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ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF
"GAS-CHARGED HYDRAULIC ACCUMULATORS

J.P. Gillles Bouehard

. Gas-charged hydraulilc accumulators 'are investigatead.
A mathematical model 1s developed using the heat conduction

distribution ‘equations to describe the time related tempera-

&

. ture process within the charge-gas.

' 1

o

This'timé relation 18 approximﬁpely'an exbonential
decay curve and'may ﬁ; described b& a time constant. The
fi@e constant 1s directly~rglated to the geometry of acgumu-
lator but it 1s also a fu;ction'of the pressure and‘tempera-
ture state og the charge-gas. Thus 1t is a variéble which

must be calculated continuously in the model. For a 28 litre .

piston type accumulator, the time"constant"is approximately

25 seconds. ' -

*

3

The therﬁal phenomena are described in detail énd
equations derived from first principles. The model is then
showﬁ to be valid by\compariﬁg to Experimental results with
several piéton~type hydraulic éccumulatdrs over é bréad range

of operating conditions.
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o The model greatly improves the accuracy of simula-

fions of which accumulators are part. It permits proper
. o . N , s N b,. / |
slzing and tuning of systems. As a result, the use of o

accumulators is increased with subsequent energy saving. '
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CHAPTER 1

INTRODUCTION ‘ .

/

) . o
/ " . »

s // Recent developments in the world energy situation
L ///’\has prompted research into'dll areas of energy conservation

-and storage.. o ' .

]
©

)

One of these, hydraulic power systems;'is under
close~-examination at Concordia Universify; Hydraulic power
offers advapéages in areas  of energy conservation and storage

o R
such as regenerative braking and off-peak accumulation of

energy along with the more obvious advantages of flexible-

short distance transmission and fast system respbnse..

» A
. d ~

’,

‘As the basic energy storage component, of hydraulic
. péwer systems, the accumulator is ah important subject of

» - ,“l "
research. 'Also, with the advance of computers as a tool for

s, mathematical modelling is becoming one of the, most
bgpula metho of research. An accurate mathematical model
,of the h raulic aqcumplator would 1mprqve computer simulation

4

. * U # of large hydraulic.systems.

/ ' \ +

/ Hydraulic accumulators are energy stbrage devices
/,;,t’yl - ¢

‘ }
2 - to be used when needed. The energy storage takes place by

o { :

. used 1in hydraulilc power systems. They consist primarily of a'

veéser‘into'which hydraulic fluid is stored at system pressure,



L)

2

compression of a spring, by compression of a gas, by 1lifting

a welght, or by a-combination of these.

3

?

Older accumulators conéi;te? of a taﬁkhin which
pressurlzed alr and’ the hydraulic fluid we?e‘enclosed. Water, =
as the hydraulic fluid compressed the air. (Some of tpe airwg@?
would dissolve into the water-and the mixture became’éefy
cofrosive). "
. '

Today , ﬁost hydraulic fiuids.#re corrosion inhibited,
fire retardanﬁ olls. The accumulators are charged‘with a

stable gas such as nitrogen and isolated from the fluid to

' prevent loss of gas by dissolution.

The two most commonly used types are:’

1) A cylindrical piston aécumulator that uses.
nitrogen for the charge gas. ‘

o 2)1 A spherical diaphragm accumulator that has

: a‘rubbe; membrane enclosing the charge-gas.

Although thendiaphragm acgumulatpr 1s more .common
(less.ﬁreciéion is required in,its construction), thg therm;l
properties of the diaphragm and the differenf diaéhragm
configufatiops availab1e make analysis of the therﬁél'phenon

mena quite éomplex. The pilston accumulatoq, on the other -

hand, has more homogeneneous configuration and is.a logical

" first step in breparing mathematical models for apcumulatorsku




|

N ) The obJect~of’this thesis 1s, therefore, to present

¢

an accurate mathematical model for nitrogen charged hydraulic

@

piston accumulators, and to corifirm thils model with experi-
: > ' - :
ments.

o

4

~Qr"i.ginal‘mathematicalhodels con;idered the hydrau-~
lic accumulator és-having*ﬁhe charactgriétics of an electricél
capacitor for example, Shearer, Murph;, Richardson [1]|. This
led to rather /Jdarge erfbrs in éome'caééf, as can be seen uyn
‘ ; gxé&inatioh of the .typlcal charge - discharge cycle shown 1;
figure 1.1. » . . o

a) Originally, the accumulator has been precharged

with nitrogen to a pressure (Pg), giying a -

_ spécific volume of (va); at an ambient wall

temperature (Ty). (figure 1.1 a).

\ | . .

b) The accumulator is then charged with oillgapidly
such that the compreséion is not isothetmal (any

velocity faster than the ability of the gas to

transfer heat to the walls. Since .a gas has

’

. . "slow heat transfer characteristics; almost any

.o, . . o1l velocity 1s adequate). The charge gas now
; has instantaneous state (P;, v;,-and T;),"

s ) o different. from (Py, vg, To), (since this 15 a

. S compres§ion, T1>T&Z. (figure 1.1 b).

e

N ;
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¢c) 01l pressure is maintained at P, until steady

state 1s reached. Heat transfers slowly from
the gas to the walls of the accumulator until, ‘
at steady state, Ty = Tg. Therefore v, has'

decreased to v,. This implies that more oil
4

L ‘ has flown into the accumulator. (figure l.l‘c).

¢
1

d) The. accumulator is then completely dischanged

’/.—J

"rgpidly" The charge gas takes on the state

g et

(19'3”, Vo, T3) where P3<P; and T3<T; since this

was not an isothermal discharge. (figure 1.1 d).

e) 'Heat is transfered slowly from the walls to the
gas until steady state 1s redched at P; = P,
and T3 = Tg. (figure 1.1 a).

Let us now examine what has happened:

The ideal fluid capacitance constitutive relation-

ship giﬁen by Shearer, Murphy, Richardson Illis:

votl" Cf P!. . (1.1)

where (Pz) is line pressure and (Cf) 1s the capacitance,. a,

constant and (Votz) is the volume of 01l in the accumulator

at any time.

From figure 1.1 we see that Yotl is time varying

in the interval from (b) Qo (c), while P is invariant.

Similarly, V is 1nvar1ant from (d) to (e), while P, is

otrf o
varying. . . : '\\

-

w -

a ' L

Yy
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Lo S . -,
Clearly, Cf in the above constitutive relationship
\

¢annot be a ‘constant and'fhe equation becomes highly inaccu-

9
’

rate under these conditions.

Indeed, from Lindsay aéd Katz [2]:

2 A ,‘ 4 A
Ce = P-q—“j- isothermal ‘process. (1.2 a)
14 > * . ' .
and, _— . ’
o1 ' ' . "
. Cs = 73 adlabatic process (1,2 p)

¢

'Where (P ) 1s the absolute pressure of the accumu—x"

lator gas and (y) '1s the ratio of specific heats of the gas.

.

1 -

1t 1s seen that Cf is dependent upon the geometry of
the accumulator, the instantaneous pressure .ahd the speed of
the process (which specifies the value of (y) the polytropic
exponent). '

-
A

Alghough‘these models are adequate for coarse- '

- simulations, they are not accurate enough to design a modern,(j,r

energy efficlent power system. They could not, for example,

.be used to size an accumulator for attenuation of pulsations

in a system nor could they be used to balance a system nor to
size the power supply. Thus, an accurate model, capable of
taking into account the time dependent thermal effects is

needed. _ - N '

A
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C s : If we. consider dsing a model such as represented’bf
equation 1. 2b a value for the polytropic exponent_(y) 1is nee—
,ded but Graze |3] 4] states that the use of a single, poly-
tropiq exponent is "fundamentaly wrong in principle". «The

initial cﬁange is adiabatic while the overall steady state

¢ e

change is 1sothermal. He proposes a formuletion for‘prei%ure &
changes .that inciudes the effect of a fationdl convective heat

transfer process. A
” ' ‘1 " * v -

vy

T % | The performance of-gas—cherged aécumulatoré is simi-

-
s

iar“to that of enclosures and 1s. dependent on the thermodynamit
process which takes place in the ées. Gagnath and sWhite |5]
* also consider the process as elther isothermal or adipbatic’

debeﬁding on the speeosof the'cyole. They derive an optimum-

pressure ratio as a function of the process. and show that the

gas behaviour deviates considerably from ideal. w

3
v

Klein ]6] finds the -efficiency of various load cjcles

\ by using a polytropic exponent somewhere between the. 1eethermal s

! ’ A "
and adlabatic values. ‘ ‘
| n{ R , ‘ll

8 \ R N ] &
fﬁoper [7] in the shme manner as propgsed by Lindsay

. function of a polytropic exponent

)
o«

x

Green |8| on the other hand, connects

¢ edndex to an,empirical exponentlial cooling' curve,

-




C , . . .t
! ) " ! ' 8
T This expénential cooling curve concept is also used
by Otis |91 ‘10| |11|, and Elder and Otis f12]. Accumulatgr ..

performance is here described by an exponential thermal time J

’

constant which must be determined experimentally.
. v L . ‘ ’ . . ' )
. - )

. ‘ o o 5 . '
The mathematical model proposed in this thesis also

uses an eiboneﬁtial ‘cooling ¢urve with thermal t;he¢constant

to represént the accumulator characteristies but there, are .
) two basic differences from Green and from Otis. First, the
time constqpt is shown to be calculatable, dependent ‘on the
: -~
. particular thermal state of the charge gas and” on the geometry i
. , , . N ,
of the accumulator. Secondly, that this time'constant'ls not
constant., . S . . .
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CHAPTER 2 Q
THEORY .
2.3 General o o ﬁxufy

This chapter will analy;e‘the thermal phenomena

within the, charge gas of the accumulator and will derive,

' based on the heat conduction: distribution equations. from

Carslaw and Jaeger |13| further developed by Sonp@a, Bouchard
and Katz |14|, a set of thermal equations on which the
mathematical model will be based.

>

o~
. s .
Enclosed tanks have been modelled as- capacitors.

The capacitive effect has been well, researched and" has been
used in widely dive gent fluid systems from common domestic
water systems through hydraulics, fluidics and hydraulig power
systems.. In general, they may befclassified by levels pf?

opefating pressure and by. frequency and speed of operation.

At low pressure levels, the thermal transient

effects are mainly due to conduction whereas at high pressures

-convection effects take predominance. On the other hand,_slow‘

' operating speeds'or 1 equent use imply an isothermal process

Ed

~and high speeds or h frequency of cycling imply an adiaba-

‘

tic\prqcess. ‘ -

BN

AT



. The hydraulic, gas-charged accumulators of this
. b étudy are Qprmally used 1in hydraulic systems operating at
. pressures from 3.5 to 35 MPa, where convection effects predo-
{ ' minate. Also, the charge and discharge of these accumulators
{ ! . . .
t »
P i ' is very rarely slow enough for the process to be consldered
isothermal. \ ST
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’ 2 2 Thermal Analysis K/ : -

.o 2 2.1. Heat Conduction Distribution )

- R

The thermal analysis i performed by considering

o the accéﬁulator as a cylindrical con iguration as shown 1in

. ¥

figure 2.1. This represents a gas-charged hydraulic accumu-

lator after adlabatic discharge of the oll. The cylinder of

’

length (L) and diameter (D) consists of a non—moving gas in°

a solid container. The temperaJure throughout the gas, due
L. 2

f' . to the sudden‘adiabatic expansign, has‘fallen to temperature

(Ta), below ambient.: All the contact surfaces of the gas are

“

maintained at constant temperat re (Ty,) by the isothermal

walls of the container.

N At this point the basic assumptions of this analy—~

. sis must be stated ” :I

- * -

1) The temperature dpstribution in the gas is

i ; ‘similar to that a solid (this 18 heat
"_ o ', conduction distri ution). ‘

‘2) .The walls of the Accumulaton remain at constant

- temperature, (isotthermal, infinite, heat sink).

Based on .thése assum tions, the . temperature (T) in
the ‘gas at any point and at‘ank time after the sudden expan-

"'sion is given by Carslaw and , J?eger |13| .as:’

- -
- , <R '
et e et e
o n=0 mel . . ;
! - . ' |
. . ‘ . . Ca / .
mﬂ\sﬁh AN ;Aj,“:r‘,‘-‘.-a'vvff’:'-f\’:» T :_ Py - o ;".' g ‘h. B ! % '.
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.13
where: ,
"#''zr/R; x'a2x/L; t' aa, t/R}
en = (2n_— 1)n/2 ; and Y are zeroes of Jofym) ;:0 s
J

tivity, -

»

ke and k

0 and Jl are Bessel functlons of the first kind;

e m
thermal diffusivity (m2?/s).

Z -

The diffusivity of a gas 1s related to its conduc-

B =Y 2 & enz /(L/Dyz'and @y is the effective

. *
4

~

and we can say -that: o= .
Se o Keo - . (2.2a)
ao k.o ) '

Where (ag) 1s the diffusivity at precharge pressure,

0 aré, respectively, the effective conductivity and ... -

the conductivity at precharge conditions.

Holman |

This effective conductivity (k) is given by

15|, by Jakob |16|, and by Welty, Wicks, Wilson,l17!,

as having the following relationship:

4 . K
e N . 1n
— N N - ' .
- = N = K3.£'gr6 . ] o (2.2b)

’
N

tal

°

Where ( Nnu) is the Nusselt numbér;

( Nsr)'is,the Grashoff number for (&) ~j

('N__) 1is.the Prandtl number
pr ]

and ( n) for laminar convection is gqnerally Lo
glven the value of 0.25 , °
1 T ’ ‘ * &"- -
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For the const@nt (K3) 1in the particular case of a
horiZontal or vertigél cylinder with free convection from a
gas inside of the cylinder, ‘no value is available from the
>auth6rs d téd. /Examination of aifange of values given for

similar cases plus some empirical fitting has 1ed to the use

*
*

of Ky = 0.23.

