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SYNCPSIS

An experimental and analytiéal examiﬁation'of energy stored in the

chain by power loéder-haulage units is_described.. Particular attention

is paid to the use of hydrostatic absorbers and accumulatorg banks t§
simulaté haulage forces including chain elasticity. |

The IBM 360 CSMP modelling progrémme is uéed for an analyticai
examinétion‘of the hydrqstatic absorber and accumwlator bank simulation
method to determine ité accuracy. This dynamic modelling technique is
séen tqwbe ideal for the dynamid analysis of hydraulic systems;

A series of.fﬁll scale surfacé tests on a Eaulage wit loaded by a
chain is described. These tests proﬁide data for the dynémic model and
serve as a compariéon fpr the absorber loading tests. 4An exémination
is made-into the effects of sprocket friction losses and chain
anchofage meﬁhods_on the torqueédisplacemenf chafacteristics of haulage
waits under enefgy release conditions.

An experimental method is described to determine the pressure-volume
characteristics of hydropneumatic accumulators. These are shown to
operate under polytropic conditions for both charging and discharging
at flow rates corresponding to tﬁose found in chain elasticity
simulation. Two methods are desofibed of predicting the pre-charge
pressures of accﬁmulators used in combinations to achieve;iinear
pressure—volumé characteristics.

A conversational coméuter programme is presented which sets
accumulator pre-charge pressures to achieve a suitable similation for

a given haulage chain system using an hydrostaiic absorber.
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NOTATION APPROPRIATE TO APPENDIX I AND III

AFAC Absorber leakage factor
AJ Absorber inertia
AL - An array containing accumulator bank pressures required to

give an identical load to that produced by the chain

ALEAK Function defining the absorber leakage characteristic

AP An array containing acoumulator bank pressures

APIF Absolute value of pressure difference

AV An array containing accumulator bank fluid volumes

AVOL Fluid volume required by absorber obtained with KAB =

BM  Bulk modules of haulage fluid

BPA An array containing vélﬁes of PA

BT Braking torque

BVOL An array containing values of AVOL

BYPS " Function defining the by-pass valve pressure-flow characteristic

DA Displacement of absorber |

M Displacement of haulége hydrostatié motor

DrIC Function defining the displacement—torque characteristic of
the haulage with the sprocket driving

DITH Function deflnlng the dlSplacement—torque characteristic
of the haulage with the sprocket driven

FBP Flow through by-pass valve

1 Fluid flow into line 1

FI2 Fluid flow into line 2

PIVY Inlet valve flow line 1

PIV2 Inlet valve flow line 2

FLIV ~ Haulage internal leakage

FMAX Maxlmum flow from haulage pump

FMOT Fluid glgy from motor:

FPUMP Fluid flow from pump

FRAC Proportion of maximum forward speed

FRV1 Relief wvalve flow line 1

FRV2 Relief valve flow line 2



FS Maximum forward speed

FX1 External leakage line 1
X2 External leakage line 2
I Haulage inertia
HRATIO Haulage gear ratio
ILEAK Function defining haulage internal leakage
IN Number of accumulators in bank
Ve Function defiﬁing the inlet valve pressurefflow characteristic
KAB Switch for run control, KAB = 0, haulage is chain loaded
KAB = 1 absorber loaded
KP Accumulator fluid pressure during incrementing procedure
KPA An array of accumulator pré—charge pressures
KpMAX Maximum absorber pressure
KPMIN Minimum absorberlpressure
KPX Minimum absorber pressure
KR Pressure increment
XSTOP Flag for FINISH statement
LSWITCH Swifch for by-pass operation
P Accumulator gas pressure
P1 Pressure in line 1
P2 Pressure in line 2
PA Absorber pressure
PAR. Stiffness compensation factpr
PATR Maximum absorber pressure calculéted from static characteristics
PCOMP Hauwlage tripping pressure compensated for dlfference in
sprocket and absorber efficiency
PIF Pressure difference across haulage motor
POWC Polytropic index of compfession for accumulators charging
POWE Polytropic index of expansion for accuﬁulators discharging
PTAM Function defining the absorber pfessure—torque characferistic

- with the absorber driving

PTAP Function defining the absorber pressure-torque characteristic
with the absorber driven



PTHM

pTHP

RPA

RPL

SP2
SPIF
SPOS
STA
STB
STF
STF1
STF?
STH
STT
STX
STY
STZ
SWASH
TA
TBP
TBP1

TCH
TDIG

TDIN

Function defining the haulage pressure-torque characteristic
with the sprocket driving

Function defining the haulage pressure—torque characteristic
with the sprocket driven

Fluid volume required from accumulator bank to repreduce chain
loading conditions, calculated from static characteristics

Absorber pressure due to accumulator bank with KAB = 1

Absorber pressure reguired to produce an idemtical load to
that produced by the chain load

Function defining haulage relief wvalve pressure-flow
characteristic

Fluid volume digplaced by absorber with KAB = 1
Initial condition haulage pressure line 2

Sign of pressure difference

Haulage pump swash prior to by-pass operation
Initial absorber pressure

Initial condition for absorber volume

Haulage fluid stiffness

Stiffness of fluid in line 1

Stiffaegss of fluid in line 2

Initial condition haulage sbrocket angular wvelocity
Initial condition for sprpéket displacement
Initial condition sprocket torque

Initial condition haulage pressure line 1
Initial condition haulage leakage

Fﬁnction defining haulage pump swash reduction
Absorber torgque

Simulation time prior to by;pass operation
Simulation time after by-pass Operation

Torque on haulage sprocket due to either chain load or absorber
load

Function defining haulage torque~dlsplacement characteristic

sprocket driving :

Function defining haulage torque—displacement characteristic
gprocket driven



TH
THD
TH2D
TIME
™™

TPAM
TPAP
TPHM
TPHP
TRIP

TTRIP

USL

VA
VFAC
VIC |
VI

VLINE

VP
VT
VTA

VTF

VIR
VTT
XLEAK

XTH

YI

Sprocket angular displacement
Sprocket angular velocity

Sprocket angular acceleration
CSMP simulation time variaﬁie

Torque developed by.haulage motor

Function defining the absorber torgue-pressure characteristic

. with the absorber driven

Function defining the absorber torgque-pressure characteristic
with the absorber driving

Function defining the haulage torque-pressure characteristic
with the sprocket driving

Function defining the haulage tofque—pressure‘characteristic
with the sprocket driven ' : '

Pressure at which the by-pass valve is switched into the
haulage circuit. Haulage tripping pressure

Hauvlage tripping tordue

Dimensionless value of the gradient of the required pressure—
volume characteristic {unity slope)

Accumulator gas pressure

An array containing accumulator initial gas volumes
Viscosity compensation factor

Function defining iulet valvé flow-pressure characteriétic
Individual accurulator gas volume

Accumulator bank total gas volume required to reproduce chain
leoading conditions

Volume of haulage transmission pipes
An array of accumulator gas volumes at the maximum pressure
Total gas volume of accumulator bank at maximum pressure

Total gas volume of all the accumulators whose pre-charge
pressures have not been set

Viscous damping torque:

Total gas volume of aocumulafor bank
thc%ion defining haulage internal leakage
Initial condition haulage displacement

Accumulator increment factor



NOTATION APPROPRIATE TO APPENDIX ITI AND SECTIONS 3 AND 6

abheff
abfac
ac

accrot

ad
at

at1

bp

chsl

fo
idt
K1

k1t

La
Lb

mu
mus

n, ni, n2

nb
pa
pamax
.pc

pchpr

per

Absorber mechanical efficiency
Absorber leskage factor
Available compression from chain tensioner

Sprocket rotation produced by release of energy
from the accumulator bank

Absorber displacement
Interlink rotation angle

Total interlink rotation angle onto or off sprocket
system : : .

Absorber boost pressure

The equivalent chain elasticity seen by the sprocket
under release conditions

Chain tensioner full compression

Number of haunlage idler sprocket feeth

Interlink tension loss coefficient,

T;tal interlink fension loss coefficient onto or
off sprocket system

Length of chain under tension

Length of chain between the machine and point at
which the chain contacts the floor

Length of chain between the anchorage point and the

. point at which the chain contacts the floor

Interlink friction coefficient
Friction coefficient for chain drag

Accumulator polytropic expan31on and compression
indices

Number of accumwlators in bank

- An array of accumulator pre~charge pressures

Maximum absorber pressure
Chain tensioner pre-compression .

The percentage haulage pressure reduction for
efficiency compensation

Haulage drive sprocket effective radius



pitch

prin

Pa
Pc
Pd
Pf
Ps

rot

sag

scC

slope
spt

g2, s3, 84, s5, st

\

tab

" tmax
tmm

tm1

tp1

tp2

Ta

Tl

Tm

Haulage chain pitch

Haulage chain pre;tension
Accumulator pressure

Accumulator pre—cﬁarge pressures
Accumulator pre-charge pressure
Pressure difference

Final accumulator pressure
Supply pressure

Sprocket rotation produced by release of energy from
the chain system

Spring rate of chain tensiozners

Vertical distance between chain anchorage point and
floor :

Spring rate of haulage chain

‘The gradient of the pressure-volume characteristic
~required from the accumulator bank

Number of haulage drive sprocket teeth

. .
Gradients of accumulator bank pressure-volume
characteristics

The absorber torque (expressed as a force at per)
which is required with the absorber driven to give
torque tp1 at a change of direction to driving
assuming constant pressure

Maximam chain tension

Maximuam forwards sprocket torque

A sprocket torque (expressed as a force at pcr)
required to produce tension tmax with the sprocket
driving

A sprocket torque (expressed az a force at pcr)
produced by tension tmax with the sprocket driven

A sprocket torque (expressed as a force at pcr)
produced on the sprocket by the chain at the point
Jjust prior to tension equlllbrlum

Tension in chaia adjacent to the machlne

Tensioa in chain adjacent to anchorage point

Tension loss

A sprocket torque (expressed as a force at por)
with the sprocket driving



Trm
Trp
T
T2

usl
va
Va

vd

Vs

wd

wl

Zoax

A sprocket torgue (expressed as a force at per)
with the sprocket driven

Sprocket torgque with haulage driving
Sprocket torque with haulage dfiven
Haulage chain tension (tight side)
Haunlage chain tension (slack side)

Dimensionless value of the gradient of the required
pressure-volume characteristic (unity slope)

Accumulator initial gas volumes
Accumulator gas volume

Accumulator initial gas volumes

Volume difference

Accumulator gas volume at supply pressure
Total accumulator bank ga; volume

Wire diameter of:round link chain

Weight for unit length of chain
Accumulator increment facfor

Movement of chain through the sprocket system

The maximum release displacement



1 INTRODUCTION

Power loader haulage chain is a well known underground safetly hazard.
Projects relating to improvements in its uéage continue to be of
importaﬁce within the NCB.

With safety in mind the Mines Inspectorate issued a directive
gtating that power loader haulage units should release chain tension at
a controlled rate. Headquarters staff then gave the Mining Research and
Development,Ebtablishmént the task of ensuring that present and future
haulage units working on chain systens éomply.‘ " 7

A typical power loader hauvlage unit working on a 200 m face equipped‘
with 18 mm chain can exert a force of about 150 kN (15 tons). With the
machine hauling on the maximum cbain length this would produce a chain
extension of about 1 m. Any urcontrolled release of the'energy contained
in the éhain at this point can cause violent movements of both the chain
ad machine, It is required that when the machine is stopped, either
manvally or by the overload protection systems, that the tensions either
side of the machine equalise at a rate such that there is no dangefous
movements of machine or chain. Haulage force cannot be left 'locked int
since this is also a serious danger to machine operators and'maintenénce
workers through sudden unexpected movements of the machine as fhe
restraining forces relax.

As an initial approach to simmlating this phenomenon within the
laboratory,a test rig was designed by MRDE Design Branch which employed a
hank of compression springs to give a similar spring rate to that of a
200 m length of haulage chain.. Whilst this work was proceeding however,
several haulage units were undergoing life and performance ifests within
the rotary test laboratory and differing types of loading systems were
being evaluated. This led to an alternative to the 'spring'! rig.

To absorb power from a haulage unit a brake is required-that will
operate befween 0 ~ 0.6 rad/sec {0 - 6 rev/min) at a torque rating of

up to 54,000 N m (40,000 1b £t). Thisduty is outside the performance of
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conventional dynamometers which operate at much higher speed and therefore
need step up gearbo#es 8o the speeds can be matched. Such dynamometers
can be used for endurance tests but they are unsuitable for dynamics or
response tests due to their high inertia when referred to the loading
shaft.

Two systems of low speed dynamomeiry have heen proved successful
for this torgue speed range, water cooled pneumat.ically operated disc
brakes and slow speed hydrostatic motors operating as pumps. Both these
devices have low inertia and are suitable for either endurance or
dynamic response tests on power loader haulage units, Hydrbs%atic

absorbers have the addifional advantage that the stiffness of the loading

system can be adjusted by incorporation of hydro-pneumatic accumulators
inte the circuit such as to enable chain elasticity simulation.

