Figures 15 and 16 as pressure time and pressure
volume histories for a single cycle. i

In the design without foam, Figure 15, the gas is
compressed almost adiabatically with a f;se in gas tempefature.
During the holding period, the gas cools with a resulting loss
in pressure. This represents an irreversibleloss in the
potential to do useful work. This emptying process is aimost
adiabatic and the pressure undershoots due to cooling of the
~ charge-gas below ambient temperature during expansion. The
-enclosed hysteresis 100p, Figure 16, represents a work loss
of 15%. This energy loss heats the accumulator.

With foam, the process is con51derably different, as

shown in Figure 14.. Durlng compre551on, gas temperature
-{remains almost constant as energy flOWS-from the gas into
the:foam. puring the holding pericd, préssure drops only
slightly.. The expansioh process is nearly isothermal, ang
the enclosed hysterls loop, Figure 16, repreéen?s only a
1 Ld loss.

!
The table summarizes the rnumerical results for the
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two tests. Flow é%ergy input is 7.5% less and the output
7.3% greater with foam in the charge-gas volume; fhe heﬁting
load is reduced by a factor of ll.q (0.8/0.069). Similaf
results have been confirmed for other foam f£ill materials-

5

and for a variety of test condiﬁions;
{

ACCUMULATOR TEST RESULTS

WITHOUT WITH
FOAM , FOAM

. Flow energy input ft-lb/cycle . L135. .5825
Flow energy output, ftflb/cycle . . 3514 ' 3771
Lgss per cycle % : o v . 15 o 1.4
Heating Load Btu/pycle . . 0.8 ‘ 0.069

A
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a, Piston in Initial Position -

b . Piston in Final Position
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c. Copper Wool Placed in Air Chamber
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i, EXPE'R'mENTs[lSJ

The purpose of our work is to study the effeqt of
frequency on the polytropic expohenﬁ in a gas-charged B
piston typg accumulator, .

An'experimént was set up to obtain thé polytropic
exponent of an cylindricgl éir-filiéd chamber as a function
of«frequency. The air chamber of the cylinder was then-
partially filled with cooper wires creating smdller air
chambers and’ the result.of this addit%on on the polytropic
exponent was examined. o

A theoretiéal §a1ue for the polytropic exponent as a
function 9f the 3ignzl ffequency was obtained by studying
Daniels' fyeory for fhe_acoustic impedance of ecylindrical
enclosures. Daniels provides an analytical solution.for
the capacitance of infinitely long'circular cylinders as
a function of frequency and dimensions. The Solution is
valid throughout the entire range from iéothermal to
adiabatic conditions. The thebry requires the derivation ..
of the temperature distriblition in the enclosure. Having
the'tempefature distribution we caﬁ then obtain the polytropic
exponent as a function of the signal frequency.

- '._ ¥
- 2 ($-1) g1 (315 @) ]

1. -1l.
it F Jo (32 1)
Based on the theory of Daniels, we have the theoretical
curve plotted for zuidance with n, the polytropic expcnent in

function of 7, tne signal frequency.



'PooR Con3 D .

T mee s = - N - T :

oy
EXPERIMENTAL PROCEDURE (rlgure 17)
. The .inside rod was set at two inches (50. aomm ) from

v “back closure.‘ The ecceniricity of the crank of the driv1ng
mechdhisﬁ was-set;at'Q.ZBO-inchés.(5.8ﬂ<ﬁm.). The disk
driving mechanism was rotated b& a motor whose frequeﬁEy

\ihangeﬁ by fhe.use of the motor.sbeed control unit. As .
he piston within the cylinder réciprocated, the variafion

. of pressure was sensed through a pressure transducer and ﬁés

rébo:dgd on a strip chart recorder. '
l;-The pressure differential values at various frequencies
were thereby obtained. jhe experiment was répeatqg with - ~

different amounts of copper wire stuffed inside the air chamber

 of the cylinder.

. . R
D . : o
: .
. T
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EXPERIMENTAL INTERPRETATION l21)

The sinuso2dal shape of the pfessure develored on
the-strip'chart recorder represents the resultant or
"effective™ pressure pe; it is thus fhe algebraic difference

i.e. p

e =P, £.pi. The net pressure B, is the pressure
el s k3

differenée between the two sides of the piston. pl, the
virtual pressure is similar to that of the.piston accelération
and such "pressure® opposes the net pressure 1 of‘the_working
medium during the eérly part of the stroke and assists'it
during the remainder. Thé value of Pe = B, * Pi is valid
for a cylinder in horizontal positioﬁ.

On the graph there are two values that was important for

. us, the beginning of instroke, i.e- Peland the end of instroke

i T ‘e di i A = -
1.e. Pype. Then the pressure differential .Pe _Pe2 Egl

is what we need for graphic representation.

!
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EXPERIMENTAL TEST EQUIPMENT SET UP (figure 18)

-

(1) Motor speed controllef, G.K. Heller Corp., Model S-12
(2) variable speed, reversible motor, G.K. Heller corp.,
' Model &T760~20.,
(3) Disk driving mechanism
(4) Cylinder with rod, Scoville Corp., jodel 200-0080
(5) Pressure transducer, validyne Engineering Corp.,
Medel DP15STL
(6) Transducer indicator, Validyne Engineering Corp.,
| Model CD12

(7) Strip chart recorder, Brush Corp., Model Mark 280

CALIBRATION EQUIPMENT
(a) Air pressure regulator, Moore Instrument Co. Ltd,,
IModel Nullmatix 4o-2

(b) Inclined Manometer, Air flow Developments Ltd.,
Model Mark L

(c) Dial indicator.
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Fig. 18.Test Equipemént Set Up Representation
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EXPERIMENTAL RESULTS .

1. WITH OIL

Section A - 0 gram of Copper Mesh in Cylinder

Chart Spead: 50 mmyssec | 1.
el S A r

—

!

1

!

|

|

) BRI
Chart Speed 20 mm/JSec
‘ . |
‘5m_H20

i Vool

BRUSH ACCUCHART
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EXPERIMENTAL RESULTS

1. WITH OIL

Section B - 17.05 grams of Copper Mesh in Cylinder

: ;_T\{Ajj%fj.-j-. l,ij,:m. L

thJ_SDeed 50 mm/Seq__‘_Sln “Ho0 ‘{ZSec{-
CUCHART Gould Inc., Ins_lrumenl Systems Division o
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EXPERIMENTAL RESULTS

~

1. WITH 0OIL

Section C -~ 34.57 grams of Copper Mesh in Cylinder

P

——————

—Chart_Speed: 50mm/Sec © ! .5inH Q. | 2S¢k !

|
CF
N

‘Se“c s

|
-

. Chart_Speed: 50 mrﬁ/Sec,___w_;,sm H

2

0__ . A2Sxk .
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p .

FIuW FIa CYCLE "DPACLY PL(I} P2(L) ZN F
17.4600000 535219 «125000 515349 14;6783451 13.31534%7 1.090244 2.762049
18.900000 482139 250000 «633219 14.453908 15.33521%9 1.148738 3.906127
19.000000 . 4683748 ¢2380%95 «433219 14.46463908 15.335219 1.148738 3.B119%0
19.400000 £700185 »322561 + 6496546 14.454885 15.3479658 1.188481 4,437062
19.400000 .700188 333333 £ 644247 14.4530B0 15.344242 1.,182789 4,510407
19,.400000 « 700185 - 333333 » 642438 14.454883 15.342438 1.174410 4.510407
12.600000 »707403 338983 653265 14,4546490 15.353265 1.191555 4,548470
19.700000 711012 4156687 647051 14,545842 15.347851 1.2014569 5.042788
17.800000 71446272 PALE667 649655 14.442253 15.3494556 1.210811 5.042788
20.000000 «721830 312821 + 6495636 14.,442233 15.349454 1.210811 5.594471
20.000000 + 721840 531915 +656074 14.438644 15.354874 1.227203 5.497672
20.100000 725447 +&25000 653265 14,442253 15.353245 1.216845 6.176129
20.300000 732648 666667 4564093 14.4546470 15.364093 1.20%94644 6.37B&77
20.350000 734472 759231 26358677 14.56385844 15.3584679 1.23221¢9 6.851800
20.400000 v 7346277 » 767231 «564073 14.4631425 15.3464093 1.253921 6.831800
20.5600000 £ 743495 -08088% 1667702 14.431425 15.367702 1.259948 7.3654564
20.750000 + 748909 1.041667 667702 14.6204207 15.367702 1.272612 7.973348-
21.000000 $757932 1.,290323 A74970 14.627B16 15.374920 1.278331 8.874124
21,000000 L7S7932 1.333333 671311 14.614788 15.371311 1.271309 ?.020814
21.100000 7H1SA] 1.428571 «680334 14,427016 15.380334 1.28B7344 ?.337427
21.200000 765150 1.86686667 674720 14.46187%3 15.374920 1..274145 10.085577
21.300000 +ZHBTALC 1.737130 «682139 14,624207 15,382139 1.,296709 10.302495 "
21,.300000 + 788760 1.806792 678330 14.4615164 15.378530 1.304528 10.730956
21.,400000 77369 2.222222 605748 14.,4624207 15.385748 1,302730 11.,645021
21.400000 772369 - 2.000000 685748 14,420598 13.385748 1.3090464 11.04B1%6
21.400000 772367 2.173913 478530 14.4618793 15.378530 1.300189% 11.518540
21.,200000 7725778 2.300752 602139 14.,40977C 15.382139 1.322055 2.054570

.