The average temperature ratio is defined by inte-

gration 6ver.the entire volume:

]

(o]

a

average

a

PR T AR T -1, .
(____a) « rz(——-—-—-)dx' @ (2.3)
AT -7 : o ¥y \T, -t ' -

o

&

the

Equation (2.1) is substituted into equation

~

(2.3),

1ntégratiop is performed giving:

(-B, t") .
T -T -
( ) - 1 - " 2) - (2.
‘ ' T -T : (e Y ‘
i ©°  ®average ) ‘

n=0 mml

T

The average temperature ratio 1is ﬁlotted and shown'

-

. .as figure 2.2, where the abscissa is normalized time. Several

00 aeny

curves are plotted‘to,show the effect of different L/D ratios

(A parameter of the .variable (By) in equation (2.4)). After

adlabatic expansion of the gas, where (T) at all points has

¢ -
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dropped well below STQ) to a value such that the ATR
(average temperature ratio) equalé zero, heat transfer from‘
the walls to the gas ralse the temperature of the gas until,

as time approaches infinity, (T —= Tg) (the ATR —»1).

" Observe t§9l the L/D ratio parameter affects the
time required for this temﬁerature change. Indeed,-the
time decreases as the L/D ratio decpeases.. The L/D to time
. ‘ <O, s -
#®rclationship 1s non-linear as shown by the curves in N

figure 2.2.

Although the shape of the curves of figure 2.2
is not a pure exponentiél, the effect of L/D may be demons- . '
trated by defining the time constant (1) as the time at
whlch the ATR reaches a value 0.632 (a.standard definition
.of ®ime constants). Thus for-L/D s 1 at ATR = 0.632,
we have ae.t/R2 = 0.06 f he 1/R2, On figure 2.3, the solid o B
curve is a plot of the ag %/R2 values as a funcéion of the
L/D ratios. As L/Dtinc;eases the time constant parameter -
increases less and less and approaches a constant véiue at -
lé;ge L/D values. This Seggviour suggests the time constant

’ parameter may be proportional to the volume / surface area

ratio., To test this-poés;bility in normalized form, the

following relation is suggested: »



b

.y e

s

R
SR PR

N

PR

17’,‘

9l

14

‘41| woag

vt

$ou

*Q/1 sA J9jswsaed pQ«pmmoo\msﬁa. €2 .www
e Au /7 . . : N
o 8 9

"\

© (g°2) uotzenbs pasodpag

T F. T T T T T T 1

~2£9°0-9nTeBA:® 2'g :3T4 Due
(°2) uUoTgenbs woaJ paATIeq

g0 = TN UITM

.
. .
- L ]
-, 70l
.
+ ,.- L <

< s

-
hH
Loy
P
X




O i e e

SN

Lt L R

"(Kl) selected as 0.428 to provide good agreement). The

‘effect of L/D on the time constant.

between temperature and pressure must be found to convert« '

to figgre 1.1, we note that with no oil 1n the accumulator, ',

18

r ! . . -

8 T K (volume) b wmg, |-mLDA/4 ]
R2  (Dia) (surface area) [(D) ((2nD%/4) +nDL J

- wp 7 :
.= Ky B ) ‘ (2.5),
. L2+ 4L/D .

.
£

Where (Kl) is a proportionality constant. This

data 1s also plotted on figure 2.3, as discrete points, (with

close correspondence of equation (2.4) shows that the volume ‘ /

to surface ratio is a useful concept in understanding the -

2;2.2 Pressure - Time Relations'

~

. The performa%ce of accumulators is measured in
— !

terms of pressure rather .than temperature, thus relations °

“

Al

our heat conduction distribution equations. Referring back

but after precharge with nitrogen, the steady state values

are (?@ s Vo » To ). ' The accumulator is then charged with . &9
oil and after steady state is reached the values are ‘
. (Py 5, v, Tg ). If all pressures are absolute, we may use
Boyle's law and obtain: . B
: ' j
] . . ) ’ ) \/
P; Vo Vo , : . L.
— = = = = S (208 ,
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Where (Vqy) 1is the origiﬂal'volume at pfecha?ge and

(V,) is the compressed volume of gas.

g The accumulator oil is suddenly discharged. Gas’
,

pressure drops instantaneously and adiabatically to a pressure

(Pa). Since the volume (V) after discharge is the same as
\

.befogé charge, we can say that the relation between (Pa) and

(Pl) is:

P vy -
where (v) is the ratio of specific heats of the charge-gas.

<+ Immediately after the oil is removed, the time period
for calculations begiA. In the tﬁansieqt heat transfer period
which follows, the charge-gas pressure (P) is a functionvof
time. " '
Since the gas specific voluﬁe is constant during
this time, by the equatlon Of staté, we may relate (P) directly

- \
wilth temperature, therefore, we can say:

1
|

P -P T - T
—2 = a (2.8)
Po N Pa Y

where (T) 1s the average- temperature.- ' . - S

.
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Equations (2.4) (2.5) and (2 8) can be combined. to. |

- obtain the heat conduction distrib tion model as: T~
2, . I : a N
o ! A . e . St
' . S * ’ . !
‘. T s Q
i SRR . ' © | @ (—Kz Bet/T) :
e v L ) ) . P, - Pa - e ,
) : S B = 1-8 : (2.9) >
» ! oover s [Py - Pa HCD gnz , 'mz“ B o T4
' Id e - - . N ' na/:e’v m-l " '
e .. i ™ - , . ! , ~ . v
- ~ o . N ) / : . “
) ) a, T K, (L/D) - ' . "
where K, = = . from equation (2. 5) . o
Ce — ~R2 T2+ ll (L/D) . ‘
- 9 . - L qu -
. . . Lo woool .
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2.2.3 Derivation of the Exponential Model S

. ’ @ - c ’
v © The exponential mode1l derived by otis |9| [10]| |11}

L] f

s used as avbase for this model It is derived in the?

bl

following manner,“starting with the second law of thermodyna—

mies: ) . : .
- ’ : ; f R -

Qh = AE + W ¢ o ' (2.10) ° "

3

o

: v \ * " ’ " s
where (Qh) 1s the net amount of heat transferred into or out..
R o 2 F) n

;jlﬁf the charge-gas; (AE) is the total chan ge }n‘energy”of the

®
gas and (W) 1s the work dore on or by the process. If we, T
TN L3 B “ .
N . S o .
.ignore.potential'ené}gy, magnetic energy and all qther-minor‘
energy sdurcps;cwe can say: o E N
Q = AU+W SR "7 (2.11)
) ﬁhere (AU) iS\the ehange in internal eﬁergy of the gas. gSince
this is a -1low friction process we may assume it to be fric—
LI .
. tlohless and: " : ’ ‘ -,
. . ) ' ' " e
’ o W o= -J;’d—V, N ' . - (2.12)
an&, ’
R AU -"mcy (T, - T);, R (2.13)

J . 4

where (V) is the volume ‘of.the gas at anytdnstant in time; :
(P) 1S-$he pressure at that. instant, and (m) 1s the maBs of

' charge ga& a constant.

T . c A

te-



- \ l
* . Using (2.12) and (2.13) into (2.11), we have: ' '
Vi S o , ‘ ‘ - .

~

v

" which:
. ., \
. av = 0 c e . )
at ™ 0 and rearranging (2.17) we obtain:
: h A . T
. . _1 g, - .
: ] dT - dt . ¢ S0 (2.18)
TQ' T “ ._va SR o =

Q, = mC, (T =T« fpdv S . (2314)

o

‘deriving with respect fo time glves:

L]

aQ " av |
g 2-mC, g+ P FE _ (£l5) - 1.

L 4
& s

3

Now,\,the rate of heat transfer in the cparge—gas,

(i Newton s Jaw of cooling for ‘a (convection) process, is .
given by Welty Wicks Wilson |17] as: '
aQ, . ) | ] |
—g = b A (T-T) (2.16)
. . ® B
where (h) 1s the coefficient of Ronvective heat transfer and .
(As)is the. surface area in contact. Replacing i . -
’ - A . ’ ' . . ’
,“ Qhﬂ‘? < [ : \ . . .
o —E—:, ‘in (2.15) by (2'}6) gives: - R
i 'h A (T - T) m=mC ’g-’l-l-'-l- p av | 8 (2 i7)‘
‘ ' '8 0 v - dt dt ' . :
. a - . lo
1 ) . . ‘ I
% ~ - This equation will be used in the model, but for pur- .
poses of examining_ the transient after a &ischarge, it'cane
" be defined here that this is a constant ‘volume process for

y .
- ' . o
»




. ’ 23
) . -
\ T ', ~
‘Inpegrqtipg both sides, we have:< . f .
: ‘o . P ' ¢ . , ‘
(é As) » , , '
(@)t ‘
L v , ‘ f
T-T, = e : - (2.19)
‘r“ :“ , . ' ‘ s
which implies, at the instant of adiabatic discharge, when ..
T s T, andt = 0, that: _— % S T ;
T, -T -‘e°l . | | (2.20) -
a o \ ~ : . et
and:" o . : h A N
,ana: . ‘_( s\, « :
R ) - ) i C")
(T -T) - (T, =T .-
L 0 Ta To) = € - -e0 (2.21) |
= ’ - ( a ‘o 2e . _" N !
) or: o h A /-
o : Y 2 S Ta . m Cv ' .
CoT ("1":)":_?_[:) 'gl -e . f/zzzz)
ave ' ' .t . .
Using equation (2.8): .
/h A ) i
, Lo L
: P - P . m Cy , .
o= l-e ~ . (2.23) .
o La : -
) »

‘For Otis, 1 = va'/\(hAS), and he suggests that th:

"

. value be found experimentallyqﬁor each case. This derivation
shows the validity of using an exponential equation'és a model’
. . -4 -

" for a hydraulic accumulatoéi _However the time constant (1),

varies ds a function of the surface (A,) of contact. The area

in turn varies as theg accumulator is chérged. In addition,

\.

(Cv) and (h) also vary. As a result, the use of a timéwqdys—

tant based on fixed pargmetefs will cause inaccuracies, in the

_ -ecaleulation of pressure., .. .., . ' ,

AFRAL et o504 A g, MRt d
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2.2.4 Comparison of the Heat Conductlion Distributicn Model
y vs the Exponénﬁial Model. o " ) y
&_«_.:,1,

°

o d
s

g'\ c . ’
Comparisori of the results of the H C D (Heat Conduc-
< tion Disyribgkion) model of equation (2.9) ana the exponential
model of equation (2.23) is made in figure 2.4.

s 1The H C D model 1s now relatively 1inrsensitlive to the

{

L/D ratio because of normalization by including the time cons-

j tént parameter. The preésure ratio in the H d D model increa-

sgszmore rapidl& initially'than in the exponential model.
However, tﬁe exponential apéroéches thé final valug in less
time'. By defihition, both models have the values 6.632 at 1
t/t= 1. .

!

A logical conclusion of tﬁis comparison is to use
it ) i
* the exponential model proposed by Otis with -calculation of
the time constant by the derived equation (2.5). This 1s the

nbase‘used for preparation of the méqsif developed in chapter 3.
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‘ b : CHAPTER 3 '
MODELLING ) S , ’
‘3.1 General . : “

As we have stated in the previous chapter the

. models proposed are those developed by Otis 9] |10}.|11| and

Elder and Otis |12|, with the main modif;cations that:
. . . < ' ‘.
* 1) fThe time constant 1s calculated using the
‘ equationé developed by Svoboga, Bouchard and
'Katz |14| for the time constant which, in
v egfect, is temperature dependent and must

>

- | . therefore be recalculated at every iteration: . l/f

- . It 1s a vafiable.
gT) . 2) Equations for a real gas are used. -

At
>

Two médels are proposed. . The first model-behaves
'/// gé a fluld capacitance: tpe input varlable is pressure at' ‘
the inlet to the acdumulator and the oﬁtput is flow of fluid
into or out of the accumulator (see figure 3.1a). This model
is for u§e_whén pumps in the system act as combined pressuré;~

flow sources such as a centrifugal pump.

-

1&\ . After initial calculations the input signal (o1l oy

'pressuqe outside the accumulator;;t the disoharge point) 1s _'

used to calcglate the flow rate (Q). The flow- rate is then

4
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« -

lused’to calculate the specific volume (¥) tﬁe tiﬁe'cdﬁstantu

(r) the gas temperature (T), snd rinsllys:he gas pressure (P).
" Aftsr a stability test, the.previously calculated (Q) is sent-

out to the system simulation whlle (P,’T and v) are fed back

ot . {
into the model for use in the next 1lteration.

The second model behaves 1n the 1nverse manner: the
J ,
input. variable is: flow into,or out of the accumulator whereas ’ -

- the output 1is pressure 1n the accumulator acting on the system
(see figure 3.1b). This model is' for use with syg%ems using

positive displacement pumps acting as flow sources only.

““’Eizs\jype of pump is more frequent in hy@raulic power systems.

| After initial calculations the input signal, the

flow rate of oil out of ths accumulator (Q) isxyested to pre-

vent discharging more oil than there 1is in the accumulat&r. ,
If (Q) is valid, it 1s used to calculate (v, t, T and P). :
(P) 1s sent out to the system simulation-while (T) and (v)'ars

fed back for the next 1terab16pﬁ If (Q) 1s invalid, a valid

(Q) 1s)calculated and an alarm message sent to tﬁe system sl-
mulation while the valid (Q) 1s used to continue the simula-,

tion. \ . | o

L 4 8 a

As can.be seen in figure 3.1, each model is made up

-~

6fva serles of algorithms each with one specific purpose or

variable'to calculate,., The algorithms, whére\repeated are

\

exactly the same in both*models and will be developed only once.
.. ” . ,

- " . ’
\ 7 *

. .
. \
. A .
P . . . - - . v CN
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X SR 3.2 Algorithm for Pressure Within the Charge-Gas, P.

-
Q

~}

' The equation used for calculation of pressure.iﬁ'
the charge-gas at any instant in time is thé'Beéttie—Bridgempn

‘‘derivation from Jones and Hawkins |18]:.