As this lire of approach to chain elasticity simulation seemed to
eliminate the need for a large expensive special purpose rig it was
decided to delay the decision to build the Tspring' rig until an
evaluation of the alternative approach had been made,

Por the purpose of this work two test facilities were made available,’
a laboratory rig which utilised a hydrostatic power absorber to simulate
loading conditions on a power loader haulage unit and a full scale mock
face at Swadlincote Test Site émploying a power loader haulage unit with
appropriate chainland chain tensioners.

A mathematical model using the IBM modelling technique CSMP
(Continuous System Modelling Programme) was used to check the validity
of using hydrostatic absorbers to simulate chain elasticity‘effectsf The
model operates in two sections. A release of strain energy is simulated
assuming a power loader haulage unit to Be loaded by a chain system. A
series of calculations is then performed to choose the correct charge
pressures of a bank of accumulafors 1o enable a hydrostatic power

absorber to exhibit the simulated effects. The second section of the model

éssumes the haulage to be loaded by the hydrostatic power absorber and



-3 =
the accumulator baﬁk. Outputs from both sections can then be compared
to assess the aécuracy of the hydrostatic power absorber method of
loading.

Results from the surface trials were used as input data to the
dynamic model. Characteristics of the haulage unit and three absorbers
were determined using the laboratory rig also for inclusion in the
model. ,

Two methods qf setting accumulator bank pre-charge pressures are
described, a pressure incrementing ccemputational mefhod and an empirical

method. The CSMP model is used to compare these two technigues, The

need for a precise knowledge of accumulator characteristics leads to an

experimenial—examiﬁa%iﬁn—ﬁf;their performance being made.

Factors which effect the haulage sprocket displacement - torque
relationshiﬁ suéh ag interlink friction, chain drag are considered
mathematically and camparisons made with the surface trials.

This information together with data from the sections on accumulator
characteriétics and the CSMP model are combined in a conversational
computer programme., This programme enables a selection of absorber
""and ‘accumulator bank details to be made to reproduce an adequate simulation

for any haulége, chain and chain tensioner details.
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2 DESCRIPTICH OF FACE BAUIPMENT ASSCCIATED WITH POWER LOADERS

2.1 The Lonzwall Mining Svstem

Most of the coal produced from British mines is obtained using the
longwall mining system. Two tunnels, approximately 200 m apart are driven
along a strata of coal. Between the roadways coal is removed from a
connecting tunnel known as the coalface. As coal is removed from the face
by a cutting machine working along its length, the power loader, both
the face and the roadways are édvanced into the sirata.

A scraper type conveyor, the armoured‘face conveyor, ruﬁs the
length of the face and transports coal discharged by the power loader to
one of the supply roadwuys, the main gate, and hence to a belt conveyor for
deiivery to the pit bottom. The face is supported fy hydraulically
operated roof supports positioned every 1 m, these advance with the
face allowing the unsuppofted area froﬁ which the coal has been removed
to collapse. Power and water for the power loader is supplied by trailing
cablgs looped azlong the face, A typical coalface layout is shown in
Fig. 2.1.

2.2 The Power Loader_

; Beveral types of power loader are in use with the NCB, the two basic
categoriés being trepanners, machines with the cutting drum axis parallel
to the face and shearer machines with a cutting drum axis perpendicular to
the face, shearers beﬁng used on approximately 75% of all faces., Power
loaders have three basic components, a water cooled induction motﬁr, a
haulage unit, and gearheads to transfer.the'drive from the motor to the
cutting drums which they support and position.

The machine is able to slide on the pans of the armoured face conveyor
and is propelled along the face by winding itself along a round link chain
runniﬁg the length of the face and attached to anchorage points at the face

ends, Rotation of a drive sprocket and two idler sprockets on the hawlage
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uwnit, in mesh with the chain, provide the necessary force to drag the
machine along the face.

2.3 fThe Chain and Chain Tensioner

For efficient operation of the haulage system it is essential that the
tension in the slack side of the chain T2 is at all times sufficient %o
strip the chain from the sprockets and stop 'hunching'. As the forces
involved are high and the chain elastiec, it is possible, on a typical
face, for the haulage wnit to extend the chain by as much as 1 m« To
elimingte this slack chain and ensure that sufficient slack side tenéion
is available, a variety of compensating devices for use at tﬁe chain
anchorage points and setting procedures are available.

Solid anchorage peoints can be used if sufficient pre~tension, ie the
tension left in the chain with the haulage producing no effort, is induced
into the chain. This method is undesirable however since the maximum
hauling tension is approximately twice the value developed when using
compensat;ng devices, leading to increased chain wear and breakage. High
pre~tengion is also an undesirable safety hazard.

The most frequently used compensating device is the Anderson Boyes
spring tensioner Fig. 2.2. Here the reaction of the chain tension is taken
through agroup of compreésion gprings. This system is set up by sfalling
thé machine and applying maximum tension T1 to the maximum chain length,
pulliné the slack chain produced through the T2 compensating device and
connecting the chain.. As T1 is reduced the amount of chain extension
reduces and the T2 compensating device compressed. This system enéures
that T2 is maintalined at ali machine positions and chain ténsions;

Due to the d%?ficulties of pulling all the ﬂlgck chain through the
compensating device and because of the danger of operating the haulage
pressure overload devices when exerting maximum chain tension,_spring
tyﬁe compensators have a locking device which can.h&ld the springs in'any

state of compression. This allows the slack chain to be pulled thrbugh



-6 -

the compensator with the springs slightly compressed, removal of the lock

i
}

eliminates any remaining slack chain,.

Other compeﬁsating devices in use employ similar principleé with
combinations of hydraulic rams and springs to achieve compensation and
incorporate methods of tensioning or detensioning the chain ﬁithout use
of the haulage unit. Their operationa%_characteristics are similar to
the Anderson Boyes epring fensioners.

2.4 Power Loader Haulage Unite

2.4.1) Hydrostatic Haulage Units

The basic reguirements of a power loader haulage unit are that it
provides the necessary force to propel the machine along the face, that
the machine speed is controllable by the operator and bi-directional, and
that internal overload protection systems aré incorporated to limit the
maximum machine effort and the maximum current taken by the drive motor.
Until recently these reguirements were found to be satisfied by use of
havlage wnits employing hydrostétic tr;nsmiésion drives with some degree
of final gear reduction to the chain drive sprocket. Hydrostatic
transmissions give controllable, infinitely variable bi-directional drives.
In most cases‘oufﬁﬁt.tﬁféﬁe is prépoftioﬁal.to fhe system pressure which
can eagily be sensed and used for conircl purposes.

A wide range of hydrostatic haulage units are in use with the NCB
employing many types of transmission elements, One early and still widely
used haulage unit employs two, three piston plunger pumps, one fixed and
one with variable displacement, These supply fluid to a fixed displacement
motor with radial pistons operating through pivoted rollers onto an internal
multi-lobed cam. The relatively large displacement ofrthe motor compared
with the pumps gives a speed reduction between the input to the pumps
and the motor output reducing the required gear ratio. Direction control-
is achieved by means‘of a direction control valve in the main fluid

transmission circuit. Later haulage units employ axial piston swash plate
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pumﬁs with similar low speed motors. Overload protection on haulage force
is achieved using a control éignal,from the main circﬁit pressﬁre,to
either reduce the pump output (thus reducing the haulage speed) or
interrupting the drive by operating the main circuit direétion control valve
into a neutral position. 1In most haulage units an element of speed control
is introduced by sensing the current to the power loader dfive motor and
reducing the pump output if this becomes greater than the full load value.
In this.way,the control mechanism can override the speed selected by the
operator and the machine speed maintained at the optimum level consistent
with the maximum motor current. Any large increase in motér current is
used to interrupt the haulage drive by 6peration of the direction control
valve,with subsequent reduction of the pump output. |

To control the rate of release of strain energy from the chain on
either manual or automatic interruption of the drive, circuits are usually
designed such that in the neutral condition,a restricting orifice is
connected across the motor ports. In this condition,energy from the
" chain rotates the motor,passing fluid through the restriction. This
eliminates any rapid discharge of strain energy from the chain.

Some haulage units exploit overcentre pumps ta eliﬁinate the need
to use direction control valves for bidirectional operation.

2.4.2) The Mechanical Haulage Unit

Qver the last few years interest has been growing in mechanical haulage
units. Hydrostatic haulage units have become increasingly complicated.
Also operational reliability is of primary importance. Fluid contamination
is a major cause of haulage breakdown and attempts at répaﬁr underground
lead to even greater contamination. Mechanical haulége units can operate
at higher levelg of contamination through the elimination of high tolerance
components such as pumps, motors and spool valveé. A'reversion to purely
mechanical transmissions is seen to give fewer maintenance problems and the

simpler construction is more easily understood by underground maintenance
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personnel even though this is at the expense of the controllability
obtained with hydrostatic haulage units.,

Mechanical haulage units employ a series of linkage operated change
gears to give a range of output speeds. Friction clutches,oPefated either
by linkages or an auxiliary hydraulic control circuit;are used to engage-
disengage the.driﬁe and in some cases iﬁcrease the speed range. Torgque
ovefload sensing is by either strain gauges or slipping clutch
mechanisms, The speed of the mechanical haulage unit is not.
variéble, an optimum speed setting is chosen for the existing conditiéns
and any current overload on the power loader motor is used to disengage a
drive clutch. This lack of control,makes the mechanical haulage unit
incapable of operating the power loader at the maximﬁmrmotor current,other
than by skilful selection of the optimunm gear‘ratiq.

To control the rate of release of energy from the chain,when the
drive is interrupted,the mechanical haulage unit uses a parking brake.
This friction brake also has the effect of maintaining a certain level of
haulage effort after the drive is disconnected.

In cases where the power loader is working in seams with consideréble
gradient however, this is a desirable effect as it sfops the
machine sliding down the face under its own weight.

2.5 The British Jeffrey Diamond B14 Haulage Unit

The basic fbrm of this haulage accounts for a large proportion of
haulage units in use with the NCB. The unif consists of a hydrostatic
transmission and a 215/1 ratio epicyclic reduction gearbox driving the
output sprocket. Four independent cifcuits are included iﬁ the hydraulic
system (Fig. 2.3), the main transmission and the three auxiliary control
circuits.

A section through the haulage unit is shown in Fig. 2.4 and Fig. 2.5

shows the sprocket drive configuration.
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2.5.1) The Hydrostatic Transmission

This camprises a variable delivery Hel@-Shaw type piston pump with
a capacity of 0.0 - 2,57 dm3/s (O - 34 gal/min) and fixed delivery radial
piston motor of the same capacity, the rotating assemblies being identical
in both. The rotor assembly contains two rows of six radial bores, the
two rows being displaced to provide the unit with twelve equi-spaced

.pistons. It has an inner valve ring and is located on a fixed cantilevered
pintle shaft, which contains the fluid flow and return connections, by

two ball races. The rotor also incorporates'one half of a dog coupling
which provides the input or output drive to the units.

The piston followe» assemblies have a wheel and axle type constructionl
with two follower wheels, one each side of the piéton. A needle roller
hearing supports the axle which is integral ﬁith one of the follower
wheels. The second wheel is swaged onto the axle, A ground bore in the
piston provides the outer track of the needle bearing. Rotation of the
piston in its bore is controlled by bronze spring loaded cheek plates either
side of the rotor assembly.,

The rotor is located within a floating ring which is supported on iwo
rolleer bearings in ‘the casing. The motor casing is fixed to give a
constanf displacement but the‘end covers of the pump casing have elongated
bores to allow movement relative to the rotor pintle shaft. This
eccentricity, either side of the rotor centre line, provides linear
movement of the pistons relative to their bores as the rotor rotates,
adjustment of this eccentricity giving varying flow rate and a facility
to reverse the direétioﬁ of flow. The floating ring is rotated at a
speed slightly less than that of the rotor by action of the piston follower
Vassemblies in contact with it. This enables the followers to operate at
low rotational speeds, reducing wear and friction.

The pump casing is moved‘ﬁy a thruster block consisting of a main
piston with two shuttle valves controlling the flow of fluid froﬁ the

auxiliary circuits to either side of the main pisfon.
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A closed loop hydraulic circuit connects the pump and motor, fluid
losses from the circuit being provided by suction through check #alves, a
sfrainer and a water cooled 0il cooler from the sump. Overload protection

is by means of two single stage relief valves which discharge directly to

the swmnp.

2.5.2)} The Auxiliary Circuits

A plunger type auxiliary pumﬁ,with three pistons,supplieé fluid to
individual conirol circuits,each having a pre-set single stage relief
valve.

The manual circuit provides fluid to displace the thruster block
assembly. This'system incorporates a positional feedback device,to
enable any position of the thruster block assenbly to be chosen and
maintained by movement of the speéd control handle.

The *Magnamatic! circuit.provides the power loader motor with
protection against overload and allows the machine to operate at maximum
power conditions., When the motor current rises to 10% above the full
load value,the Magnamatic overload valve diverts fluid to the thruster
block and discharges fluid from the manual circuit to the sump. This
causes the pump body to move tdwards the neutral position,thus reduoing
the haulage speed. This action continues until the motor current falls
below its full load value,thus acting to operate the power loader at a
gpeed commensurate to the optimum power level.