Table A- NO COPPER MESH - WITH OIL



FIN

17.300000
17.3500006
17.750000
17.900000
17.900000
17,930000
18.000000
18.200000
18.200000
18.23%0000
1B.300000
18.300000
18.,350000
18.400000
18.500000
18.550000
18.4600000
18.4600000
18.600000
18.620000
18.450000
18.4650000
18.700000
18.800000
18.800000
18.850000
18.850000
18,850000
18,.%900000
18.9200000
18.9200000
18.9200000
19.000000
12.000000
12.000000
12.000000
192.000000

19.000000 -

19.000000
19.000000
19.050000
19.050000
19.100000
19.100000
19.100000
19.100000
19.100000
19.150000

'19.150000
.19.200000

‘PooR Cory !

-
it
= i ARy ) : o TS
FIA CYCLE . .. - DPACIY- - P1LI) TP2(I) . ZN mcam - B el
.
. 624392 111111 »4618978 14.469619% 15,318%278 1.034%17 2.404085
28248194 » 120482 2424390 14,703409 15,3243%2 1.034544 2.711473
+ 540433 L 243902 + 628001 14.492782 15.328001 1.058845 3.838197
+ 59448047 + 303030 +A24392 14.481954 13.324392 1.071417 4,300504
+ 546047 «217391 531610 14,492782 15.331410 ‘'1.064755 3.4642482
» 547851 «628931 « 637024 Y14.471126 15.337024% 1.110487 4.195520
+6494656 + 208333 «A31610 * 14.487348 15.331610 - 1.073975 3.345790
«&656B74 -—-a'429185-———~.631540———14-674736 *—45,331&10**—:1;095501———-5—117973
654874 454599 435219 14,48014% 15.335219 1.092142 1267021
6588679 15246316 -640433 - 14.485563 195.340633 1.0%91748 53.4667605
- 540484 5374634 431410 14.474734 15.3314610 1.095501 5.72822
+660464 4333333 637024 14.4B0149 15.337024 1.095104 4,5104807
«&&22BB . 3225681 .4638828 14.680149 15,338828 1.098049 4.4370462 -
644093 25451481 638828 14.86746540 15.338828 1.104201 4.274953
447702 « 754717 + 4442532 14.480149 15.344242 1.1046877 &.784853
649507 «434783 + 474920 14.6745430. 15.3749220 1.142997 5.151248
+ 4671311 + 434783 6408633 14.4674734 15.340433 1.110220 S.151248
8713118 .833333 442438 14.874734 15.342438 1.,113143 7.131580
LA571311 W7AEDET 433828 14.472931 15.338828 1.110353 &.748B7460
$A6731146 877193 + 540633 14,449322 15.340433 1.119451 7.314844
~673114 «?10233 644242 14.474736 15.344242 1.1146105 7.5324007
H73116 1.0524632 6456047 14.,4874734 15.344047 1.119047 B.015203
574920 «5340541 . 5642438 14.471124 15.342438 1.119314 5.743483
678530 1.000000 « 642438 14,671174& 15.342438 1.119314 7.812254
478330 1.081081 L A46047 14.,474734 15.344047 1.11747 8.122795
660334 - XYY 1Y-Y4 544242 14.4671124 15.344242 1.123225%9 &.378477%
580334 1.290323 bA49458 14.674734 15.349458 1.124930 B8.874124
+ 680334 1.1111121 1644242 14.672931 15.3442432 1.,119182 8.234839
JEB2139 1.282051 + 5486047 14.4647517 15.344047 1.131356 8.845436
e 2882139 1.428571 5445047 14.671124 15.344047 1.125201 9.337429
682139 1.250000 s A4P454 14.672931 15,34945% 1.128007 B.7343586
.48213% 1.481481 6494656 14,474734 19.349454 1,124930 ?.508773
485748 1.724138 + 6494856 14.647517 15,349454 1.137239 i0,257992
» 4585748 1.B51852 1649656 14.447517 15.349458 1.13723% 10.4631131
S&A5748 1.732130C « 631461 14,472738 15.351441 1.130%48 10.302495
«4685748 1.400000 SA014481 14,.474734 15.351341 .1.127B71 ?.881807
L &85748 1.612903, « 647851 14.671126 15.3476%1 1.12B143 ?.921573
- « 685748 1.400000 E5I245 14,671124 15.353245 1.134%944 ¢.881807
+&BS748 1.538452 +SATES Y 14.671124 15.3494656 1.1310849 ?.482%09
LAH85748 1.4285721 «AAP454 14.471124 15.349456 - 1.,131084 ?.337327
60755 1.739130 A91461 14.4872931 15.351441 1.130748 10.302495
687553 2,000000 453265 14.46467517 15.35324% 1.143121 11.048124
s 609357 1.9108:182 vA&T32465 14.671124 15.3532485 1.1346%244 10,.534041
£ 509357 2.003333 14653265 14.86467517 15.353265 1.143121 11,0276017
6892357 2.272727 AD3265 14.4671124 15.,353265 1.136966 11.777416
489357 1.818182 6532465 14,46723931 15.35324% 1.13386% 10.534041
+ 4689357 "2.000000 553265 14.700000 15.3532465 1.087778 11.0982946
24911462 2,105283 - R %I 14,447517 15.353265 1.,143121 11,.335209
L4571142 2,000000 + 555070 14.671126 15.355070 1.137904 11,048198
+EPI2PEE 2‘. IpOovL2 . -+ &SEG7 8 LiR8.4731 24, 15.354874 e 12,0545720

TableB - 17059 COPPER MESH - WITH OIL

<

1142844



YR

' 17.700000 *
17.750000
17.800000
17.800000
17.800000
17.850000
17,850000
17.850000
17.900000
17.900000
17.950000
19.000000
16.000000

' 18.000000
18,000000
1B.050000
18.050000
18.100000
18.100000
18.100000
18.100000
18.100000
18.150000
18.200000
18.200000

. 1B8.200000
18.200000
18.200000
18.200000

18.,250000
11.250000
18.250000
18.250000
18.300000
18.350000
18.350000

. 18.350000
18.350000
18.350000
18.400000
18.400000
18.400000
10.500000

‘PooR Cory ]

55

PIA

.438828
640633
.642438
642438

.642338
.644242
¥ 544042
L 614247
.644047
646047
4478351
5494854
649654
549856
449654
WAILYS:
651451
2653265
.453245
453245
L 65T245
.653245
+ 655070
+ 656874
454874
.654874
+656874
454874
656874

658679

458479
L6504679
L 450679
6460404
442288
.642203
. 6462288
.662208

J6é42088

664093
564093
" 469093
4467702

N

‘Table C - 34579

r
M

Cyc

142857,
.243902

(131579 ==

. 136996
2240954
344028
.327869
.243902
. 454545
.350877
.434783
SbLHET
543380
.55555
+540541
LAL7D90
.362319
.578035
.781250
.943396
.781250
434901

1.063830

1.398889

1.081001
.909091
. 769231

1.176471

1.204819

1.470588

1.6665647

1-818182

1.333333

1.401481

2.500000

2.105263

1.666467

1.666667 -

2.040816

1.851852

2.325581

2.127440

2.431579

4

+ 6544242
+640633

438828

» 4638828 .

542438
+ 644242

2844242

«644242
644242
640633
1646047

$6532635 .

646047
+ 646047
+ 644242
« 6446047
640433
1649656
+6546874
655070

4355824 -

«447851
455070
6546874
649656
649456
649656
564945564
656874
+858679
658679
651461
549654
V649656
653265
651461,
&AP456
549654
«642208

664093

+ 664093
1664093

1867702

vPatry T

COPPER MESH - WITH

PILIX P2(D) N F
14.714437  15.344242 1.049109 2.952754
14,703409  15.340433 1.091885 3.858197
14.710828  15.338828 1.066365 2.833802
14.710828  15.33B828 1. 046365 2.891445
14.707218  15.342438 1.078425 3.834885
14,707218  15,344242 1,081425 4.587514
14.707218  15,344242 1.081425 4,473284
14,709023  15,344242 1.,078494 3.858197
14.703609  15.344242 1.08798% .267021
14.703409  15,340433 1.091885 4.427580 "
14,700000  15,344047 1.097148 5.151248
14.714437  15,353245 1,084104 6.378679
14,700000  15.344047 1.097148 5.863773
14.707218 15.346047 1.084425 5.822910
14.700000  15.344242 1.094148 5.743483
14.714437  15,346047 1.,072108 5.340347
14.716241  15.340433 1.059980 4.702424
14.712432 15.349456 1.081236 5.939547
14,710828  15.354874 1.096358 6.905122
14,710828  15.355070 1.093360 7.587932
14.710828 -1543548%4 . 1,095358 6.905122
14.498195, 15.347851 1.103280 6.224953
14.709023  15.355070 1.094490 8.057725
14.710828  15.354874 1.096358 $.206830