¢ T~ YRS WA ok P, i g -
.
. - - M

paRrr {BBla.g A (3.1)
v

v

]
4

where: _ ; . : f
(P) 1s the average'pressur& of the charge-gas gt
~any time; |
Q(Ru) is the universal gas constant;

(T) 4s the témperature at that instant of time;
(v) 1s the specific volume of the charge-gas at

> » ’ that instant; |
(A, B) and (g) are Beattie-Bridgeman coefficieﬁts,L

. - functions of thé specific volume and-~the tem-

perature. '

3
\

These are calculated from tbé'BeattieéBridgeman

i

}

?‘,' constants:"(Ao, a, B b and c), in the following éguations{
% : . .

o’
. “ a «' . “ "
R o A = Ao (l - _\'r_) ’ ¢3.2)
. ' ‘ ¢ b .. . . :
| | ’-B = ’B\o (1" - T) . . (3.3
‘ ’ A ‘ A \
s E s = - (3.
b ‘ VTa : . - .
i . .o «

| Lo « ‘

o




3 . . R N

] Equations 3.2 and 3.3 will be used as part of the

specific volume, algorithm in article 3.3,

{ o
L Calculations of the maximum value of (&) for’thev

' . - ranges undér consideration, have shown it to be of the order

of 3 x 107'%, Tts effect on #he pressure results is negligi--
s . ble. The term, (1 - ), can be dropped from the equation

- leagving the schema for the algorithm as per figure 3.2 where

(p) is a function only of (T, v, A and B). The inputs to the
algorithm are fhe valﬁes of (T, v, A and B) for the iteration.

. The output is (P).

B . i
-
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. Fig. 3,2 Schema: Al‘gorithmlfor (P).
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3.3 Algorithm for Specific Volume, v.

' Specific volume (v) is, by definition, a function
Lo of the volume,of the gas (V) at any time and the mass of the

gas, (m) (bonstant for ény given éystem) or:. -

v =~ .[ .
differentiating:
' dv , 1 dv
dt m dt \
av

Since at s 'the change in volume of the gas 1is
directly proportional to (Q), the flow rate of oil out of the

accumulator, we can say that:

. 1 |
' dv.-ant -(3.6)‘

l _.-]; < ) ' - .
. . ave=g QAt | . - (3.7)
- ST and: ¢

. :
Vo= fdv - x% S Qat - v, “ (3.8
.o . ‘ ' ’

k4

t e °©

Wwhere (vo)'ié the value of (v) at precharge. This, in finite

difference form becomes:-

) ‘ “— . J ' ' ' < o :\
. vV omv e LAV : o (3-9}
- * . !9’1




where the upper 1imit, J = t/At at any instant.in time. |
'\ ) “‘,., !
G « K} ‘}

Having now an. accurate value for (v) for the preh a

&

" sent. iteration, 1t is appropriate to calculate accurate values !

r 7

of the Beattie—Bridgeman coefficients,  (A) and (B) as part

of~6hls algorithm since they will.be subsequentlyﬁused,/ Equa-

tions (3.2) and (3.3) are added for thia purpose. The/achema O
. . - for thia algorithm is shown in é}é. 3.3. r?he 1nputli . the . .
flow £a£é (Q) and the time step parameter (9t). From these, .
using equations 3. 74 3.9, 3.2, and 3.3, the values of :

_(av, v, A and B) are calculated and stored for a cess by the"
<o other algorithms. The algorithm calculates the instantaneous K

value of the'speciflc volume (v) by calculating (av), and

-adding to the previous value of(Gv). 'This fs an "integrator"

° a ' N o

143
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3.4 Algorithm for the Time Constant, t. °

. . P
4 oy

As we héve shown in article 2. 3 of chapter 2 of

thisitnesié, the time'constant'(;)bi dependent on the geome-

,'{

tric properties of the ac&umﬁlator,and\pn the state of ?he

. gas at each 1nstant of time. It 1s therefore a Variable which

must be recalculated at each 1ter&t;on.

- . KR )

A method of calculation based on the heat conduction .

éistribution equations developed by Svoboda,- Bouchard and

Katz |14| was parfly derived in article 2.2 of chepter‘Z and.

continues here. Using equation (2.5) and rearranging, we ' b
have: _ : i

~ R? L/D .. . -
_ el K o) - (3.120) -
' ! . :

“ ' - . ' N 1
where K, = 0.428 as per Svoboda, Bouchard and Katz. 0

o

3

(u ) is the effective‘aszusivity for free c vec—

ntr

. tion 1n enclosures. This is given by 'equation (2.2) tranSpo- -

. A *
| ,
sed: ¢ - . .

\

where (N )’13 the Grashoff number' (N ) the Prandtl number-

1

(K ) 1s a constant = 0.23 .and (ay) 1s the diffusivity at the

o«

prech}rge pressure..

K/‘/—\‘\ . L . T, / . °

: ag K ‘[Nsr szj]% " \- | L (3.Tfj‘)’

Q
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N . . o
»

The- Grashoff number is given by Welty Wicks Wilson ~

|17|, for heat transfer calculation as:

.- B & ) .3 . - (3.1
Ngr = ALY S | \ (3TL2)
0

7
?

»

where (g) 1s the gravitational constant: (&) 1s a characte-~
ristic dimension of th1§volume undergoing heat transfer; (v)
1s .the kinematic viscosity at precharge pressure and (B) 1s

the coefficient of thermal expansion, (8) 1s then glven to be:

. N >

a« ’
@ o
—— ° (3-1 : .
Pt ) / 1

wnere°(05 is the bulk fluld density and (po).is the fluid den-

ot

sity inside the heated layer of gas. Since p « T for a gas at

constanﬁmpressure we can write:

[T, - 1 :
B = |—F— T - (3.14)
.0
. ‘ » ’
_which, if inserted into (3.12) gives:
g3 T, - T ' ‘ ( )
N__ = : S 3.15
g? Vo2 TO .

. v
) ! 4

Since the temperature at precharge 1s stated to be

'the same as for gas standard conditions, properties such as

diffusivity, (ao) and-kinematic viscosity (vo), at precharge

- are dependent on ‘pressure only jand may be,reiated to standard

-

.conditions by:

> o0 \\
Py . | *
%0 ™ % P C , (3.16)
' o
t”° . - ‘
\ t G.' V .
“’ ) « ! ° - 1 .
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TS 2 S Byt Sae

N S My

Vo= v = 4 T3
0 ) . T . s

where (as, v

-s’.Ps) are properties at standard|conditions.

; Using~(3-11) and (3.14), equation (3.12) becomes:

C N LIS - (3.18)
N = 2 oy Y
gr vs(fi)] T, e
ﬁ Poll ‘
and (3.16) into (3.11) gives: | . .
P 3 | >
1] B .
% < % B K, [Ngr Npr] (3.19)
{ ( \\
(Npr)’ the Prandtl -number is, by definltion:
. v e *
Ny, = (3.20)

4
I

where (k) is the thermal conductivity, lnvariable with pressu-

re according to Welty w1cks Wilson |17|; (Cb) i1s the specific
heat at constant pressure (invariable over the pressure range
of interest). (v), is the kinematic viscosity and (v) jthe spe-

cific Qolume.

.Both ‘(v).and (v) vary inversely with pressure. The-

.-refore: o

. N Pz "Pz "
vi = vy~ and. V. = V5" . (3.21)

*
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' P /f'I :
V1 © V2 Tty -V -
thus, v—;' = W?l— = ;; </, (3.22)

-The ratio —;7 is“cqnstant.

" Thus (Npr) 1s not variable wilth pressure over the .
range of interest. However, it is slightly variable withl :
temperature (2.0% over the range) and the f%iiowing relation. -
may be ‘used. '

Np'= KT o+ K ] (3.23)
where: * .
: ) ' . -
)Kloq = - 2.325 x 10 “;
K.11 = 0.783

and (T) is the temperéture at any instant of time. This curve

was fitted from data in appendix'I in Welty Wicks Wilson |17].

Our élgorithm must also provide for these cases

-where 1t = «. (Since (&e) 1s the only term than can equal zero
and this occurs when Ngr = 0. This in turn requires that
T’g'To).' Logic 1s incorporated in the algorithm to limit the .

.value of (tv) under thé condition where T = T, -

\ ¢ v

J '

. + The algorithm is shown in fig. 3.4. The input vari-
able 1s the temperature (T) with parameters (Po, é§, R, D ang-L)
also available. Use of equatiorns-3.17, 3.18, 3.23, 3.19 and

:- 3.10 calculatés.the output varlable (t) the time Shstant!.
. s M . ’ v

v p s - -

. Ty . . .
. .
N [N D ! ) . . .
ool r, ' .
e + N . — N <
. N ‘ . '
Vet [N . . N . : i
[T . . ,

R i - . o

' PSR . , 1
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__.‘4‘,7 .

.. ‘ N

Parameters,

hY

Vo = Vv Ps/P

s [T

. - T
NoowE, cBy [ : ] )
. 8% vy T

a, = (a P /P ) K3 R ar

tu(K) /a )(D/2>2<LG)/(z+4(L/n)q

- p

FPig. 3.4 Schema; Algorithm for (7).
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. ﬁhere J = F/At.
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3.5 Algqrifhm.fbr Pemperature, T.

a

The charge gas gtempc—:r'at:ure is instantly changing .
with time and must be dedlved from Otis' equations\{#antioned

~

¢

in chapter 2, article 2.3, equation (2.17).

+ P ' (2.17)

!Qn
i3

(TO -T) = va

dividing through by mC ,replacing Jf by Q, the flow rate of
oil:

hA : ~ )

8 - . 4T PQ

e oD = { o (3.24)

We have already stated in article 2.3 of/chabter 2
that we are assuming a model which behaves as an exponen’cialm

system, and that t mC /hAs therefore

1 " am P Q '
. ' 1 ’_. P Q
or: dT = —— (T, --T) dt - =% dt . | (3.26)

v

which, in finite differenée form becomes :

v = L (r - At - %5% At . (3.2m)

and: B .fﬁmk\f T, | S (3.28)

in finiteée difference form:

N - . »
. . |
T = T, +4£, 8T . (3.29)
X m-1 - B ;
- . . * . n
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?he equation of pressure for a real gas must be used
here to compensate ‘for the effect'wﬂ&ch the 1iterative change
| ' {
in speciflc volume has had 2? the pressure. The same form of
modified equation (3.1) is used in (3.28) to obtain:

. RT (v¢B) - A
AT w At [—;TLT'(TO -7 -mgv ( u > ) ] '(3.30,)“

>
Since (Cv), the specific heat at constant volume, is

used in this equation and since it 1s a function of temperatu-
re, a relation was found by curve fitting the data from table

4.2 in Jones and Hawkins |18]:

C, = . CI-TZ + C T+ Co K . (3.31)
where:
‘ ‘ . . N b
T c1 = 1.49 x 10-*%
» C » =3.17 x 10-2 ) ' . -

2 ' \
03 = ThO.6479
This curve 1is valid to within 0.05 J/kg K over the
range from 213 K to 422 K.
\, ’
Using equations (3.31), (3.30), and (3.29), the

algorithm was prepared and is shown in fig. 3.5. Thus tempera-

. ture 1s calculated from the input variables (r, Q, v, A and B)

and the parametérs (at) and (m). Since this algorithm is an
"integrator'", the value of (T) from the previous iteration 1is

required as an input.

ot

N
i
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Fig. 3.5 Schema: Algorithm for (T).
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3.6 Algorithms for Calculation of Initial Conditions.

L s e
-

~ In any model, variations of parameters make it man-

-

datory that some calculations be made for initlal conditions.

ﬁere the following are required:,

1) Exact specifie volume at.the amblent temperature
' ~

given and at the pressure given.

N , « .‘.' -

2) The operating volume of oil in the accumulator s

. . a

at the pressure given.

K4

'%}ﬂ The mass of charge gas from the precharge pres- .

sure and the geometry of the accumulator.
i' .
. AR PR I

*

Eﬁ) Time must be set to zero; temperature must be

* g set to ambient;: accumulator pressure must be
set equal with line pressure. . .
+ ‘ Ny /

3.6.1 Initial Conditions: Specific Volume.

\ : For the stability of the model, all equations have
to be reversible. Therefore it was necessary to reverse

-equation (3.1g4 to find (v), the specific volume giving. . -

- %(X+ fx2-—-+uxs) (3.32 a)
. R . ) ) _
end: X = T . _ . (3.32 b? ¥

!

-

-Where (X) is a dummy variable and equiation (3.32) is a solu-
tion of quadratic equation (3.1) modified. ' c

\ » -




But here the values of (A) ang\(B) are dependent
upon, (v), and a Gauss-Siedel. 1teration technique 1s utilized

. to find the exact value of (v)-

2

The algorithm 1s shown as part of figure 3.6. The
value of (v) 1s first calculated using the given initial con-
ditions of (T) and (P) along with some arbiérary values fof
(A) and (B). (A) and (B) are thén calculated with the new ’
(v). The calculated value of (v) 1is compared to the previous—
ly calculated value. (If this is the first pass, (v) is com-
pared to an arbitrary value of (v) which corresponds to the

T~

arbitrary (A) and (B) originally chosen). If the difference

"1s within a predefined elemental error, the calculation 1s
stopped, the value' of (v) calculated is the value desired.

If the differénqe is not within the bounds of the elemental
error,.the iteration restants and recycles until the error 1s

within the prescrlibed value.

'
[

3.6.2 Initial Conditions: Operating Volume of 0il.’

>~

‘The vélume of oill in the accumulator at any time is
. very important sin%f it sets limfbgfions on the¥amount of and
the rate of discharge of oil, If the initial accumulator
pressure is larger than .the precharge pressure then there

" will be some oll in the accumulator which must be accounted

-

for,.

”*

.