Inder normal operating conditions the emergency stop circuit supplies
fluid through the emergency stop valve,via the pilot operator shuttle |
valve,to the by-pass valve. This pressurised fluid holds the spool of
the by-pass yalve in a cleosed position against a spring force. When the
emergency st;p valve is operated, fluid is redirected to the manual speed
Jinterlock wnit and the fluid maintaining the by-pass
valve in a closed position is allowed to diséharge to sump. This pefmits
the spring force.to move the by-pass spool,io a posifion where fluid in the

main circuit can by-pass the hydraulic motor,at a rate which is controlled

by the spoel geometry.
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The manual speed interlock uiit comprises a fixed cylinder with two
Opposed.pistojs. ‘These pis%ons operate against two adjustable stops,fitted
to the mechanical linkage of the manuval circuit speed control énd force
the linkage to return to the neutral position.

Pregsure overload in the main circuit is sensed by the D¥valve.

Fluid is directed from the high pressure line of the main circuit,

through a choke, to one end of the D-valve spool. This spool is

aormally kept closed by the action of a spring force at the opposite

end. Uhen pressure overload occurs,the spool is.operated'against the

spring force and fluid is directed to the shuttle valve Spooi. This
performs a similar function to the emergency stop valve in allowing_

the by;paés valve to operate., Also, on 6peration of the.pressure overload,
filuid is directed to the thruster block,causing the pump body to move to the
neutral position thus reducing the haulage speed to zero. Once activated,

the overload valve is held in the energised position,until reset by

operation of the emergency stop valve.



Houlage Chain Tensioner

and Anchorage Coal Face app. 200 m . B>

e
N
\ Stable Hole

\ :

Power Loader

Cutting D oL Face Conveyor Haulage Chain Tensioner
: and Anchorage

ul P — ' I/ \\
—_© / )
1] SiRlmilli 7 ;\{::l .

N —/ /

Conveyor Drive Haulage Face Supports at 1 m Haulage Chain

Intervals along Face
\E;}\\\\

Discharge Conveyor Caved Area

Maingate Tajilegate

Fig. 2.1 Typical Coalface Layout



SPRING GUIDES TENSION BOLTS
COMPRESSION SPRINGS / |
fAAA

¥ ;’X_ sl 22210 Wﬁﬁﬁﬁﬁﬁﬁﬁ%_@_{ﬁﬁﬂﬁr BANERA0RE PO ARNAARRES AAAGAT i l%{ﬁ{;ﬂf‘? B8, @i@IJ_
@r‘*_{j%f T 4 e e e e R e T s e Y e T
r (gﬂ@],, ,JQﬁmww&%Qﬁgjs;wﬁ CAR0SNNLANALTN0ANNARA ﬁﬂﬂﬂﬂﬁﬁ.@ﬂﬁﬂﬂ ARALAR amm__rgfi? g ,_:._;;?—A
| ‘5(’1% ' R T e R e S B e A m&l “;1;% F;'ﬁi}tf; R 3

ANCHOR BOLT

CHAIN RETAINING ~ —| &85 ¢ |_CHAIN GUIDE
PLATE . 5o
. N7
SECTION THRO' 'X-X - VIEW IN DIRECTION OF ARROW ‘A

Fig. 2.2 ‘Anderson Mavor Spring Type Chain Tensioner




“L]__;

INTERLOCK
UNIT

EMERGENCY STOP VALVE .

T %—WZ

| PRESSURE OVERLOAD

VALVE

PILOT OPERATED
SHUTTLE VALVE

INDUCTIONY
MOTOR

Na—O

-
r "; '.\ O
BY-PASS
VALVE
N L
o B —

]

VALVE

winvg

MAGNAMATIC  SOLENOID Lm

T manuAL

{

INTERLOCK

MAGNAMATIC

?.é_]

L]

FIG,23 BRITISH JEFFERY -DIAMOND BI4D HAULAGE UNIT CIRCUIT DIAGRAM



VAV AN Sl S A A A A AT 4 |

AN ALY

A RN

1 Slip rings 6
2 Tachometer 7
3 Hydraulic motor drive gear 8
L. Idler gear 9
5 Drive sprocket 10

Torque measurement strain gauge

Epieyclic redaction gear

1at reduction wheel

" 2nd reduction spur gears

3rd reduction spur gears

Figure 2.4 Cross section through BJ~D Ltd B44 haulage unit

showing poaition of instrumentation

e




Angular displacement transducer

Drive sprocket
Idler sprocket
Round link chain

v N -

Chain guide
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haulage unit shkowing the position of the

angular displacement trznsducer

Tests were carried out on a B14 haulage unit.
This is similar to the above with the exception

that the Bi14 has a 10 tooth drive sprocket and
8 tooth idler sprockets.
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3 THE EFFECTS OF CHAIN ELASTICITY, CHAIN TENSIONERS AND SPROCKET LOSSES

ON THE DISPLACEMINT.TORQUE CHARACTERISTICS OF SPROCKET DRIVE SYSTEMS

3.1 Imtroduction

To simulate the elasticity effects of haulage chain,on power loader
haulage wnits using hydrostatic power absorbers,it is necessary to obtain
torque~-displacement characteristics for the héulage sprocket, This
characteristic is dependent on the haulage chain and tensioner, tension-
extension relationship,the frictional characteristics of the chain
sprocket drive and the chain floor drag.

Many types of haulage chain installations are in use with the NCB,
these together with their correct operational practice are fully
described elsewhere,references 2 and 8. Brief descriptions however cén
be found in Section 2.3,

For the purpose of this analysis only the most common typé of

compensating device is considered, the Anderson Boyes épring tensioner.

Other compensating devices have similar characteristics,only the

undesirable solid anchorage system béing different. The solid
anchorage system however, giveslower elasticity'effects on the haulage
unit and since this analysis is concerned with safety aépects of chain
elasticity, it is not considered in detail. As chain elgasticity éffects- .
are greatest with the power loader at the end of the face,this analysis
is also restricted to the condition where the power loader is hauling
on the maximum chain length. | |

3.2 Frictional Losses in Round Link Chain Sprocket Drive System

As round link chain passes over a sprocket sliding movements with
associated frictional losses occur, at the interlink connection and at
the contacfs between sprocket and chain. Interlink friction constitutes

the major loss and is associated with high levels of wear. A labaratory

assessment of tension loss due to round link chain passing over a 5 tooth
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idler sprocket has béen made, reférence_3, the results of which are
shown in Fig. 3.1.

To establish an elementary relationship between chain tension and
interlink friction loss it is necessary to consider the connection
between two links, Fig. 3.2.

Let (at) be the angle in rads. of rotation between two links as a
chain moves onto a sprocket. ‘

Angle (at) is dependent only on the number of sprocket teeth (spt).
As 2 chain pitches are required per tooth. .

at = 1 ‘ '
spt '

eqn. 3.01
Bach link intersection rotates through this angle twice, once

passing onto a sprocket and once passing off. A condition can exist

when the rotation angle is less than ™ ., When the angle between the
spt

chain line on and off the sprocket is leés than T , at. becomes equal
spt

1o this angle., This condition however does not usuwzlly occur oﬁ power
loader haulage units. A detailed explanation of this rotation éngle and
its values for various haulage units is given in reference 8.

Work lost on one intefsection under tension T1.

Work lost per pitch = TM.mu.wd.at ' . ' _ eqn. 3.02
— .

.If this chain is passing over a sprocket and the chain is moving a

distance (dist)

Total work leost = dist . T™.mu.wd.at e , " equn. 3.03
pitch 2

Now let Ts be the chain tension on the sprocket after this loss has

occurred
Ts.dist = T1.dist - dist . T.mu.wd.at " eqne 3.04
: pitch 2
giving a value of
Ts = T - ,Ej;_ . mu.wd.at ) : ' eqn. 3.05

pitch 2
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.*. T1 tension loss due to interlink friction = T1(mu e wd . at)
' (pitch 2 )

This is only an average value over a distance,dist. sprocket
geometry would considerably modify the instantaneous values of Tl.

The tension loss Tl can now be expressed in terms of a friction loss

coefficient k1 ie T1 = T1.K1

k1 = mua.wd.ab eqn. 3.06
pitch. 2

Values of k1 associated with various sprocket sizes, chain sizes and
friction coefficients have been calculated from this relationship and are
shown in Table 3.1.

For a typical power loader haulage drive system with one drive
sprocket and fwo idler sprockets, the total link rotation onto the drive

system will be

at1 = T +2.% where idt = teeth on idler , egn. 3.07
spt  idt

which will equal . the link rotation angle off the drive system.

For simplification assume that the tension losses can be calculated
with all chain coming onto the drive under tension T{1 and all chain going
off the drive under tension T2, (This lumps the losses together, calculated
at one tensiomn, instead of their being treated individually, with new

tensions calculated after each link rotation).

Let k1t be the constant k1 with at. equal to atl then

Trm = T1 - T2 + k1t (T1 + T2) | eqn. 3.08
per

‘Trp = T1 -~ T2 = k1t (T1 + T2) eqn. 3.09
per |

These equations for Trm, the sprocket torqué with the haulage
driving and Trp, the sprocket torque with the haulage unit being driven,
can be used to assess the losses that occur in the sprocket drive system
when changing from driving to driven. This coﬂdition occurs when the hauiage

drive is disengaged, and the chain drives the haulage in reverse.
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Factor k1 is assumeﬁ to include all frictional losses and an
assessment of.its value can be obtained from the results shown in
reference 3. These results have been processed énd values fof k1 and mu
are shown in Fig. 3.1.

The following procedure was used for these calculations., Congider
an idler sprocket with tensions T1 and T2 on either side

Tension lost TL = k1 (T1 + T2) - eqn, 3.10

also TL'=T9 - T2

Manipulation now gives

T = T1 (2.k1 g - " eqn. 3.11
(1 + k1 :
&k1 = Tl eqle. 3-12
271 - Tt .

The use of the loss coefficient k1,to calculate tension losses -
around sprockets,assumes that the logses are due only to interlink
friction. To assess the values of the losses associated with the gliding
movements between sprocket and chain, data related io the sprocket and dhain
geometry and their conditions of wear is requiredf However,'sinae these slidiﬁg
contacts occur only every two pitches, as opposed to every pitch for -
interlink friction losses, and the relative movements are small in
compariéon with interlink rotation, they are thought.to account fér only
10 ~ 15% of the total losses. For this reason they are considered
to be Lumped together with interlink friction losses.

" The results from reference 3 suggest a vaiue of ma = .leithin'the |
linear range, this is considered reascnable since it contains the
additional sliding losses. The non-linear portibn of the curve at higher
tensions gives values of mu.increasing aboveA1.d. Here contact stresses
are high and localised welding could be occurring together with a
pinching action between adjacent linké.

3.3 Determination of the Torgue-Displacement Characteristics of Power

Loader Haulage Units Working on Round Link Chain with Spring Tensioners

Consider a face system employing spring type compensating devices.
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A diagramatic representation of the face system is shown in Fig. 3.3 and
a drawing of a spring tensioner in Fig. 2.2. The system is set up by
increasing tensibn T1 to the maximum value tmax and then'securing the
chain to the tensioner on the T2 side. With T1 = tmax this will fully
compress fhe springs in the ™ tensioner and the T2 tensioner springs will
be fully extended.

Compensating devices should be selected to have approximately an -
equivalent available compression (ac) to the maximum chain extension the
haulage can produce. If the compression av;élable from the ?enéionérs is.
less than the maximum chain extension, when tmax is released, T1 and T2 will
equalise leaving both tensioners fully compressed and T1 and T2 equal to
the pre-tension value of tmax —ac.sc. Under these conditions the
maximum chain movement through the sprocket drive system is equal to the
available tensioner compression.

| Alternatively, if tensioners are chosen with more available compression
than the maximum chain extension, the pre-tension condition leaves the
tensioners only partially compressed. As Spacé is at.a premium in the,
confines of the face ends it is more iikely that the smaller tensioner

would be chosen and the higher pre-tension accepted.

A third possibility, is that, on set up, some slack chain is left

in the T2 side, this can reduce the value of pre-tension if the

available compression from the tensioners is much less than the maximum
chain extension. Some power loaders, particularly those with vertical
sprockets can operate satisfactorily with small amounts ¢f slack c¢hain.
Under thése_conditioﬁs, the maximum chain movément through the sprocket -

drive gsystem will be equal to the available compression from the

tensioner plus the amount of slack chain.

For this analysis only the ideal case is considered where the

maximum chain extension is slightly greater than the available compression

from the tensioners.
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The previously mentioned cases introduce discontinuities into the
tension-displacement relationships and are not easily simulated. The
conversaticnal programne Appendix’II assumes that the introduction of
slack chain increases the available compression ac of the tensioner.

Let (z) be the amount of chain that passes through the sprocket
system from the set up condition, this is eguivalent to the movement of
the T2 tensioner. Therefore.z = 0 when T1 = tmax.