_14,698195 15.349456 1.104279 8.122795
14.698195  15,349456 1.104279 7.448692
14.700000 - 15.349456 1.103147 4.851800
14.696391  15,349454 1.109411 8.473579
14.710828  15.354874 1.094358 8.575063
14,710828  15,358479 1.099355 9.473750
14,710828  15,358479 1.099355  10,085577
14,696391 15.351441 1.112410  10,534041
14.696391  15.349456 1.109411 9.020814
14.694506  15.349656 1.112543 9.508773
14.694586  15.353265 1.11B541  12,352258
14.694586  15.351441 1.115542  11,33520%
14.694586  15.349656 1,112543  10.085577
14.4692782 15,349456 1.115676  10.085577
14,709023  15.362288  "1,108478  11.340363
14,712432 15,354093 1.105216  10.431131
14.707218  15.364093 1,114665  11.91357%
14.710828  15.364093 1.,108345  11.395344
14.703609  15.367702 1.126857  12.673149

olL -
\
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EXPERIMENTAL RESULTS

1. WITHOUT OIL

Section A - 0 grams of Copper Mesh inf*Cylinder

- . . '

Cnart_Speed 50 mm/Sec____ * Sm H OW___—_-{ 1071}-

ln strument Systams Division . 2

-



EXPERIMENTAL RESULTS

1. WITHOUT OIL

‘PooR CoPy

58 .

.

24

Section B - 17.05 grams of Copper Mesh in Cylinder

-

[
|

ument Systems Division

t
i
1
|

b i

Vo
42 Seche

i
1
'
!

Proog 1S A

. . . T i
Coror b
P P
VLT T T T
A
X ]

'

[
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_Chart_Speed: § mﬁLLSeg;;, : Sin Hzo*ﬂ; - _—'L_ b
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EXPERIMENTAL RESULT%/

1. WITHOUT OIL
Section C - 34.57 grams of Copper Mesh in Cylinder

N

~—

U

_ Chart_Speed + 20 mm/Sac B ;j,,inﬂzé) | .t -

1¢., Instrument Systems Division : SR Dromner e T

ChartSpeed: 50 mm/Sec  SinHO . A Lk
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L

200000
L200200
18.750000
19.4652000
19.4630000
19.750000
20.05Q0000
20.050000
20.100000
20.250000
20.350000
20.450000
20.450000
I0.500000
20.530000
20.700000
20.%20000
20.%30000
20.950000
21.000000
21.0600000
21.032000

21100000

*1.*00000
1.250000
21, 36000¢
21.400000
21,400000
21.30booo
21.500000
21.600000
21.650000
21.760000
21.700020
-21.750000
21.800000
21.B50000
01.850620
21.500000
21.500000
21.933000
21.950000
22.000000
22.000000
L 000000
--.oooowo
.000000
53.000000
22.050000

160000
. 100000
. 1060000
L.IOOOOO
. 170000

.."J'J?J'

ER SNBSS

J

2.100000 -

l’ooR CoPY

e e —— oy o R

60

!
]
I

e —————— e . _
FIn CYCLE DFACI)
OUSE7A +1084%4 .633415
L454B74 J105263 L636823
L ATETS . 142857 LT
.709203 220202 669507
L709208 WIas7yw L 664093
717817 123464654 6464093
723645 23146456 L4680334
« 7234645 2327857 .8469507
725449 3074692 671311
T.730853 .338983 CA73114
2734472 .308143 874725
. 735031 416647 L4E0334
. 735081 L425530 476725
. 739006 L413223 " ,6B5748
41891 . 434783 67477
.747104 ' 561758 L 489357
.754323 -5263164 JGB3933
S7S4127 .5645151 L4B574a8
« 754127 LAPS444 V674771
. 757932 740741 .865748
.757932 L&25000 L455736
759737 V749231 .4B758
- 4751541 V425900 . 405748
765150 LT69231 .68%744
VT bk LB49545 6P1162
772349 .F090F1 .68
T3P 1.052632 929464
772349 1.041647 .700185
. . 772349 1.052632 VARDT4AE
.775970 1.176471 EPE5T4
779537 1.052632 P14
L7OL392 1.298701 L 703774
783196 L 540541 JAAD139
703196 1.333333 .70018%
L705001 1.612903 707403
L7680 1.481481 L7o0l605
L 708410 1.656647 701989
L TEHEL0 1.666667 . .70190%
790415 1.940704 711012
790415 1.55105°2 .711012
792219 540541 4603943
L792219 1.739130 V703774
L7FA074 2.173913 L711012
V794004 2.600000 703794
L794004 2.070707 L7187
774004 1.610102 L7037Y4
AR T 2.000000 703794
L7P4024 2,439074 212817
.795009 2.220000 V705599
A VIR 2,105043 707403
VA RTRN] 2.350941 L707403
M dr b PSR 2.ono0on 707403
A TR 2.500000 . 707403
STITEIS 2.831579 L7lasnn
779438 D bALGET + 709200

Table |- NO COPPER

P1(I)

14.680149
14.465543
14.47473%
14.463908
14.440299
14.658494
14650299
14.645862
14,649471
14.5645B42
14.642253
14.645862
14.630348
14, 449371
14.642253
14.645342
14.427016
14.833230
14.4640448
14.627814
14.634939
14.633230
14,6350 34—
14,624207
14.427816
14,424207
14,424207
14.629671
14.624207
14.624207
14.420598
14.427816
4.640448
13.622402
14.4273164
14,424207
15.418793
14.416709
14.427016
14.424207
14.435034
14.620558
14.627016
1a.615104
14.627014
14.613379
14.61010
14.624007
14.615184
14.615104
14.613379
14.615104
14.415104
14.424207
14,418793

15.333415
15.338928
13.3494546
15.349507
15.344093
15.344093
15.350334
15.349507
15.37:1311
15.373114
13.374725
15.380334
15.374725
15.385748
15.376725
15.38%93%7
15.353943
13.305748
15.394771
15.385748
15.385740
15.3872553

15:3R5743 -

15.305748
15.371162
15.3375353
15.390744
15.4001E3
15.392%64
15.394574
153.371142
15.403794
15.302137
15.400105
15.407403
15.400105
15.401987
15.401989
15.4911012
15.411012
15.303743
I0.403774
1b.411012
15.403794
15.410817
15403799
12.40357v4
15.412817
15.405099
15.407403
15.407403
15,.407403
12,407403
15.414422

_1a.a09008

1.10281°9
1.102422
1.138978
1.190311
1.187722
1.190840
1.214484
1.2214602
1.218333%
1.22754¢9
1.237738
1.23%9440
1.,242660
1.242113

239738
1.2354294
1.2746613
1.270011
I.‘i "\670

. 279584
1.2463945

1.273162

3.70334a
3.600595
4.394734
4.473784
4,333a5¢
4,54B470
4,991045
5.042758
3.095153
5.021907
5.131248
5.855532
S5.66740%9
&.274953
&.510212
6.723718
§.174129
4.831300

T ErledNR8— gy peTwano

1,2685835
1.2884946
1.258806
1.2977146
1.300216
1.297716
1.303454
1.300798
1.309276
1.201722
1.312717
1.315211
1.309591
1.321%938
1.325065
1.321143
1.327374
1.264117
1.32177%
1.3071143
1.331140
1.324107%
1.334783
1.33:14