Upder steady state'gndramﬁient temperature condi-

wﬂ”uvubm B AL
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2

tions, the fnitial volume of oil in the accumulator is propor-

e
.

tional to the change of volume of the charge-gas from volume

at precharge pressure to volﬁme at initlal pressure. That 1s:
v = Vo - V;nit ¢ ‘ (3.33)

Where, V_ = "D2L/4, 1s the charge-gas volume at the
prechérge pressure (Po). (vinit) is the charge gas volume -~
) . :

).

after initial compression to pressure (Pinit

p)

¢

From Boyle's Law, at the -same temperatgre,

1] ‘ )
Pinit vinit = Py Vo R (3.34)

- i . - - ) J
Therefore, using (3.33) anpd (3.34): ‘ ‘
' I .
V., -a"V (L-P? ) (3.35)
init b )

¥

" ¥ ' ‘
This equation is part of the algorithm shown in figu-
re 3. 6 (Vy) 1s first calculated from parameters (D) and (L)
Then, (V ) is calculated using parameters (P ) and (P ). .
o1k & init
(P1 it) is the line pressure at an assumed steady state condi-

-tion which must exist prior to the start of operation of the

~ )

.- cycle under simulation) N ;

3.6.3 Initial Conditions;<5hass of Charge-Gas.

«

\ The mass of charge-gas is related to the known spe-

cific volume of the charge;qét and to the precharge pressure
- - . ’ \\ . - )
, , N -
L g

. B
L ) . X B . . {\__,_.
. " .
. ' . ‘ . . . st 3
P . .



‘along with the volume of the charge-gas &t precharge, (Vol in

. . .
- s

the following manner:

>

R

n =

o o o

<

This equation is part of figure 3.6.
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3.7 Algorithm for Oil Flow Rate, Q.
¢ , 'o:! -‘ '
The flou,rate of-oil (Q) through the inlet pipe is

a function of thé geometry of this pipe. It.is a very impor-

tant part of the model since 1t governs the speed of opera-

~

-tion of the system. Many complex inlet configurations are

~avallable. Here we have assumed the inlet pipe to be a res-

)

triction.. A valuye of resistance (Res) 1s set based on the
configuration (inlet pipe internal diameter and length) with
the following relationship:
K, I ' ' ; )
. L. 2P .,
Ry =- b2 , s (3.37)
where (ﬁs) is a cbnétapt arbitrarily set .to givemé predetermi-

ned rate of flow for a gilven differential pressure. (Lp) and

fpﬁ) are the length and diameter. of the inlet pipe, respecti-

vely.
The flow rate (Q) is a;gpnction of the pressu{/ _
differentipl, (P - P ), across the 1nlet pipe. We assume here

that a positive differential where P > P2 means a positive

..flow rate (flow out. of the accumulator is positive)

[ P - PL »
Q - [t ~ (3.38)
?es \ . ‘g :



. | ' . .50
{ . . “ .

1

§

’ e
v [
) Control of the volume of ugabie 01l 1s necessary
/ﬁ%, to limit the quaptity of dil drawn. - This 1s done by the P

& ’ i following set of equations: i . :
Sl , - J : : .

{ s . .

| ‘ y .

i - - : v01l = Vo t Avou.m (3.39)
g ' ' init . C

; m’1 P .

! <

i

i

t

/;///t_/* where|: ‘AVO‘L m -Q At {for Q@ <« 0} ~ (3.40a) -

for @ > @

»

. and: J - t/ At& . ‘
i\\‘/ « ‘, 1
- . X Also, since Q > 0 and V°1£ - QA < @ imply that,

because . of the iteration step size, the accumulator would
discharge oil which it does not contain (an imbossibi}ity),

- . flow rate is then set‘gt whatever 1s left in th% accumulator.

4 ’
. " That 1is: . o /;;/Fu
C : o . ’ . /

. . ~ .
v . . o -y

e

The algofthm 1s shown in figure 3 7 . Inlet, pipe

1

~

Na ‘ resistance factor (R? ) is first calculated usgng the 1input

‘parameters (Dp and L )5 Using (R ) and the input (P, ), a
(K AN

tentative value of flow rate (Q) 1s calcyiated.”“lf this valué

) is checked

i

'] v ‘ is ppsitivg (flow out of accumulator); then.(V°1£

s “,to see Af there 1s enough 011 in the accumulator.

Vour ® Voif lanav, , -qu <o (3.40p) ~

Q = —2Lt° | e (3.51)




»

// '
/ -
/
/ ,
j (
" ¢}
|
-"‘ €
W
.~
. I, .
- "7. .
! ‘ .__ ' i [3 - i
+ Av‘xnﬁ- C5v012 :
. . ( , - R 1 BN ;.
a7 AN
' v ’ , ‘ AVo,qu-QjAt d
4 v ] .
o et
4. - v N “/5 " . O
L3 + L "
o 0121 o”’«i o014 \
N ' i ’ '
e T C_our ) . i
. Fig. 3.7+ Schema: Algorithm for (Q).
- : \R ' o I )




e

% 2

24

c 52

-

If there is enough oil, the value gvf*(ﬂ) is éonfilr-

med as the 'output » the value of (Vou) is.reduced by an amount
. »

corresponding ‘to the discharge (Q at).

-

If there is not enough oil, then the flovi:raté (Q)

is recalculated as -per. equation (3.41) and (V,,y) 18 reduced

to zero. : ' Co « -
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3.8  Algorithm for Invalid Input Flow Rate. -

[

¢

()

- *
‘ .
-

S L]

*  In the flow 1nput'hode1, if there is’little'or no
usable oil volume in fhe‘accumulator, an input request for a
fixed flow rate may result in incorrect negative ‘oll volugés.
‘To prevent this, tﬁe flow rate is checked upoﬁ entering the
algorithm. If the flow request 1s incorrect, the flow rate
(Q)‘is.set to §Vo‘;’“t3 and an error message 1s printed out.

"

"Control of the volume of oil 1s the same as in

s

article 3.7. This algorithm, as described, 1s shown in

figure 3.8. ' : o
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Fig. 3.8 Algorithm for Invalid (Q)- Input.
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3.9 Algorithm for Correction of Instability.

Theqﬁuler method -of numerical simulation 1s use fo;
the development' of both models. This 1is one of the simpie
methods and.givgs quite accurate results 1f the 1teraiion
steps are small enough.

7

This method, on the other hand, wigl permit over—
|
shoot and oscillation, (see Hornbeck |191]). These oscilla-

tions are'acceptable if they are small but since their growth

:1s sometimes exponential, 1t can lead to instability.

L

In order to preventainstability, all the relations
between variables in the model must be reversible. This is
(ngt always posslble, as is the case in our bressure input model,
where the relation between flow rate (Q) and pressﬁre differ-
ence (P - Pz) is gi&en first by equation (3.38) as a direct
exponential relationship. From the calculated (Q), (P - P,)
is recalculated with thermodynamic and heat conduction distri-
bution relations taken int; accouﬁt, aloﬁg with the past histo-
ry of the tempqrature. This causes an inherent instability in
%hﬁlggéel whiéh can be corrected either byluéing a more complex

numericél method such as a Runge-Kutta formula or 1t can be

Since a Runge-Kutta formula. would have been diffi-

corrected by an artificiallmethod.

2

cult to apply pecause of the large number of system equations

P nad .
- e t H

—

.
\ . * (\.—-—'
“ ’ -
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»

involved and because of the limited avallable program space of
our method of development, an artificial means of stabilizing

the model was chosen.

Some of the instablillty was found to be due to the
nature of the relatlion between the €low rate (Q), the differ-

ential pressure (AP, = P - Pl), and the lteration variable

i
step size (at). This relation is shown in figure 3.9. (This
graph assumes a/condition where (APi)ﬁaﬁproaches zero in a
linear manner). The (At) steps are arbitrarily chosen as
that theé (AP1 = 0) point happens in the middle 6f the step.
THe (Q) curve shows the exponential relation witP the (APi)

curve. (There is no vertical scale).

The real amount of oll flow 1s the integrai, or the

area under the (Q) curveé. Use of the Euler method calculates

(Q) to be proportional to the (APi) at the start of each iter~

ation and assumes this value to be valid over the whole (Pt)'
Thus the calculated amouqﬁ'of oiliflow for each iteration is
the integral, or the area of the rectangle w;th heiéht~e@ual
to the flow rate at the beginning of the’step. The truncation

error 1s shown at the top of each step.

4

0

This error increases as dei) approaches. zero., At

(AP, = 0), the error is, at'best 40% and at worst infinity.

4 .
It is therefo:e easlly understogd, from figure 3.9, that the

model 1s unstable about (AP, = 0). It can also 'be seen that

o
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the error rapidly decreaseg;&%%ﬂ increasing (APi). (At maxi-
mum reasonable operating conditions, with line discharge velo- |
city of 10 m/s and 4t = 0.02 8 the error 1s 1%). Since the. !
"accumulator 1

“..kf positivé erro

The only profblem to be resolved remains the instability about

cyclic machine, negative errors will cancel

over a cycle and small errors can be ignored.

.= 0),

the point (A X

e proposed artificlal means of stabilization con-
sists df/;‘correction of the flow rate éQ) on detectioﬁ of
elther a pressure overshoot or (APi) within a specified limit.
The correction is by a slidg—wire factor (Cs), which modifiés‘
flow rate equation 3.39 to: ' | /

(3.42)

X

%

es

]

Where the slidé-wir%\?actor (Cs) can have either of

, s 9
two values:

o
o

1) If a "forward" calculation shdws elther an over-

<100 Py then:

9 sho?g or APi |
‘cs -73" X 107" /TR T . '(3.43a). |
. l“ 2) Otherwise: ‘ L .
- ‘ . Cg = 1.0 | | ‘ (‘3;‘3311)"L
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Fignre 3.10 shows the schema for the corféction of
instability algorithm. Three conditions are detected by the
 logic: |

a) Either an overshoot or very small préssure'
difference. If this 1s the first time thils
particular overshoot or small pressure differ-

(Y

‘ - |
ence 1s detected.

hd ?

a-1) Anflag1 is set to 1ndi;ate detection.

a~2) The factor (Cs) takes vélués as per.
equation (3.43a). ‘ )

a-3) All calcul;ted'values for the iteration co !
Just_comp}éted are disca?ded.

‘ | a=-U4) The coﬁplete'itération.is repeated:withl .‘.

the new value of (C.).

\

-

&

1'lTlag: used in a similar sense to a flag in automobille racing
to advise the drivers of a particular situation on the race

track (oil slick, ;ccidenf, ete.). It is a device which

~
-

allows the Qbmputéﬁ to reéognize'the exlstence of a particu-
lar situation in the program:  Here the existemce of an over-

.,
"

. ‘shoot oﬁ'the;;teraﬁibﬁ‘dust completed.
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© b)

c)

ol

7/ LAY

Very small pressure difference ( |P—P2[<100 Pa)
after at least'bng 1terative cycle through a)

above.

w

t
.

b-1) The factor (C.) 1s calculated as ber equa-
~tion (3.u3a). ‘ .
b-2) Calculated values for £Q, P, v; T and
Vo‘z), for the iteration Jjust completed
" are accepted. e
b-3) Control returns to Main System Simulation

‘for new input.

v
3

]PreSSure difference greater than 100 Pa and no

-overshoot or overshoot exlists but this 1is sécond'

1teration.

[

c-1) ‘The detection flag 1s reset.
c-2) Factor C; = 1.0 as per equation (3.43b). )
c-3) Calculated values for (Q, P, v, T and

Voxz), for the iteration just completed,

are accepted.

2

-¢c-4) ' Control returns to Main System Simulation
.t . . /‘y’ N

3

for new input?
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"3.10 .The Models - )

3.10.1 Pressure Input Model ~

The pressure input model of fig. 3.la is made up of
the algorithms described successlvely under articles 3.6,[3.7,
3.3, 3.4, 3.5, 3.2, and 3.9. The complete mathematlical model

is giQen in Appendix A.

This model béQaves, as stated'previp&sly,_as a fluid
capacitance; Its input variable (signal caming from the Main
Sysfem Simulation) is the oil bressﬁfe in the systenm ét the
point of discharge of the accuﬁulator. Its output variable
(signal going back to)thé,Main syéﬁémF31mulation), is tﬁé net
flow rate of 'hygraulic' fluid into the main system from the

accumulator.

':\

-

Figure 3.1l shows pressure to flow characteristics’
of typical pumps. Curve A, (the solid ;ine) is for' a centri- s
fugal pump driven by an induction moQor: Curve B, (the dashed ,

line) is for a positive displacement pump driven by a synchro-
v/ :
nous motor. :Other arrangements are possible, such as a posi-

tive displacement pump driven by an induction motor. . Thg

¢

characteristic curves would be somewhere in between the two

given in thils figure.

,‘ \

The pressure input model s meant' to be used in Lo ;

system 'simulations where the power source has the “Ebmbined.
. " . + ) , i s
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U
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. . : \\ \
on v - ( Fiéure 3. 12 1s an analog circuit representation of v
Loy - S
i a system using this accumulator model The system\has an '
<( e o
A ' - energy source and a load. The accumulator is connected in
T { v - o -
g §2 parallel with theqlodad. Thes pressure input model includes
| - .
; ] modell}ng of the accqulator components within the phantom
? ’ line. It includes the gas capacitance, the cil capacitance
S . ¢ ' and the 1nlet resistance. Since the inlet resistance 1is
; | v
v modelled the signal~1nput to the accumulator model. needs only
£ ! <.
_\‘;' ) ube (P ), the pressure 1n the pipe at the discharge of the
L
) L ‘ accumulator. The model output 1s then the flow rate of oil -
@ 1 *
- . into or out of the accumulator (Q). .
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3.10.2 Flow Input Model

The' flow input model of figure 3.1b is made up of

. the algorithms described successively under articles 3.6,

3.8, 3.3, 3.4, 3.5, and 3.2. The.complete mathematical model

is given 1h'Appendix B..

This model has as input variable the oil flow rate
out o’i: the accumula%or. The output variable is the pressure @
of tﬁe charge-gas acting on the main systemn.