The tensions T1 and T2 can now bhe described as

T1

tmax — Z.sc ' eqn. 3.13
T2 = pc + Z.s eqn. 3.14

Combining egn. 3.C8, 3.09, 3.13 and 3.14 and making

Tp = Trp and Tn = Tzm
per per
- Tm = tmax(1 + k1t) - pc{1 = k1t) = z(sc(1 + k1t) + s{1 - k1%)) eqn., 3.15
Tp = tmax(1 - k1t) - pe(1 + k1t) = z(sc(1 - k1t) + s(1 + k1t)) egn. 3.16

The relationship between Trp and z gives the torque.displacement
characteristic preduced by the chain on the haulage under conditions of
energy release,ie chain driving sprocket. Inspection of eqn. 3.16 shows
this characteristic to depend on the elasticity of the chain, the stiffness
of %he chain tensioners and the friction loss coefficient.

Manipulation of egn. 3.16 gives the gradient of this relationship to be

sc(1 - kﬁ;) +s(1 + k1%) eqn. 3.17
in terms of tension-displacement,ie an effective stiffness for the chain
system where the chain elasticity is modified by the loss coeffiqient and
the tensioner stiffness.

To fully describe the energy release characteristics using the
gradient relationship determined above, one point is required on the
characteristic. The most suitable point is the sprocket torque when z-= ac
the torque when the améunt of chain displacement through the sprocket

system is equivalent to the avallable tensioner displacement.
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When using acéumulator banks and hydrostatic absorbers for simulation
of chain elasticity effects this point’corresponds to the pre-charge
pressure setting of the first acéumulator.

With z = ac

Tp = tmax(1 — k1t) - pe(1 + kit) + s(1 + k1t)) eqn. 3.18
A further important consideration in the simulation is the change in
sprocket torque at the point of reversal, where the haulage stops driving
the chain and is driven by the strain energy in the chain.

This reduction in torque is given by

Tm — Tp = 2.k1t (tmax +pc + z(s - =c)) eqn, 3.19
per

Note: These equations have been developed using the maximum tension in T1,
tmax. However, haulages are usually rated on maximum system pressure, if

the corresponding maximum sprocket torgue tmm is known, tmax can be

determined from tmax = tmm (pc being zero under set up conditions).
1 + kit egn., 3.20

Typical characterigtics of a face chain system are shown graphically in
Fig. 3.4.

3.4 Torque-Iisplacement Characteristics using Hydraulic Type Commensating

Devices
Hydraulic chain tensioners usually employ a ram working at a constant
-pressure to give consiant values of T2.

For such systems equations 3,15, 3.16 and 3.19 can be modified to

become .
Tm = tmax {1 + k1t) = T2(1 = k1t) = z sc{1 + k1t) eqn, 3.21
Tp = tmax (1 - k1) - T2(1 +k1t) - z sc(1 - k1t) eqn. 3.22
Tm — To = 2.k1t(tmax - z s¢ + T2) eqn. 3.23
per ,

3.5 Comparison between Face Chain Systems Emnloyirg Compensating Devices

and Solid Anchorares

The disadvantages of the solid anchorage system as compared with the

use of compensating devices is best shown by an example. The method of set



-19 -

up using solid anchorages is similar to that described for use with
compensating devices, With the machine hauling on the maximum length
of chain with the maximum haulage force (to achieve maximum chain tension
the machine must be spragged into the coal face) the slack chain is pulled
through the haulage and an attachmenf made to the anchorage point. This
then gives the chain a pre-tension of tmax. Fig. 3.5(a) shows the
gsystem in the relaxed condition with no hanl#ge force and a pre-tension -
of 100 kN (10 tons). With the machine hauling on the maximum chain
length with maximum effort, Fig. 3.5(b), (also the set up condition),
T4 = 100 kN (10 tons) and T2 = O, giving 100 kN (10 tons) machine effort,
Note: No chain need pass through the sprocket system to.get to this |
condition from the relaxed state.

Figs. 3.5(c) and 3.5{d) show the machine at mid~face and at the face
ehd hauling on a minimum chain length. In both cases the chain effort
is 100 kKN (10 tons) but in mideface T1 and T2 are 150 kIl and 50 kN (15 tons
‘and'S tons) and at the face end T1 = 200 kN (20 tons) and T2 = 0. To
achieve the mid-face condition the chain movement through the sprockef
system is equivalent to 50 k¥ (5 tons) acting on % the face length of
chain., To achieve the final condition no chain need pass through the
sprocket system.

With a compensating device to hold T2 constant at say 30 kN (3 tons)
Figs. 3.5(e) to 3.5(r) at all face positions,machine effort is 100 kNV
(10 tons). Movement of chain through the sprocket system to achieve these
conditioﬁs is equivalent to 100 kN (10 tons) acting on the full face
length of chain for Fig. 3.5(e), 100 kN (10 tons) acting on & face length
for Fig. 3.5(c) and 100 kN (10 tons) acting on the minimum chain length
for Fig. 3.5(d).

This clearly shows that a solidanchoragesﬁstem generates chain tensions
nearly twice those generated by the dompensated system working.with siﬁilar

haulage forces, leading to higher chain wear and friction losses. Although
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the tensions are highér the amount of chain moved through the system is
less when using solid anchorages. The maximnm'movemeEEOGCurs with the
machine in mid-face and is only about 25% of fhe amount which moves thrdugh
the compensated system with the machine hauling on maximm chain length.

As the effects of chain elasticity on haulage units are higher with
compensated force chain systems further analysis is confined to systems

employing chain tensioners. ®Such systems are preferred operationally but
are less common in service.

3.6 Tension Losses due to Chain Drag

3

The weight of a ftensioned haulage chain is supported partly by either
the floor or any other lower restraint such as the armoured face
conveyor pans. Between 4+ and 2 of the cﬁain length is supported for a
nominally tensioned chain.

When a chain sﬁpported'in this way is stretched, a portion of the work
done will be absorbed in friction with the support surface. As the
tension is reduced, further energy will be absorbed and some residual
tension wili be left in the chain.

For a catenary it can be shown that for a umniform chain, where the

tension is much greater than the weight of the chain

La = ks,[Ta where kg = ,2.sag (see Fig. 3.6) eqn. 3.24
wl . C
s0 Ta = T = (L = La ~ Lb) wl.mus | " eqn. 3.25

assuming La = Lb _ _ _

Ta - Thb = (1 - zks\/E;) wl.mus . | eqn. 3.26

Fig. 3.6 shows assessment of the tension loss due to.chain drag for a
typical haulage chain. The tension.extension relationship can be seen to
be displaced by 5 kN (0.5 ton) between the tension increasing and
decreasing conditions.

This assgessment is very_idealised ﬁhen‘cémpared with the conditions

under which any face chain would actually operate., All faceé are not
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straight in either the horizontal or ﬁertical planes so the chain could

be forced on to either the floor or the féce wall,leading to extra drag.
Conditions could exist whererthe chain was lying on tﬁe face conﬁexgg: if
this was running, the flight baré would incréase the drag in one direction

and assist the tension in the opposite direction. Devices also exist to

keep the chain clear of any contact with conveyor floor which may or may

"not be used on any installation. It is unlikely that any chain drag could

be represeneted by friction coefficients, operating conditions are never
constant, chains can get snagged and are often completely covered in coal.

Chain drag effects will be similar and additional to chain hysteresis '

effects.

3.7 Force Extension Characteristics of Round Link Chain

Extensive testis to determine the force-extension chafacteristics of
round link chdin have been described in reference 1. This characteriétic
is affected by the shape of the chain link, the area of contacf between
the adjacent links and the general condition of the chain. Referenée 1
quotes "no absolute force-extension characteristic exists for a particular
type of chain"., However, this reference recommends the use of

average linear values for chain elasticity calculations.



Tension loss coefficient k1

boefficient of
friction

1l
.
[#2Y

my = L5 -oom

Chain size 1B8m| 22mm{ 26 mmm | 18 mm § 22 mm | 26 mm

Sprocket teeth

.044 .040 044 053 . 048 053
037 .036 037 044 +043 .044 .
.032 .029 .032 .038 +035 .038
. 028 . 025 .028 037 .030 037

«025 022 .025 .030 .026 .030

o TN Vo BN o - BEEE S B L

022 .020 .022 . 026 024 .026

Table 3.1 Tension loss coefficient values for typical chain and

sprockel combination.
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Face Chain System with Solid Anchorage Points
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4 EXPERIMINTAL EXAMINATION OF A POWER LOADER IAULAGE UNIT LOADED WITH A

CHATH SYSTEI]

4.4 Introduction

To form a basis for the simulation of chain elasticity effects using
hydrostatic power absorbers, it was necessary to obtain some experimental
data from a haulage wnit loaded with a chain system,such as would b; used
on a typical coal face. Due to the extreme difficulties involved in
conducting underground experimental work, use was made of an existing mock
face system at the Swadlincote Test Site of MRIE,

4.2 Description

The facility available at Swadlincote Test.Site included a 200 m
length pf armoured face conveyor pans, 200 m of 18 mm round link chain,
two Anderson Mavor spring type compensating devices and anchorage points
for the chain and haulage wnit. The haunlage unit used was the same BJ-D
. B14 with 88 kW (120 hp) induction motor as used for the laboratory
experiments. Photographs of the test facility are shown in Figs. 4.1,
4.2 and 4.3. |

4.3 Instrumentation

Ag determination of the displacement—torque relationship was an
important feature of this work a measurement was required of the haulage
drive sprocket torque; To obtain this the first reduction shaft in the
haulage gearbox was fitted with strain gauges (Fig. 4.4). The connecting
terminal wires were tazken inside the shaft up to a set of slip rings.

.
Brush wires which contacted the slip rings were attached to the haulage
cover, The strain gauged shaft was calibrated in the laboratory with the
haulage unit loaded with a hydrostatic absorber through a British
Hovercraft Lid torque transducer. OSignals from the torque transducer and
the straﬁn gauged shaft were compared on a Bryans X - Y-plottef. The

haulage unit was run in both the driving and driven modes at constant

sprocket torque. Adjustments of gain were made to the signals from the
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strain gauged shaft to show equal losses in both_modes of operation.
Thia gave an effective method of calibration and also an indicétion of
the losses in the haulage gearbox between the strain gaugéd shaft and the
drive sprocket. |

Chain tensions were measured using a British Hovercraft Ltd 500 kN
(50 ton) strain gauge tensometer fitted in the haulage chain eithér side
of the haulage mmit. A 10 turn rotary potentiometer,with a follower disc
in contact with the drive sprocket,was used to give measurements of
sprocket diSplacement. Haulage speed was determined using a magnetic
pulse type faohometer,connected to the hydraulic.motor,through a
flexible coupling. This device operated with a fast response frequency
to analog converter; Haulage pressure was measured uéing a strain
gauge type‘pressure transducer fitted to a fapping in the high pressure side
of the transmission unit.

Quiputs from all tﬁe transducers were fed into a Bryans 2600 X - ¥
plotter via appropriate amplifier modules. -A summing amplifier wﬁs
available for use with the chain tensometers to give a measurement of the

effective haulage force T - T2.

4.4 Test Procedure

As chain elasticity effects are greatest with the poﬁer loader hauling
on the maximum length of chain,the haulage unit was positioned and fixed
with 185 m of chain on the T1 side and 15 m on the T2 side.

The chain system was set up using the recommended procedures to give
optimum performance of the compensators.

Tension was applied to T2 sufficient to partially comﬁresé the springs
and the'compréssion locking device applied. Near maximum tension was then
applied to T1, the chain extended and the slack chain pulled through the
T2 compensator and the chain attached. Removal of the compression lock
allowed the slack chain that could not be pulléd through to be tightened.

An application of full tension wup fo'the operation of the overload device
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then showed whether sufficient chain had been pullea through the T2
compensator to eliminate slack chain at overload tension., Pinal
corrections were made td achieve this condition.

A series of tests were carried out to.obtain X - Y recordings of the
basic system parametefs against the sprocket displacement., For these
recordings,the haulage wnit was allowed to increase the tension T ai-%
speed up to the overload pressure,at which the by;péss valve operated and
the chain relaxed rotating the haulage sprocket béck to the-equilibrium
con&ition._ These tests were madé using the1.02 mm (.040 iﬁ) by-pass
falve to give a steady return speed. Checks were made for sﬁeed effects
by repeating the tests with maximum forward speed and unrestricted
by-pass valves,giving maximum return speed. Stall conditions were
achieved by allowing the haulage to extend the chain at a minimum forward
speed and prior to the operation of the overload valve, reversing the
speed slightly until a minimum retﬁrn speed was obtained.

Using by-pass valve spools with varying sizeé of restricting annuli,
a series of tests was carried out to observe the relationship between
rate of releagse of energy from the chain ana hy-pass valve gige. - Hers
again,the haulage was driven up to the overload pressure at L speed and
allowed to reverse back to equilibrium conditions. Recordings were
taken on the X - Y plotter of haulage speed against diéplacement,-the
second Y channel was used on time base fo estimate the time tzken for
energy release,

Stabilisation of the fluid itemperature was not easily achieved but
attempts were made to obtain a sump temperature of 40°C to 6Q°C_prior to
the recordings by periods of continucus runing.

4.5 Results _

Figs. 4.5 té 4.8 show the X — Y recordings of T1 and T2, ™ - T2,

sprdcket torque and haulage pressure against sprocket angular displacement,

"

For these recordings a forward speed of 2 maximum was used and a return
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speed controlled by a 1.02 mm (.040 in) by-pass valve.