4.330340
334107
1.337094
1.3400022
1.3370%4
1.3370%74
1.333324
1.333807

MESH - WITHOUT oIL

6.851400
7.204944
ZeAsB490
‘8.0157032
7.97334R
B.015203
G.473579
B.015203
B8.902%0
L.7434033
?.020814
92.90°1573
?.508723
10.085577
10.0pP5077
10.939343
10.631131
C.7A3603
10.30047%
11.5165%40
11.0an194
11.7772414
10,534041
11.0a01%s
12.28067)
11.64°0101
11.31"
11.
11.647.001
12.35020510
12.423149
12.757357
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Fiw Fin CYCLE Iiraciy F1(I) F2eiy H F
17.2522200 0833333 «613554 14.596391 15.313544 1.049735 2.23535203
L7.420000 LOP06507 «H25292 14.703409 15.324392 1.055241 2.355533
17,.402000 107073 S&TO7RZ 14.69463%1 15.320782 1.0617461 2.508354
17.854200 L1T807L W H20732 15.478345 15.320782 1.093114 3.3012692
17.950000 L1780 LH2TE0T 14,4683709 15.32%805 1.09872¢9 03.301280
18.000200 .350977 L636828  T14.474736 15.338828 1.129427 4.627380
18.055000 LA514510 L193020 6357019 14.66°172 153.33521¢9 1.098332 3.4754407
15.120Q00 435070 .253158 y 433418 14.4681954 15.333415 1.107372 <.007502
13,252000 558479 L239521 540533 14.45817%4 15.340633 1.119882 3.823334
18.30000Q 560434 L 248454 v EHETA3H 14,681954 15.342433 1.122884 4.047744
18.550000 LbETTO2 333333 » 427805 14.443908 15.327895 1.133249 4.510407
18,2C00000 + 669507 333783 646047 14.480149, 15.344047 1.132023 4.548470
18.700000 674920 £ 354535 631610 14.,4856470 15.3314610 1.148817 L257021
15.500000 LAHTHL30 374150 < 6395606 14.672931 15.3394%6 1.150574 5.370947
18.522000 fA50334 453553 4446047 14.,467293) 15.344047 1.144573 S5.247021
15.500000 L&B5748 obbhbeT A47051 14.8673517 15.347851 1.1546991 &.378677
19.003020 «A55748 OS5 047 AT1841 14.671126 15.351461 1.136713 | 6.370479
17.037090 JA&R5TAR 4655738 CAAPEGE 14.467112% 13.342454 1.133713 6.324178
IP.AOUHLO LAGRRTLT $ 769231 . 14.4467517 15.353265 1,185,797 46.6851000
19.,10900% CERPENT LTEO231 14.6637908 15.349454 1.1646271 6.821800
19.1C2000 SAHAT3T 5405 4T 14.4653708 13.339456 1.144271 722049464
19.120000 JARR3DT LDE0LG 14.4647517 15.353243 1.14357270 7.284944
17.150002 LAEPLISLD L T30233 14.4465713 15.35%070 1.172129 7.534007
19.257°220 LAT4TTL L3A77193 .é,(=/~ 14.662103 15.356B74 1.181409% 7.314844
19.323500 WAPETTE 1.G52432 W&53679 14.4663708 15.358579 1.181247 8.015203"
19.232205300 LAHCR3RD 1.176471 SALBATD 14.6463908 15.35858797 1.161257 3.,473577
19,3200%0 VEFI3TO 1.1131:0118 fSHTHL7T 14.4657103 153.3584579 1.184407 B.23483%
174000200 .700130 1.2:12128 LEH0503 14.463903 15.3460434 1.184265 B.60100%
19.429000 LSO018S 1.333333 460504 14.4462103 15.34604384 T,187405 2.020814
17.452000 J701PRY 1.270323 SOES0AG4 14.4462103 - 15334094 1.167405——2.074+24—
17450000 701937 <6L5739 cHEQANS 14.643%08 15.360404 1.181~nd &.324170
19.420900 L701539 D OLBA7? 13.4640079 15.330479 1.1675 B.37N615
10, 500360 VLR LA2E001 14.474734 15.3206001 1.111410 3.95058089
19.0500000 L7027 1. fHLDETR 14.440299% 15.350347 -1.187054R 7.143507
19.500000 .703‘0‘ :.4”1‘u1 Y 14.442103 15.35-:38 1.190403 7.208773
19,4023000 ’ﬂ/A 1.400000 LLLUNYT 14.643708 5.3455697 1.193257 ?.8010607
194602000 1.7392130 s H6ANV3E 14,4450207% ld.géioix 1.196542 10.30774°%
16€.420200 1.515152 HADD28T 14.46L8494 15.34220n 1 1986064 FPb1EHD0
19.400050 1L AND000 CEEA0P S 14.660299 15.34640°3 1.1945%42 ?.801807
1,./Oﬁﬁ“n 1.70a474D Y e el 14,642103 15.36L597 1.1943°98 10.70193%

LAITHYS 1.72413540 SAESDTET 14.,4658474 1L.2462708 1.196604 10,2577%>2
«THAADTD BTN B SAAYALS 14.67247184 15.34740%4 1.147434 S.30771
L7140 2000000 CAHESGVT 14,46544%0 15.364093 1.200825 11.04301924
PRI LU LESTALS 14.471128 15.34%454 1.153713 5.822210

Table 2 - 17.05 ¢ COPPER MESH- WITHOUT OIL
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PIW FIAa CYCLE LIFPA(T) PLCI) P2ID IN F

17.350000 625194 + 4746190 25631610 14,714241 15.331610 1.03503¢% 3.390947
17.420000 + 629805 «1146279 6314610 14.707218 15.331610 1.0515%5 2.463957
17.450000 1429805 +101523 4629805 14,7212432 153.329805 1.03924% 2.489191
17.500000 1831410 250000 631610 14.700000 15.3314810 1.043944 3.905127
17.500000 1631410 + 232558 633415 14.7108B28 15.333415 1.038321 3.747403
17.320000 1433415 «333333 631410 14.700000 15.331410 1.043964 $.510407
17.550000 633415 «223093 635219 14.703414 15.335219 1.0506068 3.811990
17.400000 - 635219 «»30B4642 + 435219 14.707218 15.335219 1.057503 4.330141
17.400000 635219 «322581 «4335219 14.,70%9023 15.335019 1.054300 4.437042
17.4500000 63219 4146467 T.437004 14.710828 15-337024‘ 1,024273 5.042788
17.450000 « 637024 +43443434 «4635219 14.700000 153.335219 1.069%19 S.208149
17.700000 + 438828 + 333333 -638B28 14.70340%9 15.338az2g 1.06%9652 4.510407
17.700000 .438828 1146467 24637023 14,703409 15,337024 1.0445685 5.032788
17.7508000 + 840533 + 50541 «635219 14.596391 15.335219 1.074129 5.743483
17.750000 +6305633 .512821 .&638828 14.707218 15.3383828 1.0534355 5.594471
17.750000 « 640633 - 543478 4637024 14,700000 15.337024 1.072B9% 5.759270
17.800000 « 642439 2528318 +452430 14,700000 15.3424338 1.081821 S.8676405
17.B00000 -« 642438 P 414447 « 652430 14.703409 15.342438 1,073412 S.042790
17.606000 642438 437895 .4638828 15.698195 1%.333829 1.078%74 4.3385735
17.B00000 647438 &625000 640633 14,.707218B 15.340433 1.054430 6.174129
17.000000 .4642438 «451538S 636828 14.469819% 15.335420 1.078975 6.128434
17.85C000 634232 769231 6404633 14,707218 15.340433 1.0646430 46.85100)
17.850000 634242 547945 437024 14,4694584 15.337024 1.082211 5.7832890
17.6550000 e bA82a2 701250 638428 14.896371 15.338328 1.082081 6.9035122
17.%000600 445047 . 638949y «E5A04633 14.6953%1 15.3404632 1.085054 7.365553
17.950000 «44738351 1.010101 640633 14.4949584 15.3404833 1.088142 7.9514511
17.9500G0 -6470351 077193 440433 14.,4%46391 15.3304633 1.085054 7.3156995
16.000000 P HARES 1.333333 » 639828 14.493%586 12.32330g 1.CL3167 P.0203149
18.000000 $6AVEDE 1.176471 «652430 14.696391 15.330437 1.083031 R.473579
18.000000 +Gq9406 1.250000 «6A7430 14.46927802 15.342432 1.0724243 B.7343454
18.000000 CHAPLES 1.052432 638028 14.693584 15.333320 1.055187 8.015203
18.050000 651441 1,538442 6424738 14.6956391 15.3a2a38 1.0038031 F.ANNODD
1B8.100000 <SU3IZAS 1.664667 £ 544240 14.492792 10.35a242 1.097217 10,044,527
18.100000 cEL304G 1.349863 s EA44242 14.46927R2 15.344242 1.0972217 ?.1a3I502
18.106000 sSL3T4G 1.515152 c644240 14.499084 15.344242 1.093111 P.ALADDOD
18.150000 &5326% 1.818182 4424138 14.4927832 153.342333 1.074243 10.524041
16.150000 +&55070 1.705714 L 545047 14.46927832 15.334057 1.100192 10,4375,44
18.200000 cOULBTA 1,65546467 62434 14,6927 153.34243383 1,094243 10.005077
18.200000 »H04074 1.810182 «6A2430 14.,492782 15.357435 1.074243 L0.534041
16.200300 LE56B74 2.2202200 6A4242 14.474U06 1. 3440430 1.094111 11.445601
16. 200400 PETADT A 2.000000 1 SA40457 14.492762 15.345047 1.100192 11.045195
10.20G000 $656874 1.923077 LGAH047. 14.6922709D 1%.234047 1.100192 10.,833547
18.250400 ATRALTY 2.173913 LESATaLL 14.694504 1L.547301 1.10005% 11.210040
T s 6404989 T 35004 $ 684047 14.460%172 15.3440a7 1.1084505 11.-03a501
SLAT2BE 2,3253501 LHA70UL I4.422/02 153470601 1.103165 11.91307

fHLD000 283177 D OATLNY I4.6%0702 15.354700 HES SCRA N I2.aviran

Table 3 -~ 3457 g COPPER MESH - WITHOUT oOIL
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/ONCLUSION:

The experiment was sef up to obtain the polytropic-
exponent of .an cylindrical air-filled chambef as a function
of frequeﬁcy. The correlation between Daniels' theory and
the experimental data on the polytropic exponent n as a
function of the signal frequency F were exanined. The two
curves have the tendency to be closed to each other at values
of the high frequency paramefer F when the cylinder chamber
contains only air. Wwhen filled with copper mesh and air,
we observe that the polytropic exponeni approached the
isothermal conditions atc the amount of copper increased.
When the inner cylinder wall is wetted with a thin film
of 0il, the polytropic exponent n value is less than in the

dry condition and we have a better simulation of our study.
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5. APPLICATIONS