* s - A . ‘e

The model 1s to be used in system simulations where
the power source has the characteristics of a pure flow sour-
ce. The pump curve for a source of this type 1s shown as
curve "B" of figure 3.11. The pressure developed by the pump
is indépendent of the flow rate. (This pressure is limited
by a religr valve in order ;o protect the 'system).

-

The model has. one major limitation. Although 1ts’

. input variable 1is flow rate, 1t cannot accept a signal réquest-
/ N .

ing a flow out of an empty accumulator. It must revert to

acting on the input signal to change the requested flow to

~

zero: ? g \

Figure 3 13 is an analog circuit req?esentation of 4

. a system-using the flow 1nput aq&smulator model. The system

has a. flow energy souree driying a load. The accumulator 1is

connected in parallel wigh the load.. ' The flow input model-

! 4 ": ;o * . - “‘ ‘
- ~ M . . DY - N 3
s f “ . o

o
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. .
% : ‘incluées mode111n3°°f the accumulat;r componepﬁs{g}thin the

| ' _ phantom line. This model does not include the f;sistance of
the 1nlet.‘ The input signal must therefore‘be the flow rate
of o1l (Q) into ;r out of the accumulator. The output sigﬁal
1s then (P), the pressure of the charge-gas acting on the

vy, 0 l.:.All subsequent pipe pressure drops must be accounted

for by the Main System Simulation. Thus (Pz) the pressure

in the oil 1line at the discharge of the accumulator, must be -

calculated, based on the output of the model (P),.the pressu-
L g - I A .

: : re of .the charge-gas, by.the Main Sygtem Simulation.
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3.;1‘ Modei Conglderations

* 7 -3,11.1 Iteration Step Size

The models are.designed for use wlth main system

e

simulations using time . as the iterative step varigble. The
size of this step variéble will be the.same as that of the
, main program. The models are more accurate at steps less

than 0.1 seconds.

.3'110 2 Units ’ . ‘ - 1

. € .
. . ) . - N .
. _ ~ The models are désigned to operate in the S.I. sys-

tem of units:

(=

| = Pressure 1s given in Pascals. All bressures are

| ‘
absolute. (1.0 1b/in2? = 689 475.7 Pa)

I's

- - Temperature is given in Kelvin (1.0° R = 0.5556 K)

- Linear méasure in meters (1.0 in. = 0.0254 m)

~
I

- Mass is given in kilograms (1.0 1lbm = 0.4535924 kg)

Vot -
1 .

o - Force 1is givenyin.Newpons (1.0 1bf = 4.448222 N). ~ .

1 4 -

. 'f" - Energy is given in Joules (1.0 Btu = 1055.056 J),

- '
G - Timepis§giyen in seconds.. . .

o . 3




3.11.3 Model Development . | .

Both models were developed using a Texas Instrument
TI-59 programmable calculator with printer. Once the models
were’ prop%rly operating, a FORTRAN program was prepared and
tested. The TI—59 and the FORTRAN programs" are included in

appendix, along with sample outputs from each model.

These models ‘are designed to be included as part of
a larger system simulation program.. To permit testing and
operation wilthout such a system, a control and printou%'

algorithm has been ingluded as shewn in the blocy dlagram,

i

figure 3.14. | | .

+ B
. ’
0 . \ @

The lower box represents the Main System Simyjation. - -
3 <

In it are the printout furiction, the input signal generator

and the time control system. Note also that the Initial Value
Calculation Algorithm is part of the Main System Simulation.
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CHAPTER 4 o

C . EXPERIMENTS

'
o

o 4.1 Description of the Experimental Program

¥
4:;1.1 General

o«

The experimental program consisted of .tests on 3

d nitrogen éharged piston accumulators: A U litre accumulator

with an L/D ratio of 1.8; a 28 litre unit with p/D ratio of
5.4 and a 38 1itre unit with L/D ratio of 13.6. The purpose
of the tests was to verify the apparent exponential charac-

‘teristics of the accumulator by comparing experimental data

to the time constant calcqlated using the heat copdyction

- distribution’ equations, ahd.to compare the developed models

to actual operation of accumulators.

41‘

Each accumulator was operated at three#precharge
: values (3.55, 6.996, and 10.44 MPa), and at three initial

pressure to precharge pressure ratios (1.1, 1.5, and 3.0).

. - - ’ -
. . . IR )

The tests consisted of: T

»

o
o
.
/,_’

. ’ " which is precharged witg nitrogen gas €5~a set

\pressure.
8 ]

o 72) Discharging the accumulator oil to atmospherg,

L . . LT Q

, 1) Putting initial oil charge into an accumulator\ -

e gpe—
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and recording the pressure-time relations af

P,

" the transient in the charge-gas after discharge.

i |
‘ 'This test includes high and low process velocltles.
~ oIf 1ncludes.pressures over the‘full»range of normal operatilon.
N Finally, 1t includes the maximum thermodynamic transient pos-

sible in an operating cycle Therefore, 1t i1s a logical

experimentél cycle witp which to test the accuracy of a ma-

thematical model.

4.1.2 Test Pro&edure

The set-up was as shown in figure 4.1. The oil
silde of the acoumuletor was connected to a high pressure
hydraulic. power supply unit through a filter, check valve

and manual isolatish ve. Discharge took place through a

1 © . ? L
valve driven by a three way solenoid ‘

pilot-operated chec
.valve. A trimming valve was connected to the accumulator oil
dischafge fB permit fipe adjugtmefo of soarting-conditions.
3
The gas silde of the aocumuletorgﬁas connected,

\ oo throogh a pressure regulator and shu@—off Jelve to'a:nitrggep
.boqple{ "n"pressuge gauge was 1ostalled on the‘accumulator
.gas .inlet ﬁo permit rough setting of the pyecharge pressure.

The charge-gas inlet ‘was also connected to'a'precisioo presa,‘
\sure‘transduoer whdse 8lgnal, “éfter'condioiohing, was sent (f:ﬂdl
“.a digital voltmeter and an x-y plotter. (For the first few

i

f{?}‘;fg:}f;‘ experiments, an oscilloscope was added to permit examination 9

P B S M .
W oAty e ,
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of the discharge speeds and to check for errors due to the
, Tresponse time of the x-y plotter. Since the 3=¥ plotter

response was found to be adeguate, the oscilloscope was re-

moved) . .l
¥ ,

9
.

At the start of a serles of tests, a deadweight
tester was used to calibrate the pressure readout train
(transducer, conditioner, 'x-y plotter, digital voltmeter and
oscllloscope). This calibration.was made for each instrtment
individually and for the readout train as an assembly. The
digital voltmeter was calibrated for the hlghest pressure
attained during the test while the x-y plotter was calibrated

over the rang of the transieqt only. » .

\ .
1

Initlally the accamulator»had nelther nitrogen gas
' nor oll. The gas side is first precharged from theccitrogen

bottle untfl the proper precharge'pressure was reached. (For

these experiments, absolute precharge pressures of 3.55; 7.00
Qo - and 10.44 MPa-were used). Since the gas'temperature dropped
. :.‘ during charging; the gas pressure had to be stabilized dfter
BN ;: ‘a, charge and before a test. _?” ‘ . S
U ‘ \ . e

M . b » -
: . . . , .
Lo . R » ...
. . t

- . s e

ij“fnfhf:~, : Once the desired precharge pressure was attained

and stabilized the accumulator was 1oaded with oil. The oil

1solation valve was opened,‘letting oil enter the accumulator

,
i

from the supply unit.‘ Gas pressure was monitored on the’

‘, voltmeter., The oil supply was shut when gas pressure attai-
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H

';alve to the drain tank,

Y. ]
. ‘
-y

ned a level'slightly highef than the dpsired initlal pressure.

Compression heated the gas and suS‘unent heat transfer to

the walls cooled it back to ambient. The pressure was “stabi-
lized at the’ desiredﬁinitial pressure using the trimming valve
and the isolation valve. The set-up was then ready’ for tes-

N

ting. o | P o

The x-y plotter scan was s$arted and the oscillo-
scope triggered. The solenold valve was activated permitting

fast dischapge of the ail through the pilot operated check

.

' The time required for the oll to discharge de‘pen:‘
on the pipe friction, the valve restriction and the initial
pressure. This discharge time increases with initial pres-
soyeoand with the volume of the accumulator. This is due to
the increases of volume of oil to diseherge. For the test
runs, discharge times measured from 0.2 to 2.0 seconds.

'

Because of this short discharge period, the gas
e

is expanded in a nearly adiabatic process . The low point .

PR

of the expansion,\(Pa), can.be predibted using the ratio of
specific heats, (y "= 1.45),as given for diatomic gases under

adiabatic expansion, in the foliowing equation, derilved

‘ ~from Boyle's Law, applied for isothermal and for adiabatic P

processes (see eQuations (2 S)Iand (2.6)): -7

t
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where (Po) 1s the precharge pressure:

(Pl) is the initial pressure,

c\

T (Pa) 1s the pressure after adiabatic expansion of

Results of this.prediction are shown in Table 4.1,

4
the gas,.and °
, “(v)
(here y,g‘l.ﬂs)ﬂ
{ ’ R ~ 1

4 »

!

\.

1s the ratio of specific heats for the gas -

3

q

a : s

* Table 4.1 is the test schedule used for the three

accumulators.

There were aesotal of M8 tests, 2h of’ which

‘had the accumulator in a horizontal/position, and 24 with

the accumulator in a vertical position.

The predicted (P 3

was required to ‘permit rescaling of the x—y plotter before

(2 a ) 3
each test ‘
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Table 4.1 Test Schedule _\‘

1)

»
7
~

N L.
L

i

A2
L

| Test

No

Precharge
pressure, (B,)

] Initlal \

pressurey (Pi)

*P
— ratio

MPa absdlute

MPa absolute

?

Predicted .
(Pé_) (‘éqn’. 4.1)

MPa absolute

l\l 3.55 4 3.89. o l.ll‘ To3.41
.2 3.55 T T1.5 2.97
3 . 3.55. 10,44 3.0 '2.19

4 6.996 7.68 1.1 ,6.71

5} '6.996 1044 1.5 | 5.8

6 6.996 " 20.79 3.0 "y

(| 10,44 - 11.48 1.1 110.00

8 10. 44 . 15.61 1.5 , 8.71
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4,2 . Experimental Results
-~

4

b,2.1 Calchlation o% Time Constant (r).From Experiments.

9 ) ) K 2
.To determine the time constant (t) from the \experi-

" ments’, the time constant of equatioﬁ 2.22 was derived by .

solving for (t) and:

-t

T m . : ' . ‘ ' - (14.2)'

‘ f'Pf-—Pa
Y [1- s——s— -
. L. ‘ [ P—Pa]

0

where (t) is time, (P) is accumulator pressure at any instant
qf time: (P ) is the precharge pressure "and (P ) 1s the

1oﬁest pressure attained after adiabatic discharge.

’

=

'The time constents were calculated-using eduation
(4.2) and the test data froﬁ the x-y reeorder traces. The
pe;iod is restricted to the ihitial time ‘interval (less than
15 s), 50 that the time constant 1s based, toward neither ‘the
exponential nor the heat conduction distributions. The pro-
cedure is to select discrete times (L.e.s 5, 10, 15 s), and
" to find by scaling the trace, the corresponding pressure._
The trace also shows ‘the adiabatic pressure and, after a long
time, the brecparge)pressure. Thus for each time all the

information 1s available to calculate the time constant from

equation’ (4.2). This results in a set of calculated time

~

' constants for each test. At low ‘values of time (less than 1

LS .
15 s), the constants always differ by less than 2 percent.

N
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' As time increases ahoye 15 seconds, the calculated time cons= .
* >

tant hecomes progressiyely longer. The time constant hsed

to.néprééent the test data‘is.thé average of values calculae °

A\

ted from 0 to 15 seconds. =~ !

1 /

.Table 4.2 shows the test results for the horizontal

tests: The time constant follows a consistent pattern. It
'incpeases as brecbarge pressufe”;ncreases. Ap.any:specific .
pfecbarge~§res§ure;'the time coﬁstanﬁ‘decreaées Qith increaf
sihé 1nit1al'pressure. Figﬁre 4,2 cﬁmpa?es tﬁe normalized

time parameter (ag/Rz) from equatiéﬁ (2.5) (Solid line), to

the éame parameter obtained from the experliments for'the fhree -

o

L/D ratio. In each case the average of the 8 tests was taken.

~» For L/D = 1.8, the ¥ error 15" 3%;  for L/D = 5.4, the % error

is 1%, and for L/D = 13.6, the % error is -3%.
¢ ' o \ / .

4 . . /’
(

el

/ .

The ratio of specific heats given in Table 4.2 is

!

‘calculated from the test data through the application of equa-

r

tion (4.1) solved for (v).- A ‘ -

e

logi Vv - ' :
’Pl : . ' ’ . '
¥ = —t | | S O 95
0 . l
lO o ' "t .
I / g ) .
' It can be observed from the ratio of specific heats

obtained in the experiment that the use of (y).= 1.45 to.pre-
dict (Pa) as shown in Table 4.1 ﬁas adequate ‘as a first oyder

approximation since the average (y) from data is = 1.46. The

(RN
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rapid dlscharge jrqm initlal pressure in the tests can there-

fore be considered adtabatic, . . Co e
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h.2.2 Effgct of Initial Pressure on Time Constant
The time qonsﬁants for the horizontal tests are ~-
r plotted against the.initiel pressure in figure (473a, b, ¢c).
The data appear'as dliscrete points. Superimposeq on the
é?aph as lines are the time constants palculate?/from the
, empirical equations (3.10), (3.18), (3.19), (3%%3). \The
emplrical results may he observed to ge in geﬁd agreement

with the data points. ' /

3 A Y

The largest discrepancies occur when the predharge

\;BPessure 1s 10.44 MPa. In this case, the discrepancy can be

‘reduced by using the specific heat ratil /that was actually
\ 1 .