A typical recording of haulage speed against sprocket a,nguiar
displacement is shown in Fig. 4.9. The results for various sizes of
by-pass valve spool are shown in Table 4.1.

4.6 Observations

4.6.1) Tension Characteristics

The‘recordings.of T and T2 against sprocket displacement Fig. 4.5
clearly show the chain drag and hysteresis 1osses’on T1 as descriﬁed in
Section 3.6. The non-linearity of this felationship can also be seén as
descriﬁed in reference 1. At a point of constant displacement the
characteristic for tension increasing is separated from the decreasing
tension characteristic by approximately 5 kN (.5 tons).

The losses associated with T2, directly due to the compensating
device, are higher than the chain drag and hysteresis seen on the T1
recording. This was partly due to the compensating device not being
-~ mounted in the ideal position. The anchorage point available was high,
allowing a sideways reaction on the guide rods which added to the frictibnél
losses. Such losses however could be similar to those met in underground
operations since the compensating device, mounted in a low position, is
subject to being coﬁered with coal and binding on the floor and other
objects,

The combined effect of the T1 and T2 losses is seen in the recording
of T1 ~ T2 against sprocket displacement charaqteristio Fig., 4.6. Here
the haulage driving characteristic is separated from the haulage driven-
characteristic by approximately 10 kN {1 ton).

The tension-displacement characteristics were not appreciably altered
by changes in the rates of increase or decreaée. |

On the T2 tension characteristic a reduction to zero at maximum
displacement will be seen together with an associated modificafion to the

T1 — T2 characteristic. Thig is due to the initial set up conditions of
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the chain system. A small amount of slack chain can be accommodated by most
haulage units anﬁ by setting the compensators to leave slack cha%n, the
pre-tension of the chain (the tension at equilibrium) is reduced. After
the T2 compensator has reached its maximﬁm expanded condition the slack
chain hangs in a catenary, this can provide sufficient back tension to
eliminate bunching on the sprocket; If bunching does occur the amount of
glack chain is reduced and the tension T2 incregses sufficiently to freg

the chain. More slack chain can be accommodated in this way by haulage

units with vertical sprockets.

4.6.2) Sprocket Torgue Characteristics
The sprocket torque characteristic Fig. 4.7 clearly shows fluctuztions

due to the mesh pattern of the chain sprocket drive. Cyclic torgue variations
ocecur, of approximately,iB% at a frequency corresponding to the
number of teeth on the sprocket (twice the chain pitch). Included in
these cyclic operations,will be changes in the frictional losses,as links
start andstop sliding on the drive and idler sprockets and various
cormbinations of interlink rotation take place. The major contribution_
however,is thought to be due to changes.in the effective radius of contact
between chain and.sproéket as the sprocket rotates.

| The additional higher frequency noise on the signal,is due to the
meshing of the small drive gear on the bottom of the shaft to which the
straig gauges were attached, together with some.cyclic variations in
torque originating at the hawlage hydrostaﬁic motor.

| A calculation of the factors kit énd mu as described in Section 3.2
from the strain gauge torque characteristics gives vélues of approximatel&
.07 and .5 regspectively., Values for these calpulations are taken at
the point of change in direction of rotation, here T2 is near zero and
can be neglected. At intermediate points,the characteristic is affected
by chain dreg énd compensator friction,in addition to the iﬁterlink
friction loss féctor k1t,as can be seen from the T1 - Té against

displacement characteristic Fig. 4.6.
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4.6.3) Haulage Pressure Characteristic

The pressure-displacement characteristic Fig. 4.8 gives an
indication‘of the levels of the combined frictional losses in the
- system. At the point of direction of rotation change, a pressure
reduction of 8.96 MPa to 5.5 MPa (1300 1b/in2 to 800 1b/in2) can be
seen. The factors producing the pressure drop include the efficiency of
the hydrostatic motor and the speed reducing gearbox, and the frictional
losses in the sprocket chain drive systen.

4.6.4) Strain Fnergy Release Speed Characteristic

The results of recordings made uging 4 by-pass valve spools with
differing restfiot%?g annular passages are.shown in Table 4.1.

Due to the unrepeatability of the results and difficulties involved
in accurately controlling and recording the many experimental variables
only a representative set of results were taken.

Throughout the tests the'maximum pressure in the high pressure side
of the hydrostatic transmissions,immediately after fhé change of direction
of sprocket rotation,was not recorded at a higher ﬁalue than 5.86 MPa )
(850 lb/inz). Taking this value and cofresponding flow rates for the
by&pass valve spools,obtained from Fig. 5.12,hydrostatic motor speeds
were calculated which would give this value-of flow. These values are
also shown on Fig., 4.10. It is significant that for the 1.02 mm and 1.27 mm
(.040 in and .050 in) valve spools, speeds higher than the.maximum
calculated were recorded, indeed to achieve such high speeds haulage
pressures in excess of 9.6 MPa (1400 lb/inz)'would be requiréd, higher
than the overload tripping pressure in the forward directibn. From these
calculated points,the motor would appear to be able to pass more flow
over the by-pass valve than the by-pass valve pressure-flow characteristics
indicate « This is thought to show the prime reason for discreﬁandy'
between individual regults,”

" When the by—pass valve operates,pressure transients are produced

in the transmission circuit. Any sub-atmospheric pressure transients
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would lead to high flow rates being d;ﬁandcd through the circuit chépk
valves., These valves.are knowﬁ to cavitate at iow Tlow rates and are
therefore unlikely to be able to deal with pressure tfansient conditions
without cavitation, BSuch phenomena could lead to the higher than
predicted strain energy rele#se gpecds.

There are also several additional causes of inconsistences. Mo
means were available to accurately control the haulage fluid temperature,
although an attempt was made to perfofm the tests at 4000 ~ 60°C. Even
an acourate control of sump.temperatﬁre would not have ensured the necessary
control of the circuit temperature. The pressufe overload valvé did not
cperate at a constant pressure. Due to the low connection capaqitaﬁée,
considerable pressure ripple existed in the transmission circuit.
AMithough the haulage unit contained a damping coil to suppress these
pressuré fluctuations prior to the overload valve, inconsistences were
noted in the operating pressure. This effect was accentuated when hiéh
‘forward speeds were used, the overload valve response times allowing
the hanlage pressure to continue increasing until the by—pass valve spool
cperated. Any operation of the circuit relief valves set at 9.3 IMPa
(1350 1b/:i.n2) (overload valve set to 8.62 MPa (1250 1b/in2)) could

ageravate the inlet valve cavitation effect described above.



Test | Valve size Sprocket Time Speed
No Rotation

in mm revs secs revs/min
X6 035 .89 .46 34 470
X7 .035 .89 .48 37 390
X1 040 | 1.02 +45 20 600
X5 040 | 1.02 44 24 550
X8 040 | 1.02 52 18 TT70
X9 040 | 1.02 54 18 880
X 050 | 1.27 54 10 1130
X3 050 § 1.27 .53 8.6 1450
X4 050 ¢ 1.27 .52 9 1500
X10 050 { 1.27 .46 11 770 4
X1 «050 1 1.27 +55 10 1230 .
X12 248 | 6.3 .59 4.5 2050 °
X13 248 | 6.3 .58 4.4 2030,
X4 248 | 6.3 .56 4.4 1950
X15 248 | 6.3 .58 4.4 2050
Note — Time ig time for the sprocket to return to

. 1o the equilibrium condition from the point

of change of direction of sprocket rotation.
Sprocket rotation is measured hetween the
point of change of direction of rotation and
equilibrium, _ :

Speed is maximum speed during release of
strain energy from chain systems,

Valve size is the reduction in diameter at
the annular restriction.

Table 4.1 Results taken from X — ¥ recordings of

strain energy release speed character—
istics, haulage loaded with chain system




Fig. 4.1 Chain and Sprocket Details of the BJ-D Haulage

Unit used in the Surface Trials



Fig. 4.3 Details- of Chain Tensioner and Tensometer used in Surface Trials

.



Fig. 4.4 Sirain Gauged Shaft and Slip Rings used for
Torque measurement within the Haulage Gearbox
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S DETERMIITATION bF HAULAGE UNIT AND ABSORBER CHARACTERISTICS

5.1 Introducticn

In order to construct the dynzmic model of the haulége unit and
simulation system; inputs to the model were required of the bgsic haulage
and absorber characteristics. These were experimentally determined where
possible and obtained from altermative sources where the required data
was beyond the scope of the experimentai equipment.

For the dynamic model pressure-torque characteristics were required
in both the driving and driven modes of operation. This information was
not readily ?vailable from manufacturers since, in the case of the
absorbers, hydrostatic motors are not generally operacted as pumps and power
loader haulage units are seldom used to absorb powver,

5.2 Description

A BJ-D B14 haulage unit, as descrifed in Section 2.5, was used
throughout the course of the tests. The haulage unit was driven by its
éssociated 140 kW (150 hp) water cooled induction motor. A drive from the
output sprocket was taken through a torgue transducer mounted between a
pair of gear type flexible couplings to the input shaft of the power
absorber., (Figs. 5.01 and 5.02). |

Three typés of hydrostatic power absorbers were available with
capacitieé suitable for use'with this haulage unit; a Chamberlain
Industries Ltd Staffa B2700 with a 2/1 speed increasing epicyclic éearbox;
a similar wnit B270 H was identical to the B270D except for having
hydrostatically balanced slipper pads‘iﬁétead of the plain bearing
dynamically balanced type used in the B270D, A 4/1 speed increasing
gearbox was also available for use with these mnits. The Hagglunds motor,
having a rotating body, was mounted in a specially manufactured bearings
assembly; This motor had sufficient capacity not to require a spéed
increasing gearbox. Diagrams of the Hagglunds 6185 and the Staffa B2T7CH

are shown in Figs, 5.03 and 5.04,
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Common circuité were used for all the absorbers as shown in Fig. 5.05.
To simplify the circuii pipework, manifold blocks were manufactured to
enable the direction control valves to be bolted to the absorber ports.

Pressure sources for the absorber circuit were taken from a
laboratory ring main system feed from a 90 kN (120 hp).power pack. This
system enables rigs of this kind to be built without individual tanks,
coolers, filters, boost pumps etc. Fowr connections were required to
the ring main system feed and return pressure, high pressure feed (used
to drive the absorbers as motors) and circuit drains.

The absorber circuit relief valve was a Denison two stage type with
the pilot cohtrolled by a Denison Flectroilic valve. This enabled the
absorber circuit pressuré to be controlled remotely from the control panel.
A non-return valve around the absorber providéd protection from inadvertent
reversal of the haulage unit,without the appropriate reversal of the two
stage solenoid operated Denison direction control valve. The large
accumﬁlator on the return line,together with the low pressure relief
valve to the feed line,prevented undue rises in the return line pressure
with high absorber speeds,as occurred during simulation of chain strain
energy release. Provision was made in the high pressure side of the
circuit for a bank of accumulators,to enable energy to be stored
corresponding to the energy in the chain.

5.3 Instrumentation

Strain gauge type pressure transducers weré used in the haulage
transmission circuit and the high pressure side of the absorber circuit.
Sprocket torgue measurements were made by means of the British Hovercraft
strain gauge torque transducer. The strain gauged shaft in the haulage
gear train and the slip rings as described in Section 4.3 were ais§
available. Also common to the surface triasls was the 10 turn displacenent
transducer and the pulse type motor speed transducer. These transducers

are shown in Fig. 5.6.
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Cutpute from these transducers were available through amplifier
modules to either the Eryans X-Y plotter or a 12 channel ultra violet
recorder, For sprocket digplacement measurements on the U/V recorder,a
3600 rotary potenticmeter was used,in place of the 10 turn potentiometer
used in conjunction with the X-Y recorder.

5.4 Test Procedure

5.4.1) Absorber Torque=Pressure Characteristics

With the accumulator bank switched into the absorber circuit,the
haulage was run in the forward direction starting from an unloaded
condition with the absorber circuit valve set to its maximum value. This
operation gradually charges the accumulator bank increasing the absorber
circuit pressure, the absorber torgue and the haulage circuit pressure.
When a hﬁulage circuit pressure of 10.3 MPa (1500 lb/inz) was reached,the
haulage speed was reversed,allowing the absorbe? to drive the haulage unit
as the accumulators discharged, With the outputs from the absorber'preséure
;nd thé torigue transducer feed to the X-Y channels of the recorder
respectively, a recording can be made of the pressure-torque characteristic
in both the driven and driving modes of operation. This procedure was
repeated at various speeds for the three absorbers available. During
these tests the absorber circuit temperature was held constant at BOOC.

The %aulage overload device was disconnected from the circuit dﬁring these

testé. The recordings are shown in Figs. 5.07 to 5.09.