5.1 ENERCY STORAGE L7]

The accurulator is used to reduce the pump size.
The hydraulic force in a machine is used to move four
cylinders. From.the time the first cylinder extends until
all four have retracted, 10 seconds will have passed.
Figure 22 shows the timing diagram for this machine. In
the first two seconds cylinder ene extends. 1In the second
2 seconds, the c&linder 2 extends. In the third 2 seccnds,
cylinder 3 extends. 1In the fourth 2 seconds, cylinder &
extends and in the fifth 2 seconds, alil four cylinders
retract. To move the cylinder in 2 seconds, a certain flow-
rate (gpm) will be required. Cylinder 1 requires 3 gpm
(11,356.24 cm)/nin) to extend, 2 gpm (7,570.82 em’/min) to
retract; cylinder 2, 7 gpnm (26,597.88 cmB/min) to extend,
& gom (22,762.47 cmj/min) to retract; cyiinder 3, 5 gpa (ij,éug,gu
c33/min) to extend, L gpm (15,141.65 cmB/min) to retract;
cylinder &, & gom (16,655.21 cmB/min) to extend, 3 gpa
(11.556.2ﬂ cmB/min) to retract.

when these flow rafcs gre rrojected down to a flow-
demand chart (figﬁre 23),we find the first 2 second in the
cycle will require 3 gpm (1l,356.1K cma/min);the next 2
ceconds, 7 gmn (26,479.88 cnj/min): the third 2 second,

5 gpm (18,927.06 ¢ ?/nin) i the fourth 2 seconds, & gpo

ey ey
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time ,sec 0 "2 4 b B

1 1

1ord
Cylnder Nal M ] m

3 gp™

rerd . ct
Cylinder Na 2 —y %

7 ™

: Re
Eﬁ\e“d ¢ Jat
Cylinder No3 9pm

‘ o - R
_‘ . g petd 3 Shacy
Cybnder No& 9om

L™

Fig22Timing Diagram For Hydraulic Machine

15}
Circuit Flow Demand-
10]
Pump Outpukk
1 I
0 . . .
0 2 A 6

E—"ig,.23. Flow. Demand Chart

time, sec

10
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(15,141 .65¢cm 3/mln) and the last 2 seconds will demand 135
gpm (56,781.18 cm@/nln) Without an accumulator, the pump
capacity will be determinéd by the peak demand. In this
case 1t is 15 gpm. But this demand will only be for 20

per bent of the cycle{ So if the pump was a fixed-displacement

.type, the relief wvalve will be discharging most of the

hydraulic ligquid for 80 per cent of the time. That repre-

sents a lot of horse power going into heat. Adding the gpm

~rates: 3+ 7 +5 +4 +15, and dividing the sum by the five 2

seconds time periods, we find the average circuit demand
is 6.8 gpm (25,740.80 cn?/mln)

In a particular pump catalog, the next size pump abowe
the 6.8 gpm average is a 7.5 gpm pump {pumping against 1,000
psi (6,895.00 KPA)). This pump rate is designated with a
dotted line across the demand chart, Figure 23 . Vhen the
circuit demand is below the pump rate line, the excess pump
flow goes into the accumulator. But when the circuit demand
rate is above the pump rate line, the pump and the accumulator
supply the needed flow. -

In this described circuit, only the last 2 sééonds of
the cycle are above the pump rate line, the pump and the
accumulator supply 15 gpm. Thus during these Zseconds, the

accumulator must supply 15 gpm minus the pump rate df 7-5 gpm
(25,390.59 cmg/min) or 7.5 gpm (28,390.59 Cm3/min) to satisfy
the circult demand. Atcumulator are generally sized irn cubic

inches., 30 the demand from the accumulator will be 7.5 zpm

(
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(28,390.59 cm3/min) multiplied by 231 {cubic incﬁes per -
ga;lon):and divided by 30 (30 x 2 seconds-periods in one -
minute), which is about 58 cu. in (950.45 cm3/min). Now let

us double check and make sure that 58 cu. in (950.45<m13/min)
of hydraulic liquid will be put into the accurnulator during
the balance of the cycle. By a coincidence,'th? pump raté

and the demand rate from the accumulator are the same, 7.5 gpm
(28,390.59 cm3/min) or about 58 cu. in (950.45 (cmj/min) in

2 seconds.

In the first 2 seconds, while the pump is moving 58 cu;.
in.(950.45 cm3/mind cyiinder 1 is using 23 cu. in (376.90
(ﬁmg/min) (3 x 231/30). This méans that 58-23. 35 cu.in
(573.54 cnp/min) available for storége in the accumulator.
When cylinder 2 moves in the second 2 seconds, it will reguire
54 cu. in. from the pump (7 x 231)30). This means that
58-54= & cu. in. (950.45 ~ 884,90 =65.55 cm?/min) are
available for storage in the accumulator. When cylinder 3
moves in the third 2 seconds, it will require about 384 cu.in.
(630.90 cn’/min) (5 x 231/30). This means that 58 - 384 =
19} cu. in. (950.45 - 630.90 =319.55 c13/min) are available
for storage in the accumulator. When cylinder &4 moves in the
fourth 2 cseconds périod, it will require about 31 cu. in.
(508.00 er/min) ( 4 x 231/30). This means that 58 - 31 = 27 cu.in.
(950.45 - 508,00= 4h2;?5 <x9/min) are available for storage in

the mcumulator.

nhen we add the four periods that have excess liquid
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for storage in thé accumulator, we find the total to be
around 85 cu. in. (1,392.89 CmB/min) well above the circuit
semand from the accumulator of 58 cu. in (950.45 cm)/min). OF
course, the pump wili put no more flow into the accumulator
than the éccumulator puts out into the c¢irecuit. Thus the
difference between what the pump has available and what the

accumulator puts out is discharged through the relief valve.

5.2 COMPENSATION FOR EXPANSION [ 1 ]
In a closed hydraulic circuit, expanded fluid volume due

to thermal expansion can readily increase system pressure

beyond safety limits. To prevent this, a properly sized

accumulator can be located in the system to absorb the increased
volume of fluid and then return it into the line as system
temperature goes down.

The factors which must be considered for calculation of

"accumulator sizing under the conditions described are shown

in the following formula:

Va (t, - %)) (p - 3a) (B2 / B )T
Vl - 1 - (PZ / P3)l/n
Where
vy = size of accumulator required, cu. in. This
maximum volume occupied by the gas at precﬁarge
pressure. A
P, = gas precharge'pressure of accumulator, psi. This

pressure must be less than or equal to minimum

system pressure (Pz).
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vV, = Total volume of fluid in the pipeline (area
of pipe, sq.in. X pipe ;ength, in.)
tl = initial temperature of the system,°F
t, = final temperature of the system.'ﬁ
Pé = mlnlmum system pressure at temperature t psi.
FB = maximum system Pressure at temperature t, spi
a = coefficient of linear expansion of pipe *
' material, per'f <
/3 = coefficient of cubical expansion of the fluid
per’F
n = 1.4 for nitrogen

5.3 MAINTAINING CONSTANT PRESSURE- [ 20] Figure 24

| This can be required in one leg of a circuit while pump /
electric motor is delivering flow to another portion of the
system,

In the eircuit illustrate@, two clamp cylinders are
required to hold a part in place. As the directional valves
are shifted, both cylinders extend and clamp at the pump ‘s
compensator setting. During this time, the accumulator is
charged to the setting also.

System demands require that cylinder B saintain pressure
while cylinder A retracts. As directional valve A is shlffed.
pressure at the pump as well as in line 7 drops\gulte low,
Pressure at cylinder B is maintained because tne accumnulator
has stored sufficient fluijd under pressure to make up for any

lea%asze in line B
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Valve A
< Cylinder A
[
l =
Ly
, 8 Valve B
M % < . .Cylinder B
4 ! =
r-
| : K
4‘> 4 l L P
L P

Fig.24. Maintaining Pressure
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the work by a holding ram for long periods while further -
duties in the operating -cycle call for pump capacity, use of
an accumulator to replenish lost oil through leakage is

a&vantageous.

In ad@ition, system leakages, which are normally present. or
which defelop over a period of timé are automotically taken
. tare of,

¥hen lengthy holding times are required, two or more
hydraulically operated presses can be run €conomically with
the use of accumulators,.Extérnal or intérnal leakage through
ram packings, valves or seals, results in Pisten treep and
- variation of the load on the work. o
The accumulator‘combensates for such leakage, maintaininé

the correct loading for the required period of time. Providing

6T the ovther Presses,

5.5 SHOCK SUPPRESSTON [ 15] : €

This method of. setting the capacity of the accumulator
for a particular sSystem assumes that friction logsés are small

enough to disregard ang that iﬁe,engroy absorbed by compressing

i

e e e e .-—-.——-___.—‘——-—.ﬁ—‘ -
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the column of fluid and expanding the pipe line is very small
compared to the energy stored and absorbed by the accumulator.
It too may be disregarded.

A fluid flowing through a pipe line has a definite amount

of kinetic energy
KE = 'HgT,vz
2g

If fluid flow stops abruptly, the kinetic energy in the
flﬁid rnust_be transformed into another form of energy. This
new form/g;hzgergy is used up in doing work on the pipe by
expanding it, on the equipment by straining it, or is -
dissipated through heat transfer. ?1.