1
measured from the data (y) = 1.49, at £he 10.44 MPa precharge

pressure instead of the average ﬁglue/

.,2.3 Comparison of Te;f/ﬁesul:s with Exponentlal Theory
, and with Heat Conduction Distributiont Theory % '

g o

Figures (4.4) and (4/5) show, in normalized form,

the test'data taken from the experimental traces for the 28

litre accumulator. These gpraphs are plotted on a semi-log

e

scale. . . ) ‘
\ -

The ordinate As: 1 - [(P—Ra)/(PO—Pa)], and has

i\the logarithmic scale The abscissa 1s a normalized time

parameter (t/t). F9§/each test the time constant used is the

o

S rri—— T . e o
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one caiculated for the test. The data are presented in this
B - I N .

- manner because'the difference between the,thermal models and

e

the test data can be more readily observed On these plots

the exponential model (egquation (2. 22)) appears as a dashed .

_’straigﬁt,line. The heat conduction model (equation 2 8)) is

°

a curve with constaritly decreasing negative slope andfis\;

) ' . L ’
shown by a solid line. The test data are represented by the,
. « * . [ ‘
discrete points scaled from the X-y recorder traces. The
s

, points selected for plotting are taken at irregular, time

intervals to present a clear indication of the trends in the
data. Figure .y represents the results/pf the horizontal
tests and Figure 4.5, the results of the vertical tests. The
data agree very well with the exponential model when the time
is 1ess than’ one time constant (t/r<1) For time greater

thah one time constant‘(t{r>l), the data alwéys fall between..

, : a.
the exponential and heat conduction models. In- general the

v -,

data for (t/r) greater than unity are closer to the heat con-

duction model. This trend is more pronounced for the data

L]

from the vertical tests.  In addition, the vertical test

— .

results show less scatter. .
&
. It can be observed here that the heat conduction
model gives adequate overall results in predicting the ther— .
namic phendmena. It is also capable of predicting the -
time constant with sSome acclracy: Therefore, the eouations

for time constant, (eqn. 2.5 and 3.10), derived from the

heat conductlon model are wvalid for use in the.mathematical

-
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mooei of this thesis.

-

Ce . 4.2.4 _ Comparison of Expeﬁihents to the Modelsnf.

<

. “

. Since it was not poesible to give a‘compariso%\sﬁJﬁ’*/

"all tﬁe”e}periments to the models, three sample cases have

. been picked. These sample cases represent the three accumu- J(/—\\

v L > P
' lators, the three pressure ratios and the three precharge .

4

. pressures used throughout all the tests.. Table 4 3 lists all

_ - the parameters for the sample comparisons sHown in Figures

A6, 4.7 and 4.8, .for éhe 4 28 & 38 litre accumulators res-‘

pectively These parameters were nsed-in the preSsure input

’ o~

" % computer model and a discharge of the accumulator was simula-
‘ted. Actual output data 1is plotted onr the figure correspoqr

+ding to the equivalent test® . e
' LS ’ I

’,
. o -
! 4\, o ) . .
bt . .
. 7/ o * - ©
R N .

- ‘Table 4.3 List of Sample Conditions, for -

Comparison of Model to E#perimenta‘

> o o !
v

° ! * !

-

Test [Accumulator P Precharge | Initial See :
| No + ~L ratio |Pressire(P )| Pressure(P ){Figure :
. |Capacity| D L [Py, - : 0 1IN
: ;- litres' | m m MPa MPa . :
S Ja|ow o |.seos| .2602| 1.1 | 3.55 3.801 | 4.6 )
- .16 | 28 |.188 |1.023 3 6.986 20.79 b7 ‘
. i ' -1 , . N '
- 8| 38 .14605] 2.1534 1.5 10.44, 15.61 4.8
o . ‘
N S p ¢ 3
- .." \:': N ‘ - :4
. . ° o i N °, ; ' /‘ c . f::‘
- i. ,' : \ . )



. ) Figures 4 6 4.7 and 4 8 are reproduced from test’

L "- oo ; data. ’ J 1me!is the abscissa and pressure of the charge-gas
is the ordinate. The fullﬁl&ne 1s the test data and repre— -
sen the pressure transient after a complete‘discharge of

2¥ the acchmulatcrf The pldtted symbols represent data at inter- - g

?
vals from the computer s mulation.

1 . ¢ BT ' . ' \
CE . R The correlation between computer model and experi—-

mental data)is,very high. "In’ figure .8, the model data

terminates 10kPa lower than the perimenthal datg. This is
probably due,tp the inaccdracy/;ixthe settihg of the prechar-

-

ge pressure in the experiment.', B ‘ o -

l
.

. . ! s
In conclusion, ‘it may be stated that the model

accurately reprqduces the therﬁa} phenomena of a hydraul}c

< ", accumulator. e
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o

| heat conduction distributién equations suggested by Carslaw

o

-

+

CHAPTER 5 | -

‘'CONCLUSIONS

—_— : +

. . /
. The purpose df\phis thesis 1s to derive the thermo—x

dynamicg of gas—chargéd,hydfaulic accumulgtors from basic

principles. To develop an accurate mathematlical model for

. these accumulators from the derived theory; and, to prove

both the derived theory and the Bdeveloped models qy expéri—
% . . R

ments.

'
-

. ' The thermodynamic equations were derived from the
) < :

and Jaeger |13|, further developed by Svoboda, Bouchard and

Katz [14]. 'In this worﬁ,~these equations are adapted for use

in 1§erative mathematical models.

-
0

The base for the models was f£irst developed by :

Otis |9], ]10] and |11|. His models, along with Green |§|

asstime the solution to be that of an exponential decay curve

@ a

with a time Epngtant. Both Otis and Green suggest that this

time constant should be found by expériments for each accumu-

.

lator. This appraagh is no;‘prgctical’as the models are -

used, for the main part, to optimize hydraulic systéms and
. Ay

thus to size the accumulators. In the two models developed

LS

— o i e g S s 4 . n e e e i




w Y

f . . ;
K
(r—.-‘._.- - . R 5 - ——— e — -
i -

; A\
v/ " in this thesis, all the parameters can be calculated from the

. / geometry of a desired accumulator and from the desired opera-

o

: ting conditions. ' They can be considered, therefore, as a
~pure design tool. | T ‘ ‘
' o
An extensive series of tes 6n three accumulétors
under d;fferent operating conditiéns §T~shown that‘the models
proposed correlafe to a high deg:ee with acglal operatioh.
Th€,556e1s wili therefore improve the accuracy éf simulations
of systems where accumulators are used. They will pérmit
proper siiing‘both of the accﬁmulator.and of the system 1n
general. This Will effectiveiy reduce the cosﬁ of hafdware /

b

and energy 1n hydraulic power transmissionisystehs. -

i
L4
N

+

14

!
1

/

o




Aa

of the models:

Following are summérized sﬁggestionsafqn 1mprovemgnt [
PR

1) The next logical step, after developing models
for ﬁiston accuﬁulators should be_to aevelop,
through expérimentation, parameters wh;ch would
modify the model equations for use Qith other
‘types of accumulators, pérticularly the dia-
phragm accumulator. !

2? In order to meroVe stability, the Euler nume-
rical method should be replaced.by a fourth-

order Runge-Kutta schemé.

'3) . Theory should be derived to account for the

variation of the time constant due to vertical
orientation. This theory would be related to

the characteristic dimension, &, for different
-

orientation. . \\M/
) #
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Ar . B = eqn 3.3
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Q .
! , [
TPQ TL TD Parameters T = T & AT
- Algorithm for(t)(Fig.3.3)
|- "
‘ v, = eqn. 3.17
‘ N = eqn. 3.18 .
gr
"N = eqn. 3.23
L pr s i T‘ .
N [+ = eqn., 3.19 . :
e

? / T

T =z eqn. 3.10° | ? . '
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Flow Input Model FORTRAN

v
. A Faek

B T e N v S S

- APPENDIX C

PR - ~

PROGRAM FLOWIN{INPUT,OQUTPUT) -

c PARAMETERS AND CONSTANTS
50 FORMAT(5F15,7) :
B READSOyPIESC1yC29C34C10
READ504,AL+AD,BL4B0+6
READ505CK19CK3,CK10sCKLL9PS .
READSOsRUsSVS+ALPHS+CNUS CS -
READSO+CL+PO+T0904DELT
READ50,PLsAyB,SVI,TIM
C ) \
g . INITIAL VALUES ALGORITHM *
T * =70 L .
PA =PL : |
J =(1.0/DELT) ¢DELT p
X =RU*T/PA ’
100 SV =05 IX+{{XPE2.~04 o #A/PA) ¢4 4XHB)¥#.5)) ‘
A =AQ*(1.~(AL/SV)) .
B .=BO*(1l.-(BL/SV))
IF(ABS(SV-SVI}~1.0E-6)120412045110
110  SVI =SV .
. GO TO 100 \\
120 voL =(D#42,)¥CL*PIE /4. g
VOIL _ =VOL*(L.=(PO/PA)) ,
. CMASS =(VOL#PO)/(SVS#*PS)’ ‘
1130 FORMAT(F8.2+2F10.8) -
- PRINT130,TIMyVOIL,SY -
140 FGRHAT(3X,#Txnst,by,tpnsssuae¢,ax.tFLowt,ax.trenP.#)
\ PRINT 140 ]
PRINT220+sTIMyPA4Qs T , .
c '
c .MAIN CONTROL PROGRAM
200 DO1300 I=14d
TIN =TIM+DELT
IF(TIM-200.)230,300,300 .
____2‘39 IF(TIM~2.0)290+250+250 ‘
240 O =(=0,001) ;
GO TO 260.
250 @ 20,00
GO TO 260 "
c ACCUMULATOR MODEL Q INPUT
260 _IF(Q)400,4004270 :
270 IF(VOIL-(Q*DELT) 1280, 400, 400 \\ - .
280 ° PRINT290 - |
290 FORMAT(1X,*INVALID at) . Y
300 CONTINUE .
L STOP1 '

\ ‘ '

e B et e AN SOt b s 7 T
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g __400 “DELVOL_={-Q®DELT) \
L . VOIL  =VOIL+DELVOL
i - c ALGORITHM FOR SV
’ DELSY__ =Q#DELT/CMASS ,
SV =SY+DELSV . -
A =ADK(1.=@AL/SV)) :
. - B =BO#(1.~(BL/SV))
C ALGORITHM FOR TAU

CNUO =CNUS*PS/PO
. CNGR -ABS((GL(CNUU**Z ) )#((D/2.)%*3, )‘HTO T)/TO))

CNPR  =0.71
ALPHE =(ALPHS*PS/P0)#CK3 ¥ [{CNGR#CNPR}##.25)

IF(ALPHE) 51045004510
, 500 TAU =(1.0E70) , - ,
: " GO YO 520 ° .
51  TAU = (CK1/ALPHE) #((D/2. 1¥e2, )t((CLID)I(Z.O(A.'(CLID))!)
. " . C ALGORITHM FOR T
. ‘ 5200 CV CaCLE(TH¥2,)+(C2¢T) +C3
‘ DELTEM =DELT*(({(T0O-T) /TAU}=((Q/(CMASS#CV))#( (RUST*((SV+B)/
, A(SVERZ ) ) I=(A/(SV*%2,.))))) P
A T =T+DELTEM \
! c ALGORITHM FDR PA ,
~PA = (RUSTH((SV+BI /(SV**2.11)=(A/(SV¥%2.))
1300 CONTINUE
~ '220 ° FORMAT(1XyFBa292XsF1l2.292XsF1048y2XsF1l042)
‘ PRINT220+TIMyPA,Q, T '
{ E G0 TO 200 . . '
i ‘\ ‘ END
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APPENDIX D "

Flow Input Model FORTRAN, results from typical step

response test, 4 litre accumulator

r

4

0.00 .00048425..02222324

PRESSURE FLOW TEMP.

TIME
0.00 __ 4000000.00_ 0.00000000" 300,00
1.00 6153988304 =-.00100000 ."337.5%
2.00 11%20017.45 -.00100000 397,87
; 3.00  11268467.20 0.00000000 390.11
K 4,00 11041402.38 0.00000000 383.10
! 5.00 10836015.70 0.00000000 376475
% 6.00 10649868.55 0.00000000 371.01
' 7.00 10480836.65 0.00000000 ° 365..79
8.00 10327064.52 o.oooooo?g/ 361,04 ¢
9.00 10186927.34 0.,0000000, 356.72 -
i 10.00 10058998.71 0.00000000 ' 352.77
! 11.00 9942023.42 0.00000000 - 349.15
12.00 98134894.36 0.,00000000 345,85 "
13.00 9736632.86 '0.00000000 342.81
14.00 9646371.96 0.00000000 . 340.073
‘  15.00 9563342.,04  0.00000000 337.46-
16.00 9486858.53 0.00000000 335.10
17.00 . 9416311.32 0.00000000 332.92
18.00° 9351155.68 _0.00000000 . 330.91 '
. 19,00 9290904.33 0.00000000 329.05 S
20.00 9235120. 61 0.00000000 327.33 ¢ .
21.00 9183412.61 ,0.00000000 325,73 '
\ 22.00 9135427.95 0.00000000 324425 L
23.00 9090849.30 0.00000000 322488 ' .
24,00 9049390.45 0.00000000_ _ 321.60 "
25.00 9010792.90 , 0.00000000 320.41
26.00 8974822.79 0.00000000 319.29
27.00 8941268.26 0,00000000 318.26 o
28.00 8909937.14 0.00000000 317.29 :
, 29.00 88806%%.86 0.00000000 316.39 -
i 30,00_ _ 8853262.65 0.00000000 _ 315.54 .
‘ 31,00 8827615.90 0,00400000 314.75 ;
. 32.00  8803582.78 o.oogfopoo 14.01 :
33.00 8781042.89 0.00000000 °  3h3.31
*. 34,00 8759886.24 0,00000000 31266
35.00 8740012, 14 0-000b0000,ﬁr~,\912-,STTU,Ph,,,ﬁ--
36.00 8721328.38 0.00000000 ... 311,48 iYhoaoli o
37.00 a7o§7§g;3e o.oogooooo 310.93
38,00 8687200.46 0.00000000 310.41\\\\
39.00 867Q607.30 . 0.0¢000000 309.93 s
T 40.00 86568905.26 0.0(000000 309.48
41,00 8643033.89 0.00000000 309.05 ,
42,00 8629937.47 0.00000000 3p8.65
43.00 8617564..61 0.00000000 308.27 °
44,00 8605867.83 0.00000000 307.90 ' 4
45;00 '

o.