5.4.2) MAbsorber Leakage Characteristics

Due to the difficulties of introducing positive displacement flow
meters inte the absorber circuit to determine its leakage characteristics,
an alternative procedure was employed. The absorber circuit relief valve
was set to its maximum value,and the haulage unit was used 1o drive the'
absorber at a series df very low speeds, the absorber pressure being
noted at each speed. Under such conditions the total flow displaccd by

the absorber is lost in leakage and the pressurce rises to correspond.
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This method of leskage determination is similar to the blocked port

tests described in reference 6., The leakage rate measured in this way,
includes external and internal leakage from the absorber and also any
losses from the absorber circuit. This procedure was carried out for
the Hagglunds 6185 motor and the Staffa B270H. The results are shown
in Fig. 5.10 after the haulage speeds had been converted to displaced
volume flow rates at the absorber,

5.4.3) Haulage Leakage Characteristics

To give an indication of the haulage leakage characieristics,the
haulage wnit was run at full speed and changes in motor speed were noted
as the haulage pressure was increased by increasing the absorber circuit
pressure., These results are shown in Pig. 5.11. The leakage figures
include-both external and internal losses from the pump and motor together
with any circuif losses. For the purpose of the dynamic model the total
losses were equally split into internal and external losses.

'5.4.4) System Inertia

The inértia of the absorbers was obtained from the manufacturers
literature.

"For the purpose of the dynamic model the inertia of the haulage unit
was taken as the inertia of the hydrostatic motor. During the release
of strain energy from the ch%in, the motor, gear train and sprocket are
accelerated but owing to the high reduction ratio (215/1) only the motor
inertia is significant when referred to the sprocket. The motor inertia
was found using g trifilar suspension system at Loughborough University.

5.4.5) Pump Stroke Chanese Rate

The pump stroke change rate was obtained from recordings taken by
running the haulage at full speed and increasing the pressure to operate
the overload wvalve. Recordings were taken from the pump stroke position

transducer on the U/V recorder.,
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5.4.6) Determination of the By-Pass Valve Pressure-Flow Characteristics

To control the rate of release of strain energy from the face chain
system, the BJ-D B14 haulage unit has a by-pass valve spool with a
‘ restricting annular passage. The by-pass valve is brought into circuit
across the hydraulic motor under conditions of overload or manual
machine stops, the energy in the chain rotating the motor and forcing
fluid through the valve. As this restricting by-pass valve spool is
only in its development phase, several valves were available so that
their effects on the rate of release of strain energy could be observed.

Due to the complex nature of the flow paths in the by-pass valve and
the empiricah nature of the theoretical analysis of such problems,it was
decided %o obtain the pressure—flow characteristics experimentally.

5.4.6.1) Experimental Method

To exberimentally determine the pressure-flow characteristics of the
by-pass valves,a valve block was made which held a by-pass spool and had
identical ports to those in the hauvlage unit.

The input port was connected to a 4.54 dm3/sec (60 gal/min), 13,8 MPa
(2000 lb/inz) power pack and the output port returned through a positive
‘displaéement fiow“ﬁété;'tgufﬂé powéfiéack-téﬁk; “ffessuf;‘éauges on.the
input and output ports were used to assess the pressure drop across the
valve. The flow through the valve was varied in increments by adjusting
the supply pressure, readings of pressure and flow being taken at €ach
increment.

The tests were repeated for several-by-pass valves with varying
dimension of restricting annulus. The results are shown in Table 5.1 and
Fig. 5. 12

5.5 Observations

5.5.1) Absorher Torgue-Pressure Characteristics

The overall meohanicallefficienCy of the Staffa B270D with 2/1

gearbox, the Staffa B2T0H with 2/1 gearbox and the Hagglunds 6185 hydrostatic

1!
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units are dlearly ;hown on Figs, 5.07 to 5.09. As the frictional losses
involved act against the direction of movement, the torque-pressure
characteristics for the driving and driven modes of operation are
equispaced about a theoretical no loss line,

The B270H and the Hagglunds 6185 characteristics were found to be
independent of speed within the range % - 6 rev/min (1 - 12 rev/min for
the B270H due to the gearbox) within the limits of the experimental
technique, The Hzgglunds 6185 had the higher efficiency of approximately
97% against a combined effipiency for the Staffa B270H and gearbox of
approximately 90%. In both cases the efficiency for the driving and
driven modes' of operation were similar.

A large degree of speed dependence is shown on the Staffa B2T70H
characteristic Fig. 5.07 in the lower speed range. Ffficiencies of T0%
at stall speeds of around 1 rev/min are evident in both medes of
operation,whereas at speeds above 2 rev/min the unit has an efficiency
comparable to the Staffa B270D. This unpredictability of the torque-
pressure characteristic for the Staffa B270D was thought to make this
unit unacceptable for use as a chain tension simuwlation device and no
further tests ﬁeréléaffieé Bu% with this ﬁnif;

5.5.2) Absorber Leskage Losses

The absorber leakage characteristics are shown in Fig. 5.10. To
judge the effects of absorber leakage on the use of hydrostatic absbrbers
for chain elasticity simuwlation,account must be taken of their differing
capacities. A Staffa B2T70H with a 2/1 speed increasing gearbox has an
effective displacement of 8.64 dm3 per revolution of the drive sprocket,
whereas the Hagglunds 6185 has a displacement of 16,38 drn3 per revolution
of the drive sprocket. This allows the Hagglunds 6185 to be operated at
approximately half the pressures needed by the Staffa B270H for similar
haulage sproéket torques. After adjusting by this factor and referring

back to sprocket speed,it can be seen that for equivalent sprocket torgues
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the Haogglunds 6185 has approximately twice the leakage effects of the
Staffa B27Cl,

_ 5.5.3) System Tnertia

A measurcement of the haulage transmission inertia using a trifilar sus-
pension was found to be 4700 kg/m2 when referred to the haulage sprocket.
Absorber inertia values ared1.2 kg/m2 for the Hagglunds 6185 and 4.0 kg/m2
for the Staffa B270H and gearbox, referred to the haulage sprocket
(manufactuyers information).

When a haulage sprocket is leoaded by a face chain system inertia
effects are very small, it is therefore important in dynamic work on
haulage units that the inertia of the loading system is kept to a
minimum. By the elimination of large speed increasing gearboxes between
haulage unit and absorber, as is posaible using hydrostatic absorbers, the
inertia of the loading system can be kept to within approximately 1%

of the haulage inertia.



Valve Size
in juta) in - mm in mm in mn
030 .76 035 B89 | .ou0 1.02 | .0%0 1.27
Pressure Flow rates
lb/'in2 Pa | gal/min dmé/éec gal/min dmj/éec gal/min dmj/éec zal/nin dma/éec
200 [1.38] 4.0 .30 5.0 .38 6.0 .45' 9.0 .68
400 |2.76| 7.0 .55 | 9.0 .68 | 100 | .78} 150 ] 1.
600 | 4.13 9.6 e l3 11.5 .87 - 13.0 .98 19.0 Telde
800.}15.51] 11.8 .89 14.0 1,06 16.0 1,21 23,0 1.7h
1000 |6.89) 13.0 .58 16.0 1.21 18,0 1.36 25.0 1.89
1200 | 8.27] 1k.5 1.10 | 17.5 1.33 20.5 1.55 28.0 2.12
1400 | 9.65! 16,0 1,21 19.5 1,48 23.0 1.7 30,5 2,31
1600 {11,021 17.0 1,29 | 21.0 1.59 25,0 1.89 3.0 2.58
1800 f12,00[ 18,2 1.36 | 23.0 1.7k 27,0 2,05 35.5 2.69
Original valve size .248 (6.30 mm)
Inlet Pressure | Outlet Pressure | Pressure 4iff Flow rate
lb/in2 11Pa. .1b/:1n2 M Pa lb/iﬁ?' ¥Pa |eal/min am3/s ec
160 1,10 80 55 80 e55 23.5 1.78
190 1.3 100 .69 90 .62 27.0 2.05
o0 |1.65| 120 |.83 120 {.82 {325 | 2.46
300 {2.07 150 .03 150 h.on | 38,0 | 2.83
LOO 2.76 200 p.38 200 11.38 45.5 3.45
460 |3.17| 230 h.58 230 .59 | 49.0 | 3.7

Table 5.1

Bypass valve pressure flow characteristics




Fig. 5.01 BJ-D B14 Hanlage Unit Loaded with Staffa B270H

Hydrostatic Motor and Accumumlator Bank
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BJ-D B14 Haulage Unit Loaded with Hagglands 6185

Flgo 5-02

Hydrostatic Motor and Accumulator Bank
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-~ Return line to power pack 110 lb/in2 (0.76 MPa) nominal
- Feed line from power pack 100 lh/in2 (0.69 MPa) nominal
~ High pressure feed from power pack max 2000 lb/in2 (14 MPa)
~ High torque low speed motor acting as power absorber

- Drive from Haulage Unit

~ Accumilator bank

- Pilot controlled relief valve

- 'Electroilic' pilot relief valve

-~ Direction control valve, manifold mounted

- Circult protection check valve

- Pressure rezulation accumulator

-~ Overgpressure relief valve

-~ Pressure gauge & transducer

- Pressure gauge

Fiz 5.05 Hydrostatic absorber circuit disgram used for chain

elasticity simulation




Fig. 5.06 Haulage Unit showing Speed,

;Angul ar D1 splacement,

Output Torque ang Gearbox Torque Measuring Devices
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6 THE SELECTION OF ACCUMULATOR BANK CHARGTIG PRESSURES TO GIVE

APPROXIMATTIONS TO LINEAR PREIZSURE — VOLUME RELATICNSHIPS

6.1 Prescure-Volume Characteristics of a Single Accumulator

Accurmlator pressure-volume relationships are generally assumed to
approximate to the gas law P,V" = constant. This characteristic is
clearly a curve of the form as shown in Fig. 6.1. Tor a given accumulator
volume, determined by its plhysical size; the only variable which can be
used to alter the characteristic is the pre-charge pressure, the gas
pressure with maximum gas volume., The selection of éccumulators for
normal appligations of shock suppression and energy storage is often
carried out on a rulé of thurb basis for several reasons; requirements
can seldom be adequately specified; only fixed increments of accumulator
volume are available; the polytropic indices of expansion and compression
are not easily determined and exact matﬁematical solutions are difficult
to achieve. The use of accumilators for simulation of chain elasticity
fequires that the accumulators fully discharge, this further complicates
selection and pre-charge pressure calculations. When an accumulator is
allowed to fully Aischarge from sowe load or supply pressure, the amount
of fluid displaced is dependent on the maximum gas volume of the accumulator
and the gas volume at the start of discharge. This volume is dependent on
the accumulator pre-charge pressure and the conditions under which the
accumulator has been charged. These factors complicate calculatioﬁs of
accumulator charaoterist;ca particularly if the pressure-~volume
characteristic is to be appfoximated fo'iinear with the accumulator fully
discharging, as is the case with chain elasticity simulation.

To show the type of calculations involved suppose that it is
required to find the charge pressure Po that will zllow an accumulator
to discharge a volume of fluld Vd, from a pressure Ps to a final pressure

Pf with the accumulator fully discharging. VWhere Vd = Va ~ Vs is related

t
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to Pd = Ps — Pf by Pd = slope (a constant) & n1 = charge index

& n2 = discharge index

Ps = Pf _ ove

Va — Vg s egn. 6.01
Pc.Van1 = Ps.Vsn1 eqn. 6.02
pr.va™® = ps.vs? eqn. 6.03

 Inspection of egn. 6.01, 6.02 and 6.03 shows that the solution for

Pc, Ps & Vs involves the solution of simultaneous polynomial equations.
The problem is simplified however if the charge and discharge indices

are assumed to be equal

Then Pc = Pf & nl = n2

eqn, 6.01 now becomes Ps — Pc _
To—vs = Slope _ eqn. 6.04

Sclutions are now only reguired for Ps and Vs from eqn. 6.04 and 6.02
but again a polynomial is required to be solved.

6.2 Pressure—Volume Characteristics of Accumulator Banks

The use of hydrostatic power absorbers for chain elastiéity similation
requires a nominally linear pres;ure—volume relationship with fluid discharge,
due to tle pruportbtionul .ature of the chain 3tiffness. If accumulators are-
to bé used to achieve fhis simulation some modification of the basic
accumulator characteristic is required. Banks of accumulators with a range
of charge pressures can be used to approximate to the linear characteristic,
but the determination of the number of accumulators required, their size
and charge pressures,are difficult to determine. Exact mathematical
solutions to the problem involve the solution of sets of polynomial
equations with many unknowns. Since these eguations would reguire some
numerical technique for solution,a more direct incremental compuiatioﬁal
technique is described for setting pre-charge pressures. As this‘itself
has limitations and needs access to a computer an alternative empirical
method is also chown. Both these methods of linear approximation. are
used in the terminal section of the CSIMP model to assess their accuracy

vhen used to simulate the chain elasticity.
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These procedurecs for accumulator pre-charge pressure selcctions are
only made possible by'the asswunption that the accumulators charge and
discharge with the same pelyiropic index ie n1 = n2 = n, Any method
involving charging and discharging with differing indices would be very
much more complex, The assumptions however would be true if no healt was
transferred during the charge-discharge operation and indeed with
relatively rapid volume changes this is a fair assumption. !However,the
incremental method described has a facility to accept a bank of
accumulators with previously determined pre-charge pressures,and compute
the pressure-volume relationship,if charged at one value of the polytropic
index and discharged at another, thus giving an indication of the errors
involved in the assumption.