If an accunulator with a cagaﬁiiy %_ is installed upstrean
‘as close és possible to‘the rapidly closing_valve;'the.kinetic
energy present in the fluid bef&re the valve closes can be
transformed into potential energy, PE, stored in the coépressible
ﬁrecharéed gas of the accumulator. This occurs when the surge
pressure exceeds the precharge gas pressuré (also the normal
syste; pressure) P, of the accumulator.

Suppose the allowable maximum surge pressure is PZ‘
Theiefore, the kinetic energy present in the system before
the'valve'closes must equal the energy stored in the acqumulator
gaé volume Vl between the pressure limits %;
If the ccmpressioﬁ of the gas-in>the accunulotor follows

and Pz.

an adiabatic process (no heat added to or taken from the system)
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so that PV" is a constant, then the energy stored in the
accuaulator may'be expressed by

PE = —jzpdv (1)
1

We know
n _ n _

PiVy = PV = € (2)
substituting P = ¢/V' in 572 Pdv
PE =-cf2 av/ v R ¢

1 ]
- "PE _ _ [ cy 2" ]2
1-n 1
- l-n 1-n
PE=-C (V, -V y / 1-n
1-n 1l-n
T:JE: CVl (l - (VE/VI) ) . (3)
l -n
From equation (2)
/n -1/n
Yo AN (__) - (%)
Vl PZ Pl

substituting equation (&) into equation (3)
. n-1
PV, (1 - (y/P)) Th

*d
&3]

l-n

-1
PV (Py/P)" /n

PE = (5)
n -1

This enerdy is equal to the kinetic energy of the systenm

before the valve closes, or

Vi o 12wALvS (n-1)
- n-1
2gPy (P,/P;) = -1 (6)
Vl = Accumulator capacity, in3
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Valve Open  Creation Of Line Shock

g ggsultmg Vulve Quickly Closed
! que_ L !

" Rressure
Reaction

== ]
Free Flow Of Sudden Stoppage Of
Flud In Pipe

—— e — -

L9 vl pgrTYs Pra
FLS BEAMTY Tp
e PRI
ARLA DF VB A

FLASVILKU YL &,
LB DENITYs p0dp
FLAB LUV By 4D

ARLA S Pl A

Fig.26. Line Shock and its absorption

Discharge Side El.:
g

~|Suction Side: s

Fig.27. Pump Pulsation Dampenifg
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For accunulators precharged to pressures P_ other than

system pressure Pl' the required accurnulator capacity Vx can

be calculated from the following equation provided A is already

calculated -

Figure 26

5.6 SURGE DAMPING [ 1 ]

An accunulator has the inherent properiy of eliminating

pulsations of a frequency greater than the cut-off frequency

of the device. The cut-off frequency of an accumulator can

be calculated from the geometry fluid density and pressure,

Cut-off frequency _ 2

(radians per second) A0 dv
. A - dr

vhere .

€ = nrass density of the fluid

length of fluid chanker

b=
]

cross cectional area of fluid chamber

<
1

volume of fluild chamber

A1

+

= precuure

[—
7

All gas-loaded accunulizators will have a lovw cut-cff

frequency. Thu:‘they w%ill pass all meoderate to high frequency

hel

the

uls

ations nut tend to absoro all freguency pulsations below

cut-of f frequency,
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This inherent characteristic is put to advantage to
elininate pump pulsaticns or pum§ ripple. In general,
however, for satisfaétory performance in this respect
it is necessary to "size" the accunulator to provide a
cut-off frequency higher than the known freaquency of the

tunp. If necessary, two accumulators 'may be used, one on

the inlet side and the cther on the ouvlet side of the punmp.

5.7 EUM2 PULSATION AZSORETION [ 9 ]

In the normal development of hydraulic power, wvarious
types of punps are used. The nedern pump itself takes many
familiar forms, in each case delivering a rulsating flow, the
degree of vhich varies with each type of pump. The higher
the pressure, the greater is the effect of pulsaticens,

In rpiston-type pumps, which are by far the btest of
hizh pressure pulsations are moest prevalent. fThe use of
sewveral piﬁton pumps discharging simultanecusly into the
pfpeline may create very sSevere pressure surges liable to
cause damage or failure. Pulsations and pressure surges
such as thece can be minimized or even eliminated only
by the use of a bvag-type accumulator whose absence of inertia
or fricticn permits the ec.trem2ly rapid response essential
for effective pulsation dampening.

To calculate accumulator sice for specific pressure

Tluctuations, use:- -

’ bl

0.785 57, 3% (Yo /r ;073
_ 12 y
t W - (o/p) 0719

Where Fl 2

stant for a particular type of pump, as follows:-
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Pump tyre Constant Fl
Simplex single 0.60
Simplex double 0.25
Duplex single 0.25
Duplex double ' 0.15
Triplex single 0.13 )
Triplex double 0.06 ' -

A sinplified, more conservative formmla may be used
to reduce vpump pulsations to within approximately + 10 per .
cent of operating pressure, J

F.R
-2
Vt gal =

N -
where F, is a constant depending on pump type.

Yalues are: . : ~

rump type Constant Fo " )
w, Simplex single 5
Sinmplex double 2.5

Duplex single and double 1.3
Triplex single and double 0.45
The above equation is used, as is, for speeds up to

10C rpm. For speeds above 100 rpm, use’li = 100 rpm (Figure 27). -
Sy,
_

5. 8 PULSATING HYDRAULIC sysTEms ‘@ [5]
The most elemental form of 2 pulsating system 1s shown
in Figure 28. A piston, driven by a scotch yoke, supplies oil

tn the system. Because of the form of drive, the oil flow is
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sinusoldal and alternating in direction as sﬁown in Figure
29. The rate of drive determines the frequency of pulsation.
. The piston stroke determines the pulsation amptitude. With
two transmission lines, the phase difference between the lines
is 180°

In order to use this pulsating flow in conventional out
put actuators, the flow rust %e converted to continuocus flow.
This conﬁersion is dene in a ring demodulator which consists
of a continuous series of half ginusolds, Figure 30. A
smoothing fitter which consists of the fluid inertia and
thf capacitance of an accumulator changes the half waves to

continuous rippled flow. Figure 31. ’
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5.9 SELF-STARTING SYSTFM [5]

’ Hydraulic self-starting systems take advantage of the fact
tnat most pumps can be operated as motors if the energy inputs
were reversed. Instead of using an electrical baditery to
store energy for starting as does an automobile engine, the
hydraulic system can sto;e energy in an accumulator. In its
sinplest form, Figure 32, an accumulator can be éharged initially
by a2 hand pump and subsequently by a starter motor pump. The
high'pressure 0il in the accgmulator can be used to start the
engine directly by being ported to the engine starter motor. If
the engine is large, the accumulator oil is often use to start
an auxiliary power unit (APU). The starter notor-pump on the
APU is then operated as a punp to start the .aain engine and
to recharge the accunulator. .
This sort of starting system is particﬁlarly adaptable
to large marine and aircraft Jjet engines, Such engines often
have, in addition to an AFU, an auxiliary gear box, Power from
the engine shaft, operating through a clutch, then drives
hydraulic pumps, electrical generators, etc, fThe accumulator
supplies hydraulic power to start the AFU by means of a puﬁg;
notor acting as a motor. The APU then drives the pump/motor as
a2 punp to supplj energy enougn to the main engine motor to
start the engine. System hydraulic and electrical power
is then.orovided by pumps, rump/motors, and generators mounted
on an acceszsory gear box, yhen the nain engine is not running,
ine APU pump can supply oil directly or can drive cther

accessories through the pump/motor mounted on the gear bou,
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Fig.32. Self Starting System



'Poor Cory]

8L

5.10 HYDRO-PNEUMATIC SPRING [ 1] (Figure 33)

s

-The installation of an accumulator in a rigid hydraulic
system introduces hydropneumatic springing which can be used
to advantage in many applications, ‘

For instance, steel miil rolls or sugar miil cylinders
are required to exert a constant pressure as material passes
between them. If foreién matter, or oversize material, is
intreoduced the rolls must move apart to prevent damage and
automatically resume their normal positions at the required
pressure. This springiﬁg action is accomplished by an
accunulator or a series éf accumulator if necessary, of )
sufficient capacity to absorb and release displaced fluid
at almost constant pressure.

The rapid action of bag type accumulators due to lack
of inertia, friction and "stiction" is advantageous, particularly

where movements are small and even more important where pressure

are low. ) i
5.11 LIQUID-VAPOR ACCUNULATOR [16]
In scme gystem:, it is necessary to develop pressure in

one side of the circuilt, and transfer the pressufe as developed
into another fluid without the éossibility of having them
intermix. ‘
Figure 3% shows Greer-Mercier accumulators -employed to -
ensure an emergency gland-sealing oil supply to a compressor

-or fan. 1Irn the event o pump failure, gas pressyge forces

’
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| Fig.33.- Loaded Mill Rell
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contaminated oil to expand the separator bladder, thus
expelling clean oil into the system %o seal the glands
and prevent gas escaping into the plant.