8594803.27 0.00000000 307.56
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142,

8584330.34 0.00000000

e 1'6.00 4307.2" °
47.00 8574411.47 0.00000000 306.93
48.00 8565011.84 0.00000000 306.64
49.00 8556099.15 0.00000000 306.37

* 50400 8547643.44 0.00000000 306.11
51.00 8539616.86 0.00000000 305486 ) 1
52.00 8531993.53 0.00000000 .305.62

K 53,00 8524749.37 0.00000000 305.40 AT
54.00 8517861.96 0.00000000 305.19 L

. . 55.00 8511310.43 0.00000000 © 304.98 ' i

| 56,00 | 8505Q075.30 0.00000000 - 304.79 e

I 57.00 8499138.39 0.00000000 304.61 |

\ . 58400 8493482.76 0.00000000 304,43 \ i
59.00 8488092.55 0.00000000 304.27 . :

' 60.00 8482952495 0400000000 304.11 i
61.00 8478050.09 0.00000000 303.96 *

. .62.00 °  B473371.02 0.00000000 303.81 '

© 63.00 8468903.58 0.00000000 ~ 303.68" .
64.00 8464636.38 0.00Q00000 303,54,

‘ 65.00 '8460558.74 0.00000000 303.42

66400 8456660.65  0.00000000 303.30

TT87.00 < 8452932.69 0.00000000 303.18 . . .

» 68,00 8449366.03 0.00000000 303.07

' 69400 8445952.37 0.00000000 302.97 .

70.00 8442683,89 0.00000000 "302.87
71.00 8439553,25 0.00000000 "302.77
" 72.00 8436553.52 0.00000000 302.68
73.00 8433678.19 0.00000000 302.59
' 74,00 8430921.11 0.00000000 302.50 ’
75.00 8428276.50 0.00000000 302.42
76.00 8425738.90 0.00000000 302..34
' 77.00 8423303.14 0.00000000 302.27 .
__78.00  8420964.36_0.00000000 _302.20
o ~79.00 8418717.97 0.00000000 ©302.13 ]
80.00 8416559.61 0.00000000 302.06 ‘ :

i 81,00 8414%85.18 0,00000000 ©302.00
82,00 8412490.79 0.00000000 301.93° .
83.00 8410572.76 0.00000000 30i.87 )

84,00  8408727.60 0.00000000 _  301.82 |
85.00 ° 8406952.03 0.00000000 ° 301.76 ,
86.00 8405242.91 0.00000000 301.71
87.00 8403597.28 0.00000000" 301.66
88,00 "8402012.33 0.00000000 30l1.61
89.00 8400485.40 0.,00000000 "301.56 - .

. 90,00 _ 8399013.95 0.00000000 _  301.52., .
91,00 8397595.58 0.00000000 301.47 _ .
92.00 8396228.,01 0.00000000 301.43 , R
93.00 8394909.07 0.00000000 301.39 o
94,00 8393636.70 0,00000000 301.35
95.00 8392408.94 0.00000000 301,31

96,00  8391223.93 _ 0.00000000 __ 301.28 _ - .
97.00 8390079.89 .0.00000000 . 301.24 . )
, 98.00 - 8388975.13 0.,00000000 301.21

! 99.00 . 8387908,04 0.000000Q0

T

301.17

}
-

4
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100.00 8386877.10 0.00000000 301l.14 ]
101.00 8385880.84 0,00000000 _ . 30l.ll. ey R
102.00 8384917.88 0. oooooooo,duu~,301 08 Ti*,dll 2
103.00 ‘8383986.88 0.00000000 301.05
104.00 8383086.58 0.00000000 °* - 601.03
_ 105,00 r8382215 78__0.00000000_ _____ 301.00
106400 8381373 31 0.00000000 300.97
107.00 8380558.09 0.00000000 300.95
108.00 - 8379769.06 0.00000000 7 300.92
109.00 8379005.21 0.00000000 300.90
110.00 8378265.60 0.000000Q8 300.88
» 111,00 8377549.29 0.00000000 300.86
"T112.00 8376855.42 - 0.00000000° 300.83
113,00 8376183.15 0.00000000 300.81 , .
- 114.00 __: 8375531.67 ~0.00000000_ _____300.79__ ' _ .
115.00 8374900.22 0:00000000 - 30077
11600 8374288.06 0.00000000 © 300.75
__117.00_ - 8373694.50 0.00000000 300,74
~118.00-  , 8373118.85 0.00000000 + 300,72
L19.00 *8372560.47 0,00000000 300.
120,00 _ 8372018.75 _0.00000000_____ - 30068
*121.00 8371493.08 0.00000000 ° 300.67 .
122.00 83'70982.91 0.00000000 .300.65
_123.00 - 8370487.68 0.00000000 300.64
124.00 ° 8370006.88 0.0000000Q 300.62
125.00 8369540.01 0.00000000), 300.61
126.00 __ B369086.57 :0.00000000 _ 300.59 _
127.00 " 8368646.12 -0,00000000 300.58
' 128400 8368218.,°20 0.00000000 .300.57
_129.00___ 8367802.40._0,00000000 300.55 ‘
130.00 " 8367398.30 0.00000000 300.54 .
131.00. '8367005.50 0.00000000 300.53
_ 132,00 _ _'8366623.64 0.0000000 - 300.52 -
133.00 8366252..34 0.0000000 300,51 '
134.00° . 8365891.27 0.,00000000 300.50
135,00 .8365540.07___0,00000000 300.48
139.00 8365198.44 0.00000000 300.47
137.00 8364866.,06 0.00000000 ‘300446
__138.00 _ 83b64542.62 _0.00000000 ____ 300.45
139.00 8364227.84 .0.00000000 300.44
140.00 8363921.47 0.00000000 300.43 ‘
141,00 8363623.21 _0.00000000 300,43 -
'142.00 8363332.80 0.00000000 300.42
143.00 8363050.02 0.000600000 - © 300.41
,.144,00 . _ 8362774.61 . 8.00000000 _300.40 -
14%5.00 8362506.34 0.00000000 300.39" ,
146,00 . 8362245.00 0.00000000 300.38
. 147.00_ ' 836I990.38_0.00000000 _ . 300.37 .
148.00 8361742.26 0,00000000 300.37
149.00 8361500. 44 0.0000Q000 300..36
150,00 - 8361264.74 ,o;oooooooo, _300.35 .
151.00 8361034.98 " 0.00000000 300.35"
152.00 8360810.96 ' 6500000000° 300.34
_1s53.00 0. oooooooo 300.33

8360592 53°

[N

7

PR W

R . 1T




PRI

o gl

Ny

PR

€

]
]
1
'

»
t

H

114
' .
* ‘154.00 8360379.51 0.00000000 300.33
- 155.00 8360171,75 0.00000000° 300.32
_ 156,00 ___ 8359969.09_ 0.00000000 _ _ 300.31 o
157.00 8359771.37 0.00000000 300,31
158.00 8359578.47 0.00000000 =  300.30
__159.00____ 8359390.23__0.00000000 300.29
160.00°  8359206.52 0.00000000 . 300.29
161.00 , '8359027.21 0.00000000 300.28
__162.00 __ 8358852.18 _0.0000000 300428 _
. 163.00. 8358681.30 0.0000000 ,300.27 -
164,00  8358514.45 0.00000000 300.27 o
.165.,00° ° 8358351.53  0.00000000 300.26
166.00  8358192.42 . 0.00000000 300.26
167.00 8358037.02 0.00000000 300,25 . vy
168.00 . .8357885.21 0.00000000 wiv300625 ~ - 22l
169.00 B357136.91 0.00000000 300424
170,00 . _8357592.02 0.00000000- 300.24
171.00 8357450, 44 0.00000000. °  300.23
T172.00 8357312.08 0.00000000 300.23
173.00 8357176.85 0.00000000 300.23 -
174.00 8357044467 0.00000000 |~ 300.22 :
175.00. 8356915.46 0.00000000 300.22
176.00 8356789.14 * 0.00000000 -300.21
L 177.00 - 8356665.63- 0.00000000 300.21 :
.. 178,00 8356%44.86 0.00000000 - 300.21 :
179.00 . 8356426.75 0.00000000 300.20 { -
_180.00 . 8356311.23 0.00000000_ 300.20 _
181,00 = 8356198.24 0.000Q0000 300.20
182.00 . 8356087.70 0.00000000 300.19
. 183.00° " 8355979.56 0.00000000 300419
'184.00. _8355873.76 0.00000000 ' 300.19
185.00 .. 8355770.23 0.00000000 300.18 .
_186.00  8355668.91 0.00000000 § _300.18
187.00 - 8355569.75 ''0.00000000 300.18
188.00 - 8355472.70 0.00000000 300417 .
189.00 8355377.69_0.00006000 300417 v
"190.00 8355284.68 0.00000000 300.17 ’
.191.00 8355193.62 0.00000000 300.17
- 192.00  8355104.46 0.00000000 .  .300.16¢
'193.00 8355017.15 0.00000000 . 300.16 .
194,00 ° "8354931.65 0400000000 300.16 -
__195.00 _ 8354847.91 0.,00000000 1} _ 300.15
196.00  8354765.89 0.00000000 2} 300.15
197.00 8354685.54 0.00000000 300.15 '
_198.00  8354606.82 0.00000000 300.15
199.00 .7 8354529.71 0400000000  "300.14
0.00000000 300414

s L e e
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- ( oy PROGRAM PRESIN(INPUT,OUTPUT)

o APPENDIX E
nﬂ .p : \"'H ’ ‘ . I
Préssuré Input Model FORTRAN ' o 2o

# \

. . .
e .

c _  CONSTANTS AND PARAMETERS
—50  FORMAT(5F15.7)

‘ . READ504PLE»C15C2,C3,C10. o — o

READ505ALyAO+BL+BOsG
—o  READDOsCK14CK39CK10,CKL1 RS

 READ50,RUsSVS, ALPHS 5 CNUS 5 C5
READ505CLyPO,TOSDsDELT . N
_______.REAMQ_:.EJ.LAJBa SVI- TIM

" READSOSRES .
. C : n : N
__S_ma_lNIIIAL.!ALUE&.ALQDRITHM - R

c ' .
F T =70 - : \ . |
P_Al IPL ’

- PROX . =(=1,0) \

J =(1.,0/DELT)+DELT e L/

° C___ SV ] MR
- ' =RUSTI/PA]

100 SVJ 2D, 5F(X+{(X*¥2.~-(4. #A/PAI)*G.‘X*B)**G’S)) ’j
i A — =A% l.=(AL/SV.4]})

B -BO*(l.—(BL/SVJ)l

IF{ABS(SVJ~SVI)=-1.0E~ 6)120;120,110
21310 SVI =SVYJ

v

GO0 70 100 .
120 voL ={D*%*2.)*CL*PIE/4. PO
YOILI =y0L*(1l.=(PO/PAI)).

3

CMASS =(VOL%PO)I/(SVS*PS) T
130 FORMAT(FB.292F10.8) .
Y PRINT130sTIMsVOILT4SYL— -

140 FORMAT(3x,#TInE*.bx.#PRESSURE*,ax,*FLout.ax.#TEnP.*)
PRINT 140 °

~ PRINT220sTIMaPAL4QIsTL }fﬂ\“\
c MAIN CONTROL. PROGRAM RS : )
200 DO1300 I=14J . :
o~ _TIM  _=TIMeDELT . ____ _ : , .