6.3 Empirical Method for Determining the Charge Pressures of Accumulator

Banks - for Linear Pressure-Volume Approximation

Consider a bank of four accumulators Fig. 6.1. Let V(1) to VV(4)

be the total gas volumes of the accumulator bank at pressures corresponding

to the charge pressures Pa(1) o Pa(4).

Then VV(1) = Va(1) + vVa(2) :Il-Va(B,) + Va(4) eqn. 6.05
v(2) = va(1) %%)H + Va(2) + va(3) + va(4) eqn. 6,06
1 _
rVV(}) ;:Va(1) (gz%%%EH + Va(2) (%%%%%)% +Va(3) +va(4) eqn. 6.07
; 1 1 1
o =) T v (B o (T

" For gimplification let the accummlator wolumes be equal and let the

increments of charge pressure be egual

Then VV{1) = 4 em. 6,09
vwi(2) =(1)’n' + 3 eqn. 6.10
2

1 1

vv(3) =(_1§)'n“ +@_)n + 2 | eqn. 6.11‘
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1 1
VW(4) = ( )n +(2)n + 1 eqn. 6,12
1l \4/ | -
Now if n = 1 and Va = 1, W(1) = 4, vv(z) 3.5, W(3) = 3 and VV(4) = 2.5.
As the pressures associated with these points have equal increments the
points lie on a linear pressure—volume relationship. Also for the point

one pressure increment above Pa(4) the linear relationship still holds.

1

ie V(5) = - (g)% ( )1 (’ A\n eqn. 6.13
5 p)

VV(5) 2 forn =1 and Va = 1 |
A numerical example shows the linearity to hold within reasonable limits
when realistic values of n are used ie n = 1.2 to n = 1.5 (see Table 6.1).

This relationship however still has only two variables to alter the
slope of the pressure-volume relationship, accumulator volume and the
dhargé pressure of the firgt accumulatof.

In practicelaccumulatofs are limited on the minimum charge pressuré
'%o approximately 20% of the maximum working pressvre, This however is
compatible with the required characteristiq since due to sprocket friction
the torgque-digplacement characteristic éf the gprocket drive system does
not usually reduce to zero.

‘A further factor is reguired,to alter the slope of the pressure-volume
characteristic,by adjusting the increment between each accumulator charge
pressure,whilst the lowest pressure Pa(1) remains constant. This
preséure must be of pre-determined value to correspond with the equivalent
‘point on the torque-displacement characteristic,

Let.this increment factor be yi so that the first charge pressure
remains Pa{1), the second becomes Pa(E).yi, the third Pa(3).yi etc. Note
Pa(2) = 2. Pa(1).yi ete. |
The total gas volumes now become

vwW(1) = 4 ‘ eqn. 6.14



1

vv(2) 2(%ZEE)H +3 . eqﬁ. 6.15
1 1
v(3) =(%T§I)n +(%)n + 2 | . eqn, 6.16
v{4) z(ﬁf§§)ﬁ +(%)% +(%5% + 1 eqn. 6.17
W(S) =(%___)'r1£ +(_§_)% +(%)'1£ +(%)% egqn. 6.18
Vi ‘

Azain the numerical example shows this to yield reasconably linear results
in the range yi = 1 to yi = 3, n = 1.2 to n = 1.5 (see Table 6.1).
In this example the slopes of the characteristic are taken such that

S5 is the slope between points Pa(5), VW{5) and Pa(1), vV (1)

ie s5 = Pa(1) yi.5 - Pa{1) | eqn. 6.19
Va(VV(1) - V(5)
85 = Pa(1) (S.yi - 1) eqn. 6.20

va  W(1) - W(5)
. Similarly =4 is the slope between Pa(4), VV(4), and Pa(1),'VV(1)
83 is the slope between Pa(3), VV(3), and Pa(1), VV(1)
=2 is‘the glope between Pa(2), VV(2), and Pa(1), V(1)
st is the slope between Pa(5), VV(B), and Pa(2), vv(2)
Note that to convert the slope obtained with wnity values of Pa(1) and Va

a multiplication is required by Pa(1) .
Va

A minimum value of the slope achievable from any bank of accumulators
is set by the tangent of the Panrelationship at a pressure corresponding
(] . °
to the pre-charge pressure on the first accumulator.

1

VYV = Va (gg)z | _ ' eqn. 6.21
P .
" \Va _
dpP = n.Pa.Va(“1““)Va? eqn. 6.23

v
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av Va T '

To compare this with unity wvalues in use above

dP = - n at Pa = 1 and Va = 1
av

This would give minimum unify slopes with n = 1.4 of slope = 1.4 corresponding
to yi increment values of about 0.7, but numerical examples show that yi can
be taken to 0.5 (at which Pa.(.2) = Pa(1)) without undue affect to the upper
portion of the linear approximation. Below yi = 0.7 the point VV(2) lies
above the linear relationship, but higher values of VV correspond well,

This now gives three variables which can be manipulated to give the
degired linear pressure—volume characteristic.
6.3.1) ' Pa(1) - the 1owésf charge pressure in the accumulator bank

This wsually corresponds to a fixed value on the required characteristic
so little wvariation is possible., Care must be taken not to operate lower
than the ﬁinimum stated by the manufacturers. But accumulators are available
which will operate at zero initial pressure if required.
6.3.2) Va‘— accurulator initial gas volume

Accumulatofs are only available in fixed step sizes and this setting
procedure'requires them to be of the same volume. They can however be used

in combination, ie a 1.0 de and 0.5 dm3 accumulator can be considered to

3

be one accumulator of 1.5 dm™ volume and charged to the same value.
6.3.3) yi - accumulator bank pressure increment factor

The value of yi is adjustable to give the required slope after the
‘initial volume and the lowest charge préssure have begn determined. Low
valués of yi will mean that more accumulators are required to cover‘a
given pressure range but the characteristic will be nearer to linear. High
values of yi will need less accumulators to cover this range but tﬁe
relationéhip will be less linear. The points ét the charge pressure will

lie on the line but the loops between these points will be more pronounced.

The data from the numerical example has been plotted on Fig. 6.2
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and an example‘givén on its interpclation and use, The slope s4 wag
taken ag an average point for the production of this diagram.
Also anempirical relationship for yi has been determined where

usl = unity slove = slope reguired multiplied by Va
Pa(1)

yi = .36 - .2.n + (.56 - .13.n).usl ' : eqn, 6.25

or assuming n = 1.4 _
yi = .08 + .37. %ETTT . slope . eqn. 6.26
Thus giving Pa{1) = Pa(1) - specified value eqn. 6.27
Pa(2) = Pa(1).yi.2 eqn, 6,28
P2(3) = Pa(1).yi.3 eto. | eqn. 6.29

Note -~ yi is non-dimensionzl so any consisftent units can be used.

6.4 Computational Methods for Determining the Charge Pressures of

Accumlator Banks for Pre-Determined Pressure-Volume Approximations

The empirical method previously described has the disadvantage of
WOrkiﬁg only for linear pressure-volume relationships and requiring: the
use of equal size accumulators. As an alternative an incremental
computational technique is described for use in the Terminal Section of

the CSMP module of the simulation system, Terminal Section 1.

6.4.1) Terminal Secticn 1 Accumulator Pre—charge Pressure Setting using

Pressure Incrementing Technique

The CSMP dynamic model for the simulation system is arranged such that
the pressure—volume relationship required from the power ahsorber to
accurately reproduoe the tension-displacement relationship of the chain
under dynamic conditions is calculated and stored in array form. The
Terminal Section takes input of the volumesrand number of accumulatorg in
the bank and the polytropic index under which thé accumulators will charge.
Initially all the accumulators are set with their pre—chgrge pressure to
a maximum value with the eiception of the first accumilator, the pre-

charge pressure of which is set egual to the lowest pressure in pressure-
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volume characteristic arrays BPA and B&dL. The programme then increments
pressure by a value KR,and at each increment checks if the total gas

volume of all the accumulators VV is greater than that needed to give the
required characteristic VLINE. This is calculated by linearly interpclating
the BPA and BVOL arrays at the incremented pressure KP., If VV is greater
than VLINE,the second accumulator pre-charge pressure is set to the
previous value of KP,otherwise the pressure is again increased and a further
check made. The procedure coﬁtinues wntil a maximum pressure is reached.
Three arrays AP, AL+ and AV are also produced as the pressure is incremented
which describe the accummlator bank pressure-volume characteristic and the
simalation pressure~volume characteristic for re-use in the dynamic model,
Printed outputs of the accumulator pre-charge pressure settings and all

the array elements are produced as outputs. This technique is able to set
more than one accumulator teo the same pre-charge pressure if the pressure-
volume characteristic so reguires and can deal with accumulator banks
containing accumulators of differing sizes.

6.4.2) Terminal Section 2

As a comparison with the accumulator pre-charge setting procedure used
in Terminal Section 1, Terminal Section 2 approximates the BVOL and BPA
arra&s to linear and uses fhe empirical relationship to set the pre-charge
pressures assuming a polytropic index POWC. An incremental procedure is
then used to produce the arrays AP, AL and AV which are required by the
second run of the dynamic medel.

The incremental procedure is modified from that used in Terminal
Section 1 to accommodate charging and diécharging at different polytropic
indices, Values VT are computed which are the individual accumulato¥
gas volumes at the maximum operation pressure after charging from tﬁe set
pre—charge pressures at the charging index PONC. Pressure is then
incrementally reduced and the total gas volume calculated assuming the

éccumulators discharge at the polytropic index POWE, This procedure
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gives an indication'of the errors produéed from the assumption that the

accumulators charge and discharge with the same polytroPic index., Also

using this method, if POWC is made equal to POWE,a direct comparison can

be made hetween the incremental accumulator pre-charge setting technigue
as used in Terminal Section 1 and the empirical method.

6.4.3) Terminal Section 3

Terminal Section 3 sets accumulator pre-charge pressures to fit a
pressure-volume relationship from the absorber determined only from the
static characteristics of the chain hauvlage absorber system, as an
alternative to the dynamic derivation used with Terminal Sections 1 and 2,
The empirical accurulator pre-charge setting procedure ig used along with
the pressure incrementing method described for Terminal Section 2.

Terminal section 3 is used to examine the importance of the dynamic
derivation of the reguired absorber pressure-~volume relationship. The
primary difference being that Terminal Section 3 does not tzke into
consideration the absorber leakage. However an empirical factor FACT can

be used to compensate the required volume RBV for absorber leakage losses.



n=1.20

2.53 2.56

5,51 S

yv v2 v3 vh v5 52 s3 st 85 st
0.6 3.859 3.326 2.830 2.350 1.42 1.19 1,20 1.21 1,19
1.0 3,561 3,114 2,663 2,211 2,28 2.26 2.24 2,24 2,22
1.5 3.400 2.999 2,573 2.136 3.34  3.50 3.50 3.49 3.56
2.0 3.315 2,938 2.525 2,096 4,38 4,71 4,75 4,73 4.92
2.5 3.262 2.900 2,495 2,072 5S5.42 5,91 5.98 75,96 6.30
' n=1.25 o .
yi  v2 v3 vh v5 52 53 sh  s5 st
0.6 3.864% 3,348 2,865 2,387 1.47 1.23 1.23 1,25 1,23
1.0 3.574 3.138 2,699 2,257 2,35 2,32 2,31 2,30 2,28
1.5 3.415 3,023 2.607 2,181 3.42 3,58 3.59 3.57 3,65
2.0.3.330 2,961 2.558 2,140 4.48 4.81 4.86 L4L.84 5.04
2.5 3.276 2,922 2,527 2,114 5.52 6.03 6.11 6.10 6.46
n=1,30 -
yL w2 v3 vh v5 52 83 sh s5 st
‘0.6 3.869 3,368 2,898 2,441 1,53 1,27 1,27 1,28 1.26
1.0 3.587 3.162 2.732 2,301 2,42 2.39 2.37 2.35 2,33
1.5 3,430 3,046 2.640 2,224 3,51 3,67 3.68 3.66 3.73
2.0 3.344 2,984 2,590 2,182 4,57 4,92 4,97 4,95 5,16
2.5 3.290 2.944 2,558 2,155 5,83 6.16 6.24 6,23 6,61
‘n=1.35
vyt v2 v3 vl v5 52 s3 sh 5 st
0.6 3.874 3.388 2.929 2.483% 1.58 1.31 1,31 1.32 1.29
1.0 3.598 3.184 2,765 2.343 2.49 2,45 2,43 2,41 2,39
1.5 3.443 3,069 2,672 2,265 3.59 3,76 3.76 3.75 3.82
2.0 3,358 3.006 2,621 2,222 4,67 5.03%3 5.08 5.06 5,28
2.5 3.304 2.965 2,588 2,194 5.74 6.28 6.37 6.37 6.76
n=1,40. : ' _
yL v2 v3 vi v5 52 . 83 sh . s5 st
0.6 3.878 3.406 2,959 2.523 1,64 1,35 1.34 1,35 1,33
1.0 3,610 3.205 2,795 2.383 2.56 2,51 2,438 2,47 2,45
1.5 3.456 3,090 2,702 2,304 3,68 3.85 3.85 3.83 3.90
2.0 3,371 3,027 2,650 2,260 4,77 5,14 5,19 5,17 5,40
2.5 3.%17 2.986 2,617 2.231 5.85 6.41 6.51 6.50 6,91
n=l.45
vyt v2 v3 vh v5 $2 s3 s ~ s5 - st
0.6 3.882 3,423 2,987 2,561 1.69 1,39 1,38 1.39 1.36
1.0 3.620 3.225 2.82h 2,422 2,63 2.58 2,55 2.53 2.50
1.5 3.468 3,110 2.731 2,34 3,76 3.93 3.94% _3.92 _.3.99 ..
2.0 3.3384 3,047 2,678 2,296 4,87 5,24  5.30 5,28
2.5 3.330 3.005 2.644 2,267 5.97. 6.53 6.64 6.64 7,06
. n=1.,50 : L
yt  v2 v3 vh v5 52 s3 sh . sbh . .st
0.6 3,886 3.439 3,013 2,597 1.75 1.43 1.42 1,43 .1,40
1,0 3,630 3.244% 2,852 2,458 2,70 2.64 2,61
1.5 3.481 3,130 2,758 2,377 3.85 4,02 4,03 4.00 4,08
2.0 3.397 3,066 2,705 2,331 4,97 5.35 5.41 5.39 5,63
2.5 3.342 3,024 2,671 2,302 6.08 6,66 6.77 6.77 7.21
note V2 = Vv(2), V3 = VW(3) etc e
Table 6.1 Numerical example of expressions 6.14 to 6.18