The Hybric CO, electric drive consists of an induction
nmotor, flywheel, hydraulic motor, floating piston, and two-
phase accunulator within a single'drive packége for an
elevator pulley. The stored energy in the accu%ulator
working throughhsthe separator piston drives the pump motor
as a motor to accelerate “the flywheel. Cnce up to speed
the induction motoer takes over and powers the elevator
pulley drive shaft.

On slowdown, the flywheel energy is transferred to the
pump motdr, driving it as a pump and reﬁressurizing the
accumulator. The C0, vapor converts back.to liguid when
sufficienﬁ pressure is appiied. Fié;Bg 35. N

Another interesting dLsign ié tﬁe ocean wave absorber,
As the float rises, it pressurizes tie CO, vapor and condenses
it in the accumulator. At the same time, the center pisfﬁn
dravn in o0il from the reservoir.

When the ocean wave fallsg, thestored energy in the
accumulatoy forces the center piston downwards and drives fhe
hydraulic motor. A group of these drives produce continuous
power so long as there were waves. Figure 36,

The hydraulic power stored in an accumulator can be

used to actuate an artificial arm similar to the pneumatic
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arms currently in use, and provide the added advantages of
jncreased stiffness, izproved stability and faster responée.

Fluid is drawn from the reservoir and pumped at high
pressure througn small reciprocating punps in the heel of
tNe shoe into an accumulator. when the maximum working
pressure has been reached, excess fiuid is discharged through
a relief valve to the reservoir.- The stored energy 1s
distributed by the valve block to the arm actuators as
required.

A liquifiable gas accumulator offer variations in
delivery pressure. A volatile liquid will change its state
within an accumulator depending on the temperature variation
and rate of charge and discharge. The latent heat reyuired
by the fluid together with the neat available in the
hydraulic fluid and container is therefore.important in
ensuring rapid phase change-withk little pfessure variation.
Very few fluids are available offering vapor 5ressures of
up to 34 bar at normal room temperature and the only suitable
one is trifluorochloromethane (CFBCl) wnich has a vapor
pressure of 34 dar at 23.530. i+ is envisaged that this
type of accunulafor would comprise of an outer shell enclosing
the liquifiable gas sealed inside a flexible membrane,
ensuring a positive separation from the hydraulic fluid.

Figure 37.
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6.1 CAARTZD M=THCD

a) Piston accumulator

Parker-Hannifin gives us a hint how to select the size
of the accumulators through tables.

Armount of o0il contained in the accumulator in the table
is based on the absolute pressure - psia (gage + atmospheric)
- related to the gage pressure - used in the column heading.
For example (1 gallon capacity) (3,785.41 cm3),at 1,000 psig
(6,895.00 KPA) gas precharge, 2,000 psig (13,790.00 KPA)
operating pressure, the accumnulator contains 132 cubic inches
(2,163.08 cmB) of 0il (isothermally). If purpose of accunulator
is to store oil for requiring 1,500 psig (10,3%2.50 KPA), the
amount of oil available is the difference between that contained
at 2,000 psig (13.790.00 KPA) and at 1,500 psig (10,342.50 KPA).
(At 2,000 psig, (13,790.00 KPA), 132 cu. in. (2,;163.08 cm?) -
(at 1,500 psig, (10,342.50 PKa), 87.8 cu. in (1,538.78 cm)) =
LL,2 cu. in. (724.30 cm3) 0il available (isothermally). It
means we are dealing with an accumulator which has 2 maxinun
working pressure 2,000 psig and a mininmum working pressure
1,500 pnsig (PZ). the volume of cil available is what need
the cystem demand.

b) bladder accumulator ’ Figure 38

The ~rapn shown in Figure 38 is from a supélier's
catalos. It is for a pas type bladder accumulator and

ha: a as-oil capacity of 200 cu. in (3,277.%0 cmj). when
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using the graph as examﬁle, two condifions are known: -

working pressure is 600 psi (&,137.00 KPA) and the, accumulator
size must be adeguate %o supply 58 cu. in (950.45 cmj) above
the working vpressure. we nust determine frem the chart how
hlgh the pressure in the accuwulauor must be to deliver 58

cu. in (950.45 cn3) of ligquid above the working pressure.

We should renemnber that a bladder accumulator may not
be completély'discharged on every cycle because of possible
damage to the bladder.

So chcosing a precharge gag pressure of 500 psi (3,447.50
KPA) project the 600 péi (&,137..00 KPA) vertical pressure-E}ne
upward /untll it intersects the 500 psi (3 L31?7.50 KFA) curved
precharge\llne. Frcm the 1nuerdectlon. “rOJECu a line to the
left and read the number of cubx:lnches, which, in this case, is
36 (589.93 cm3).  So add 58 cu. in. (950.45 cn’) in to 36
(589.93 cm3) ard the answer is 94 cu. in. (1,540.38 cmB).

The ne:t horizontal line abbve Gl (l,5k0.38‘cm3) is 100 cu. in.
(1,638.70 emJ), now follow this line to the right until it
intersects the 500 psi (3,447.50 XPA) curved gas precharge.
From this po%nt go down vertically and read 1,000 psi (6,895.00
KPA), suppoged it falls in the range of the working n»ressure

of the system.

The difference between these two cubic inch readinés is
the amount of liquid available from the accumulator as the
pressure drops from Dy = 1,000 pgi (6,895.OOIKPA) top, =
600 psi (4,137.00 KPA). In this case, it will be 100 - 36=

6% cu. in. (1,048.77 cmj). Since only 58 cu. in. (950.&5'cm3}
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are reguired, the 200 cu. in. (3.2??.#0 cm3) accumulator
with a precharged gaé pressure of 500 psi (3,##?150 KPA)
will do the job. | _
'In fluid Power Handbook Engineering Data, we find
a methﬁd +to size the accumulator thrOugﬁ equations and
graph (Figure 39).
Vx (PB/Pl)l/n (1)

v, = :
1 o (PB/PZ)l/n

R

P,/Py

1

vy v, & 1+ 1 /(R - n]}

where:

Vl = size of accunulator necessary; in.3

v, = volume of fluid discharged from accumulator, in.j

Py~ -gas precharge of' accumulator, psi.

Py = ‘maximum system operating pressure, psi.

V, = . compressed volume of gas at niftaun pressure, psi.

'?3 7 mnininum system pressure at which additional‘volume
of'fluid is needed, spi. ‘

V3 = expanded volume of gas at minimum system pressure, in.

3
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Thase gurves can be used to fixd any two of the

parameters of équation 1, provided the otner three are
known. Assumptions are that conditicns are adiabatic,;gnd
that Py and szare at the same gas teaperature.

Fof_E;émple, consider a system where maximum operating
pressure required is 3,000 psi (20,685.00 KPA} minimum system
pressure after discharge 1is 2,250 psi (15,513.75 KPA) and
eystem £1did demand is 100 cu. in.(1,638.70 cn’). what will
be the required precharge pressure and accumnulator size?

Find-P3:=2,250 psi (15,513.75 KPA) on gthe X-axis aﬁﬁ
fellow this line verticaily ﬁntil it reaches the line P; =
3,008 psi (20,685.00 KPA).. Project a line left to the y-axis
and readvR - 1l.24, Precharge préssure Py then equals PZ/R'
or 3,000 psi (20,685.00 KPA)/1.24= 2,420 psi (16,685.90 KPA)

Accumulator will be ylzzlootl-k(l/.zun = 580 cu. in. (9,504.46
cmj).

Christie H)draulics Ltd. gives us a way to select
accumulator through agﬂmu% as followed.

A simple graph as showvm in Figure LG has been devised
which is universal for all gas <loaded accumulators. The only
calculation required is the division of the maximum pressure P3
by the minimum pressure P, to find a pressure ratio. For
exampie, if Py =3,000 1b/in? (20,685.00 KPA) and P,= 2,500
lb/inzl(l7,23?.50 KPA) then the gas precharge will be (.9 x2,50C=

2.250 1b/in% (15,513.75 KPA) and the pressure ratio will be 1.2.

-
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Using Figure :C locate 1.2 on the vertical axis and take
é horizontal line across the curve., Zrroject this line vertically
dovnwards and it will be seen o cut the horizontal axis at_lO.Sﬁ.
Check the manufacturers literature to-fihd“a column headed
"Actual gas Volume”. This is the volune of the accumulator
at condition V,. If this column is not given take the nominal
volume of an accumulator eg. 20 litres. Jul{iply this figure
by 0.105, to find the actuél volume of oil stored between the
pressures of 3,006 1b/in2 (20,685.00 KPA) and 2,500 lb/in2
(17,230.50 KPA). A furtiher refinement of the gracvh is that
by following the line vertically to the top of the page the
actual volume stored in cubic inches can be read off for all
accumulators manufactured by Christie Hydraulies Ltd.
Conversely, if it is found that a system requires
200 cublc inches (3,277.40 cm3).of cil at a maximum pressure
of 3,000 1b/in® (20,685.00 KFA), it is desirable to know the
minirmum pressure the cystem will fall to. A glance at the
top of the curve shown in Figure Lo wlll show that there are
four placec where 200 cubic Ifnches (3,277.40 cm3) appears on
the horizontal scale. Stqpting’at the top ldft there is the
nodel ACSL, then beiow to the right the AC37 and so on down
to +he AC10. If the acceptable pressure drop is very small
then gelect figurésfmell to the left, if a large pressure drop
cen be tolerated, then select figures more to the rignt. In
our cxample we could choose a middle of the rcad size such as

the AC2C, which, when we drop the line vertically to the curve

4
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and then project horizonially te the pressure ratio scale, we
-héve a figure of 1l.4. Therefore, when operating at a pressure

of 3,000 1b/in (20,685.00 KPA) the acéumulator pressurg™will
drop to 3,000/1.k= 2,143 1b/in® (14,775.98 KPA) when 200 cubic
inches of fluid has been removed from it The precharge pressure
can now be flxed at ‘0. 9 X 2143 (14 775.98 KPA)_ 1, 929 lb/ln

(13 300.45 KPA).