IF(TIM~200.)230,+300,300
. 230 IF(TIM-1. 0)24012501250

_240 __PL =Pl
. 60.- 70 260 ‘ « ‘
250 PL ~ =pS : ‘ a - .
e 6070260 el
, c ACCUMULATOR MODEL PL INPUT

260 [F(PAI~PL)2904290,270
270 03 = ={CS/RESI*{IPAI-PL 1%$0.5)

— IFC(VOILI-{QJ*DELT))280+400+400
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280 © QJ =C54VOILI/DELT Ll
_ DELYOL =(=C5«VOILI).:
- GO TO 410 p
290 - 0QJ =(-C5/RES)#((ABS(PAI—PL))*#D 5) '
400 _ DELYOL =(~-QJ*DF{ T) , .
410 VOILJ =VOILI+DELVOL
c - ALGORITHM FOR SVI ’
e _DELSY._ =QJ*DELI/ZCMASS . -
Svd =SVI+DELSV -
A =A0#(1.-(AL/SV J)) ‘
. B . ‘BQHLL-(BL\ISVJH
o ALGORITHM FOR TAU
" CNug =CNUS*PS/PO 'ﬁ
CNGR =ABS({G/ICNUD¥%2.) )#((D/2.)%*3.)%((T0~ TI)ITOI)
CNPR - =0.71
ALPHE =(ALPHS#PS/PO)*CK3*((CNGR*CNPR)'*0 25)
IF{ALPHE) 510450045510
500 TAU ={1.0E70) '
GO TO 520
510 TAU =(CKL/ALPHE)*( (D/2.)%%2, )*((CL/D)I(Z.*(#.*(CLID)l))
c ALGORITHM FOR TJ°
520 CV =C1#(TI¢#2, )+(c2*rx)7c3
DELTEM =DELT#*(((TO~ TI)/TAU)-((QJ/(CHASS#CV))*((RU*TI*((SVJ+B)/
H(SVI*%2,)))=(A/(SVI*%%2.1)))) o,
' TJ =sTI+DELTEM
c ALGORITHM EOR PAJ
] PAJ ~  =(RURTIF((SVI+B)/(SVI*X2,)) )=(A/(SVI*%2, ))
o N\ ALGORJTHM FOR CORRECTION OF INSTABILITY '
L IF(ABS(PAI-PL)~100.)1010sIOZOglOZO '
1010 IF(PREX)1200,1200,1100
1020 IF{(PROX)1050,1050,1090 °
1050 'IF(PAI-PL)1070,1080,1080 ’
1070 IF(PAJ-PL)1090,1200,1200
1080 IF(PAJ-PL)1200+1090,1090
. 1090 PROX __ =(-1.0) __ : "
N CS =], 0 4 e ¥
1100 01 =QJ \\\ﬂ{ .
-~ PAI =PAJ .
S SVI aSVJ .
- TI1 =TJ- ~
__NDILL  =vOILJ B o e ol
60 TQ 1300 N
1200 PROX =1.0
. €S =(0.0003)*L(ABS(PAI-PL))%¢0.5) .
" G0 TO 260 . . °
1300 CONTINUE .
220 FORMAT(1X4FB8.242XeF1l2.292X3F10. s,zx,F1o 2) e e
: PRINTZZO,TIHoPAhOIyTI v
GO TO 200 h :
300 __STOP2 ‘
END
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. “\ﬂw '
Pressure Input Model FORTRAN, results from
test conditions No. 1 for 4 litre accumulator
0,00 00037571 .02284389
P TIME PRESSURE FLOW TEMP. .
L 0.00  1891000.00 0.00000000  300.00
1.00 3891025.86 0.00000000 300.00
ﬁbop 3427072.41 0.00000000 289.99
—3.00 __ 3432888.04 0.00000000 290.45
. 4.00 3438375.59 0.00000000 290.88
5.00 3443557.03 0.00000000 291.29
R — £.00 3448952-6L 0.00000000 231 .61 .
‘ 7.00 3453081.10 0.00000000 292.04
8.00 3457459.75 04000000 92.38 . ~
9400 3461604457 o.ooz?g'gog&ORD§52 GiIIVERSITY
10.00 3465530.40 0.00000000 293.01 :
f 11.00 3469250.97 0.00000000 293.31
4727179, 2000000 293,58
13.00 3476126.42 0.00000000 293.85" . )
14.00 3479304.12 0.000000Q0 294,10 - !
15.00 3482322.34 0.00000000 294433
16.00 3485190.60 0.00000000 294456
17.00° 3487917.75 0.00000000 294.77
3800 ' 3490512.04 0.00000000 294,98
19.00° 3492981.16 0.00000000 295.17
20,00 3495332.29 .0.00000000 295.36 .
__21.00____ 3497572.14_0.00000000__ ___295.53_____ . .
22.00- 3499706.95 000000000 295.70
23.00 3501742.60 0.00000000 295.86
24400 350368455 0,00000000 L2960
. 25.00 3505537.93 0.00000000 " 296416
26,00  3507307.55 0.00000000 296430 )
— 27400 _____3508997.90 .0.00000000____ .__ 296443 _
N : 28.00 3510613.22 0.00000000 296456
' 29.00 3512157+ 46 0.00000000 296.68
y 310.00 3513634434 0.00000000 296419
31.00 3515047.36 0.00000000 296490 .
32.00 351639%%. 81 0.00000000 297.01 o
. ._..33.00 _- 3517694« 77 000000000 __297.11 T _ ~
34.00 3518935.:4 0.00000000 297.21
, 35.00 31520123.68 0.00000000 297.30
3600 3521262,96__0.00000000Q " 297,39
. 37.00° 3522355..40 0.00000000 297.48
38.00. 3523403.29 0.00000000 297.56 “
__ 39.00 __ 3524408.81 0.0Q000000 _  297.64 _ __ . __
: 40.00 3525373.99 0.00000000 . 297.71
41.00 3525300.75 0.00000000 297.79
- 42,00 3527190.93_ 000000000, _ 297.86 __ "
J 43.00 3528046622 0.00000000 297.92
44.00- 3528868.28 0.00000000 -—-297.99
e 298405 e

—45.00 ___3529658.62 0.00000000
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46.00

‘118

3530418.71 0.00000000 298.11

47.00 3531149.93 0.00000000" 298.17
48,00 3531853.59 0.00000000 298,22
49,00 ° 3532530.92 0.,00000000: 298.28
50.00 3533183.09 0.00000000 298.33
— 51400 3533811.21"_0.00000000 298,38
52.00 3534416.36 0,00000000 298.42
53,00  3534999.52 0,00000000 298.47
54200 3535561464 0.00000000 298,51
55.00 3536103.64° 0.00000000 298.56
56,00 ~ 3536626.36 0.00000000 298.60

57,00 __ 3537130.63

..0.00000000_ 298,64

»

58.00 3537617.23 0.00000000 298.68
59,00 3538086.88 0.,00000000 298,71
60,00 353854030 0,00000000 298.75
61.00 3538978.15 0,00000000 '298.78
62.00 3539401.07 0.00000000 298.82
T 63.00 , 3539809.67_0,00000000 _ 298.85
64.00 3540204.52 0.000Q0000 298.88
65.00 3540586.18 0.00000000 298.91
— 06400 3540955.16__0.00000000 298494
67.00 3541311.98 0.,00000000 298.97
i 68.00 3541657.12 0400000000 298.99
L__b9JDQ«__w35ﬁ4221LO1-“0%99009000 299.02




" Pressure Inpuﬁ Model FORTRAN, results from

e T T A o

test cbnditions’No. 6 for 28 litre acéumulator

0.00 01884156 .00460952

o e

119 -

TEMP.

o et @ et M s s

. TIME PRESSURE FLOW
s 0.00___20790000..00___0.00000000 300, 00
1.00 20789999.89  .00000Q03 300.01
. 200 4325750.50 0.00000000 203406
00 4416067.01__0.00000000___ 206,55
4.00 4502363.87 0.00000000 209.87
5.00 4584853.85 0.00000000 213.05
N ; 6.00 4663736.73  0.00000000 2168410
7.00 4739200.12 0.00000000 219.01
‘8400 4811420.38 0.00000000. 221579 1+ —
9.00  4880563.33 0.00000000 ORD 524446 IVEREITY
10.00 4946785.00 0.00000000 227.01 .
11.00 5010232.24 '0.00000000 229446
.. 12.00 5071Q43.38 0.00000000 231.80
: _ f 13.00 5129348.77 0.00000000 234,05
’ . | 14.00°  5185271.29. 0.00000000 236.21
[ 15.00 5238926486 -0.00000000 238,27 :
16.00 5290424,86 0.00000000 240426
: . 17.00 5339868,57 0.00000000 262.17
S LA 18400 5387355.56 0.,00000000 244.00
" 19.00 5432978.01 0.00000000 245.76
i 20.00 . 95476823.09 0.00000000 247.45
L 21.00 5518973.24 0.00000000 _ ~ 249,07
22.00 5559506.,50 0.00000000 250.64
23400 $598496.72 0.00000000 252.14
i 24.00 5636013.86 0.00000000 253459
' 25.00 5672124.20. 0.00000000 254.98,
©T 26400 5706890.58 0.00000000 256432
) . 27.00____5740372.,56 _0.00000000__ __ _ . 257,61
‘28400 5772626.68 0.00000000 258.85
' 29.00 5803706.58 0.00000000 .260.05
[ 30.00 5833663,17__0.00000000 261.21
31.00 5862544.84 0.00000000 262,32
; 32.00 5890397.53 0.00000000 263.39
. 33.00  5917264.93 0.00000000 264443 _
34.00 5943188.56 0.00000000 265.43
35.00 5968207.94 0.00000000 266439
- __ 36400 5992360.64 __0.00000000 = 267.33
37.00 6015682.45 0.00000000 268,22
38.00 6038207.44 0.00000000 269.09
39,00 _ 6059968,04 0.00000000 269.93 i
40.00 6080995%.19 0.00000000 270.74
41.00 6101318.34 0.00000000 271.53
42,00 6120965.58 __0.00000000 = 272.28 _
43,00 6139963,73 0.00000000 273.02
44.00 © 6158338.34 0.00000000 273,73
45,00 \6176113.81 0.00000000 274441
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s

" 6193313.43 0.00000000

’

46.00, 275.07.
47,00 6209959.44 . 0.00000Q00 275.72
_48.00  6226073.10 0.00000000 276,34
49,00 6241674.69 0.00000000 276494
50,00 6256783.62 0.00000000 277.52 ‘
_51.00  6271418.45 0.00000000 _ 278.09 L
52.00 6285596.92 0.00000000 278.63
53,00 6299335.99° 0.00000000 279.16
54,00 6312651.91 0.00000000 279.68
55,00 6325560.21 0.00000000 280.17
56.00 6338075.79 0.00000000 280.66
___57.00 6350212,89 _0.00000000 281,12
58,00 6361985.17 0.00000000 281.58
59.00 6373305.70 0.00000000 282.02
60,00 6384487.02 0.00000000 282.45 :
61400 6395241.15 0.00000000 282.86 :
' 62.00 6405679.62 0.00000000 . ° 283,26
___63.00 _ 6415813.47_0.00000000 283,65 _
64.00 6425653.33 0.00000000 284.03
65.00 6435209.35 0.00000000 284,40 "
06400 644449131 000000000 284,76
. 67.00 6453508.58 0,00000000 ' 285.11
68.00 6462270.18 0.00000000 285,44
- 69.00 6470784.76__0.00000000 285,77
70,00 . 6479060.61 , 000000000 286,09 -
71.00 6487105.74 0.00000000 286.40




) .
Pressure Input Model FORTRAN, results from '
o test conditions No. 8 for 38 litre accumulatop | -
\ . N N '
;o . 0,00 .01253619 .00593559 B
. TIME: " PRESSURE FLOW TEMP.

¢ e 0.00___15610000.00 0.00000000 ___ 300.00

N . 1,00 15610000. 00 « 00000001 299.99
¢ 2400 8572974.22 0.00000000 257.84 .

N 3.00 B62ﬁl&5.12_w0 00000004 259.09

g . 4.00 8673516.36 0.00000000 260.29

5,00 8721048.45 0.00000000 261 45"

: Vw600 8766860.09 0.00000000 26257
: 7.00 86811025.48 0.00000000 263 64~

, ' L 8.00  8B53615.10 0.0000000Q.

' 9.00  8894695.94 0. ooooooowORDéas ‘e‘d“HVﬁR ITY

v . 10.00 8934331.68 O. ooogoooo 266.65
: , 11.00  8972582.91 0.00000000 267.58
; - —12.00____9009502.25_0..00000000 268.48
. 13,00 9045159.55 0,00000000 269.35
s "14.00 9079592.05 0.00000000 270.19
‘ 15.00  9112854.47 0.00000000 271.00
16,00  9144994.,22 0.00000000, 271.78
. 17.00 ° 9176056.46 0.00000000 272.54
‘ w 18.00 __ 9206084.25 _0.00000000 213.21
19.00 9235118.65 0.00000000 273.98
. 20,00  9263198.84 0.00000000 . 7274466
- 21,00 9290362.21__0.00000000____ 275.32_
22.00  "9316644.45 0.00000000 275.96
-~ 23.00 9342079.63 0.00000000 276.58
24.00 9366700.30._0.00000000 217.18 "
25.00 .~ 9390537.57 0.00000000 277.76
: 26.00 9413621.15 . 0.00000000 278,33
- - 27,00 __9435979.47._.0.00000000 27B.87
' 28.00 9457639.69 0.00000000 279.40
| < 29.00 9478627.81 0.00000000 279.91
' 30.00. 9498968..20__0.0000000Q 280.41
\ 31.00 9518686.17 0.00000000 280.89
» © 32,00 . 9537803.01 0.00000000 281.35
-33.00 ___95%6341.03 _.0.00000000 ____281.80
- 34,00 9574321.14 0.00000000 282424
: 35.00 9591763.37 0.00000000 282. 67
; -—-36.00 __9608686.91 _0.00000000 283.08 S
. S 37.00 9625110.16 0.00000000 28348
o 38.00 9641050.77 0.00000000 .283.87 ~
/. .239.00 2 9656525466 _0.00000000 _ _____284425__ _ __.__ . _
40.00 9671551, 05 0.00000000 284.61
. 41,00  968614Z.54 0.00000000 284497
Y __ 42,00 9700315.06 0.00000000 285.31 o
L 43.00 9714082.97 0.00000000 285.65 ‘
N T 44,00 - 9727460.05 0.00000000 285.97 :
. L 45,00 . . 9740499.54_ 0.00000000._____ 286429 N

-
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A AN

e

_ ' 50,00

o L) /

: A
46.00 9753094.16 0.,00000000

47,00 9765376.13 0.00000000
—8 . ° 0000

286460
286.90
287,19

49.00 9788928.65 0.00000000
9800221.35- 0.00000000
- 51.00_____9811205.74 _0.00000000

287.47
287.75
2BB8.01

52.00 9821891.86 0.00000000
53,00 9832289.39  0.00000000
54.00 9842407 .61 0..00000000

288.27
288453

28B8.77

55.00 - 9852255.50 0.00000000
56.00 9861841.66 0.00000000
— 57,00 _9871174.41 __0.00000000

289.01
289.25
289,48

58.00 9880261.74 0.00000000
59.00 9889111.35 0.00000000
—b60.00____9897730.67 0.00000000

. '289.70

289.91
290t12

61.00 9906126.85 0.00000000
62.00 9914306.78 0.00000000

——63.00____9922277.12 (.00000000

64.00 9930044.28 0.00000000
~ 65,00 9937614.44 0.00000000
— 566,00 99%4993.57 0.00000000

290.33
290453
290,172

L3

' 290.91
291,09
291.272

: 67.00 9952187.42 0..00000000
' 68.00 9959201.55 0.00000000
L 69.00___ _9966041.32_ 0.00000000

291+ 45
v 291462
29) .29

70.00 5972711.90° 0.00000000

—_—

291.95
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