Should it be found that it is unacceptable to allow the
pressure to drop to 2,143 lb/ln 14 775.98, KPA) then the next
larger size w1ll have to be con51dered. The AC37 size would
glve a pressure ratio of 1.17 ~h1ch in "turn gives a minimum
pressure of 2,564 lb/ln (17,678.78 KPA).'when used with a
precharge of 2,308 1b/in (15,913,466 KPA).
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7. SUMMARY

vie hagg reviewed the notion of accumulators. Theredby
accumulator means energy-storer; it is a tank or chamber built
to hold reserve fluid at system pressure which is immediately
available to provide or absorb momentary flow. it uses the
spring effect to releade the energy to the systen,
| e have described different kinds of accumulators:-
Weight-loaded accumulators, Spring-loaded accumulators, Gas-
loadéd non-separated accunulators and Gas-loaded separated
accumulators. ‘
we mentioned some ways for analyzing and selecting
a proper accumulator for a specific ~vstem of fluid distribution.
An experiment was held for showin. the correlation between
Daniel's theor& and the experimental data on the polytropic
exponent n as a function of the signal freguency F. We
observed that the two curves have the tendency to be closest
to each other at high frequency parameter F while the cylinder
chamber is empty. vwhen filled with copper mesh we ohserved
thé% n approaches the isothermal condifions as the amount of
copper Increases, ‘when the cylinder wall was wetted with
a thin Tilm of o0il, the n value is lower compared to the
dry conditicn, 3ith the oil impregnated, we have a better
simulation of our study. The same study has Dbeen =ade -
by J. Hulet with steel wool and we observed the same behaviour

for roughly the same amount of stuffing materials,

llany applications of "the accumulator have been discussed.

-
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Frem Daniel's Theory

F = W’S ( T 2 ¥ Iip )'5

_JL_?____
nkere, F = frequency radius paraneter
w = frequency rad/sec
r. = radius of cylinder ft
Np = Prandtl number
¥ = kinematic viscosity ftz/sec

for air, N = L7 "

b :.160 X 10-6
r,, =1,120/2 .560 ft
12
P :w'5(L.L60)2 (.714) )'5= 9.7'534'5
(160 x 107°) (144) |
=3.115 we-
F% =9.7 x w
N 2
W =,1031 F

2
f 1031 F
—30L BT
£ = .01642F° =y r = \i/.01602

Vhere, T

frequency
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1 ONE STUFF - WITH OIL

5.769 in.
.232 in.

9.282 - (5.769 * .967) = 2.5460 in.

8.369 - 2.5460 = 5.823 in.
.985203 (5.823) * .09640
5.736837 * L096L0 = 5.833237 in.
.985203 (5.823 - .232) * . 09640
5,.508270 + 09640 = 5.604670 in.

5.60L670 = : ‘
55 rs A

3

3

-0.039972 91n (P0) = nin Vi_ = - nx .039972
P

o
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11 _ NO STUFF  WITH OIL

5,81k in. R
.229 in.
9.282 - (5.814 + ,967) =2.501 in.

8.369 - (2.501) = 5.8680 in.

% (1.120)% x 5.868 = .096L0

.985203 x 5.868 +.09640 =5.877571 in.o
.985203 (5.868 - .229) +.09640 -
5.555712 + .09640 =5.652112 in.J

5.652112 - .961641
5.877571 .

- 039114

ntn¥ - - n x.03911L
Y
o)
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FAPSRIMEAT 111 - TWO STUFF WITH OIL
L = 5.855 in.
1, = (9.282_'- (5.805 +.967) = 2.5100 in.
L, = 8.369 - 2.51 = 5.8590 in.
V, oo x(1.120)% x 5.8590 +.09640
= .985203 x 5.8590 + .09640
= 5.772304 + .09640 = 5.868704 in.3
V = .985203 (5.8590 -.229) + .09640
= 5.546693 + 09640 =5.643093 in.J
T - 2R = 961557

I V_ .- 0.039202
Y ‘ .
o - '
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EXPERTMENT IV TWO STUFF  WITHOUT OIL
L = 5.755 in.
1, = 9.282 - (5.755+ .967) = 2.56 in.
L, = 8.369 - 2.56 = 5.809 in. o
v, = .985203 x 5.809 +-.09640 = 5.8194Lk
v = .985203 (5.809 - .229) + 09640
= 5.497433 + 09640 = 5.593833 in’

vV - 5.503833 -
¥ -;L—g%}m}g 961231

In V. —-—.039540
VO
- L'

In ‘o _ nlnY¥Y_ - n x 039540
P v
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EXPERIMENT V NO STUFF WITHOUT OIL

L = 5.764  in. _

1= 9.383 - (5.764 + .967).= 2.551 in.
L,= 8.369 - 2.551 = 5.818 in. |
V= - .985203 (5.818) + .09640 = 5.6027 in’

<« ,
v .602 _
v, g5y - 981290
VO
In fo_ nIin ¥V _ _._n ¥ .039479
P -V
. 0
L
: s
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EXPERINENT VI ONz STUFF  WITHOUT OIL
L - 5.785 in.
1, = 19.282 ~ (5.755 + .967) = 2.56 in.
L, = 8.369 - 2.56 = 5.809 in.
V. =  .985203 x 5.809 + .09640 = 5.819444 ind -
V = .985203 (5.809 ~ .227) + .09640 = 5.595803 inJ
\ . 59580 _ '
v = 5 = .061570
" 0
In v = =~ .039188
o ' b,
In Yo _ nIm ¥_ ° - nx .039188
7 - VT . |
7
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10.1. THERMODYMNAMIC ASPECT OF THE GAS LOADED ACCUMULATOR [22]

o}
2
, W
o= =T
R
Qo —p—2Y
SO P
N L —__J .
Fig.V.System Representation
3 1 P .
X \\‘\
“Ir N
Y Y3 o v

Fig.iv. P-V Diagram

Ine path of an isothermal process is illustrated by

the line 1-2 in figure.V. . And its work is formulated as:* *

‘ 2 2 ‘ 2
Pivy dv Pavzdv
Al.l‘l - 2 = P d V = =
. Jd v. Jy Vv

¥y vy In Fl K
=*1 "1
bPp

Wy Py vy Ln_Y2

The first law of thermodynamics gives us the balance
equation

.'!'; =" Q +AU
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Since for an isothermal process both the temperature
and internal energy are constant, it follows that:

and
Wiz = - Q-2

During the process all of the work supplied is simul-
taneously delivered -as heat since no additionals internal -
€Nergy can reside in the gas. while the temperature is
constant, there is no heat gain and the gas occupies less
space than a gas at an elevated temperature. therefore,
with a same maximum pressure we could do more compression
on the gas, '

Path 3-2 represents an adiabatic reversible compres-~
sion process. The area under curve 3-Z2 is the work of com-
pression of the accumulator,

An energy balance gives:

W= 0Q +AU

—

During this brocess, we have a sudden increase in
temperature; the g€as is heated up and it occupies more space.
So with the same work the compression of the gas is less and
the fluid storage is less. Therefore, the work during a rever-
sible isothermal compression is more efficient than during
a reversible adiabatic compression in terms of capacity of
storinz liquid.

~ During the discharge, the accumulator uses the spring
effect of the gas to push back the liquid to the system. This .
is the expansion brocess of the gas. Since eXpansion is the
reverse operation of compression, we could deduce tha% the
work done by expansion during an isothermal brocess releases
more fluid to the system than during a reversible adiabatic

process,
(Lk//
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Since work is not created at the expense of internal
energy, all of it must be supplied by heat addition durlng
an isothermal expansion process. How could the accumulator
acquires this heat? It could be given up fronm the ambient
through the accumulators walls ‘or from the fluid., But we
could absord only a small amount of heat by such means. A
way of enhancing this situation is by storing the heat
dissipated during the compression process. Hence, we fill
the air chamber with materials.

As the gas is compressed, it passés energy to the
£i11 materials, through a small temperature difference.
During gas decompression, the materials give back this
energy and heats the expanding gas charge. Therefore, we
did experiments with copper mesh as the fill materials.

We are attempting to realize the isothermal condi-
tion by allowing the energy to flow back ard forth between
the gas and the fill materials during cycling.
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