Based on unity volume accumulators with a minimum unity preasure




Pressure (ratio values) dimensionless

INDIVIDUAL CHARACTERISTICS

5-
1~ Pa(k)
34 Pa(3)
2- Pa(2)

Individual acc.

c

1] gas volumes Pa(1)
0

0 Volume 1.0

Va

Pressure (ratio values) dimensionless

COMBINED CHARACTERISTICS

AL required displaced fluid

volumes '

EéINE required gas volume at any pressure

AV displaced fluid

3

volumes from

V3 total gas volume at pressure Pa(3) sccumulators

-
(similar for V2 ete)

Volume (ratio values) dimensionless

e
VV summation of individual sccumulator gas volumés
14
VIT total initial gas volume )
i Lot
0 ¢ /I[[ o 4 ‘ 1 )
0 ‘ 2.0 3.0 4.0

Fig 6.1 Diagrammatic representation of the addition of L accumulators charged to various pre-charge pressures

to give an approximation to 'a linear pressure-volume discharge characteristics
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YI

How to use

Assume a bank of accumulators ezch of 60 in; (.98-dm5)lcapaCity are required.
to give a linear pressure volume characteristic discharging 80 in’ (1.31 ) of
fluid between LOO Ib/ind (2.8 MPa) and 2000 1b/in? (13.8 MPa) with a polytropic
index of n = 1.4 '

a) Actual slope = 2000 - 400 = 20 lh/in5
' 80

b) Unity slope = 20 x 60 {accumulator volume) = 3.0 (dimensionless)
400 (minimum pressure) :

¢) From graph n = 1.4 at USL = 3.0 YI = 1.18 (dimensionless)
400 1b/in® (2.76 MPa)
2 x 400 x 1.18 = U4 lh/inz (6.5 MPa)

d) Accumulator pre-charge pressures 1)

2)

3) = 3 x 400 x 1.18 = 1416 1b/in> (9.8 MPa)
L) = & x 40O x 1,18 = 1888 Ib/in° (13.0 MPa)
Fig 6.2 Graph for determination of accumulator bank pre-charge pressures “

. to achieve approximation to linear pressure - volume discharece

characteristics
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T IXPERIMTNTAL DETERMINATION OF IIYDRO-PNTUMATIC ACCUMULATOR DISCIIARGE

CHARACTERISTICS

7.1 Introduction

Hydro-pneumatic accumilators are common components in hydraulic
circuits where they are mainly used as cither energy storage devices or
for shock suppression., For these applications the capacitance requirements

of the circuits can seldom be accurately specified and therefore accurate

determination of accumulator performance is not required. Accumulator

selection is made by a 'rule 6f thumb' procedure and by application of
existing characteristics as stated in the manufacturers catalogues, whilst

physical size also imposes limitations on choiée. A section fhrough a
Greer-Mercier type hydro-pnewmatic accumulator is shown in Fig. Ta1.

Several papers have been pﬁblished on accumulator characteristics,

most recently references 4 and 5. Initial use of data from reference 5
for setting accumulator pre-charge pressures for use in the chain tension
simulatioﬁ rig did not produce the expected results. Since the
accumulators iﬁ use were not of the same capacity as those in reference 5,
it was decided to conduct a series of tests to determine the characteristics
of accumulators using an improvement of ihe method described in reference 5.

7.2 Experimental Method

To accurately determine accumulator charge-discharge characteristics,
continuous measurements of fluid pressure and volume are required as the
accumulator is charging and discharging. Pressure can easily be measured
using strain gauge type pressure transducers but volume is more difficult to
determine if a continuous relationship with time is regquired.

Experiments described in reference 5 had assumed constant flow rates
over a measurcd time, a total volume being obtained for a complete discharge
by measurement into a container, To achieve a better repregsentation of

volume with time or pressure,a ram and displacement transducer were used

Tor volune measurement.
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A hydraulic circuit as shown ih Mg, 7.2 wasg devised to determine
the accumulater characteristics. Pressure from an external source could be
switched to either pressurise or exhaust the greater area of a hydraulic
ram. A comection from the smaller ram area was taken to the accumulator
through a variable restrictorn for control of the flow rate into or out of
the accumulator. Two additional stop valves assisted in calibration and
de—aeration of the circuit,.

Instrumentation consisted of a strain gauge type pressure transducer
for accumulator fluid pressure measurement and a 16'turn rotary potentiometer
for measurement of ram displacement., The rotary potentiometer ha& a5 cm
diameter wheel edged with foam plastic sealing strip to eliminate slip
between the potentiometerrand the rod, and was spring loaded into
‘position in contact with the ram rod.

Measurements were taken on a Bryans XY plotter with the pressure
reading onto the Y1 axis and ram displacement on the X axis. The gecond Y
axis f? was uéed on éime base to give a measurement of time and hence flow
rates. |

Volume calibration was made by measuring the'ram displacement with a
rule, the ram area being_known,'and.adjusting the X axis gain control 1o
give fhe reﬁuired scale faqtors.. This was checked by venting a given

volume through valve A and measuring into a cylinder.

T3 Experiméntal Procedure

| Mests were carried owt wsing C15 4.54 dmd (1 gal) and E23 1.14 dn3
(1 gt)Greer-Mexcier gecumulators with ﬁre—charge pressures of 5.2 MPa
(750 lb/in2). Pressure-volume recordings were tzken for a range of
restrictor valve setiings by charging the accumulators to 17.2 lMPa
(2500 lb/in2) followed by discharginé back to zero pressure. Two,sets
of results were taken, by discharging immediately after the maximum

pressure had been attained and by charging, holding at maximum pressure

t0 allow gas temperature to reduce and then discharging.



-4 -
An initial analysis of the results did not correspond to what had

1
been expected, so checks were made of calibrations and the accumulator initial

gas volumes.,

7.3.1) Determination of Initial Gas Volume

This exercise was made using several methods for both accumulators.
7e3.1.1)  With the accumulator disconnected from the rig the bag was
pressurised with water which was subsequently measured into a cylindér.
‘This gave volumes of 3.77 dn® for the 4.54 dn (1 gal) accumilator and

3 for the 1.14 dm3 (1 gt) accumulator,agreeing with the gas

1.14 dm
volumes as quoted by the manufacturers.
7.3.1.2) The accumilators were held with the exhaust port uppermost
with zefo pressure in the bag. Water was iniroduced into the accumulator
~until overf}owing. The bag was pressurised to displace fhe water, the
water in the port removed and as the pressure in the bag was released,
water which had been trapped in the accumulator was measured. These tests
suggested that .35 ame (21.6 iﬁ3) and .15 am> (9.0 in3) of fluid could
be trapped in the 4.54 an> (1 gal) and 1.14 an> (1 qt) accumlators.
7.3.1.3) With the accumulator on the rig,the gas valve was removed and
the accumulator pressurised to 3 MPa (50 1b/in2) using the ram system
\(this is not a recommended practice and was only employed for the initial
volume tests). The variable restrictor was then completely closed and
valve A opened, the bag pressurised and the displaced fluid measured into
a cylinder. This gave initial volumes of 3.44 dm> (210 in) and .98 dmo
(60 in3) for the 4.54 am> (1 gal) and 1.14 am- (1 qt) accumulators.

These tests clearly indicate that the initial gas volume is nét the
maximum volume of the accumulator vessel, but is affected by how much fluid
caﬁ be trapped in the accumulator after the anti-extrusion valve ﬁas
closed, Initial gas volumes of 3.44 ams (210 in?) and .98 am> (60 ins)

are used in subsequent calculations of accumulator characteristics for

the 4.54 an> (1 gal) and 1.14 an> (1 qt) accumulators.
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Ted Experimental Results

A typical recording from the X-Y plotter is shown in Fig. T.3. These
recordings were analysed by transferring the pressure-volume characteristics
to log-log scales Fig. 7.4, so that an assesshent could be made of tﬂe
polytropic index n in the py™ gas law relationship, for both tharging and
discharging conditions. An estimate of the average charge and discharge
flow rates was made from the time-volume trace on the X-Y recordings.

(This was not linear due to the pressure—fiow characteristic of the
restrictor valve so only average flow rates were calculated).

Tabulations of %he results ére shown in Tables 7.1 and 7.2.

7.5 Observations

An examination of the tabulated data Tables 7.1 and 7.2 suggests the
following values of the polytropic indéx n when assuming the pv"
relationship for accumulator charge and discharge.

7.5.1} For 4.54 am> (1 gal) accumulators:with 3.44 dm° (210 in3) initial

gas Golume,charging and discharging at flow rates between .076 dm3/sec to

.76 dm3/sec (1 gal/min to 10 gal/min) ie 3 to 15 sec chafging and

discharging time, The value of h lies between 1.4 to 1.5 during charging

and 1.45 to 1,55 during discharging.

7;5.2) For 1.14 dm> (1 qt) accumulators with .98 dm> (60 in3) initial gas

volumes, charging and discharging at flow ratés between 076 dm3/sec to

.76 dm3/sec (1 gal/min to 10 gal/min) ie 1 to 5 sec charging and

discharging time, The value of n lies between 1.45 to\1.55 during

charging and 1.5 to 1.6 during discharging.

7.5.3) Although an examination of slow discharge rates was not the

objective of these tests it would appear that flow fates of less than

.04 dm3/sec (.5 gal/min) were required to reduce the value of n ié 1.25.
The importance of the initial gas volume can be seen by taking results

which give an index.of 1.45 with the measured initial gas volume of

.98 dm3 (60 in3) and assuming the manufacturers quoted initial gas volume
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of 1.14 am° (70 in3). This gives a calculated index of 1.83. It can be
seen therefore that the initial gas volume is a critical facfor in
accumlator discharge characteristic prediction.

When accumulators, of the sizes tested, are chafged and immediately
discharged the final pressure can be expected to be only about «34 MPa
(50 lb/inz) lower than the charge pressure for flow rates around .076 de/sec
(1 gal/min). TFor rapid charge and discharge the resulting pressure is
negligibly lower than the initial charge pressure, only a

minimal heat loss can take place through the Bay walls 'during

the brief period of elevated gas temperature.

If the‘gas temperature is allowed to cool after charging,the
following discharge results in a gas coéling which reduces the final
pressurei Holding at a load pressure for 100 sec followed by a discharge
produced a gas pressure of approximately 1.7 MPa (250 1b/in2) lower than
the gharge pressure. A hold at pressure for 100 sec was not sufficient to
reduce the gas temperature to ambient, the reduction obtained after this
period was approximately equivalent to the temperature produced after a
charge rate corresponding to n = 1.06,

The changes of gas temperaturé in accumulafors are larger than might
at first be anticipated. For example, in the case of an accumulator being
charged at an index of 1.45 from an ambient temperature of 20°C and a
pre-charge pressure of 5.1 MPa (750 1b/in2), Yo a final pressure of 20.4 lPa
(3000 lb/in2), the final gas temperature would be 17700. If the gas
were allowed to cool back to ambient with the pressure maintained and
then discharged at n = 1.5 the final gas pressure would be 2.6 1Pa
(375 1b/in°) and the temperature ~126°C.

The apparatus and experimental method proved to be‘successful for
accumulator chafacteristic determination. There wére however several

areas of improvement,

T+5¢4) Slight fluid compression effects could be seen on the X-Y¥
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recordings. Replacement of the flexible pipes with short steel
conhections vould redﬁcé the capacitance effects of pipe elastiéity and
fluid bulk modulus.

7.5.5) The festrictor valve used for flow control gave a non-linear
characteristic and unegual two way operation. Flow control valves were
not used due to their unknown dynamic performance,but their inclusion in
any further investigation would be appropriate,

7.5.6) The returnito tank was excessively long and of small bore
flexible hose, this-restricted the maximum discharge rates.

7.5.7) The ram displacement technigque for ;olume measurement gave
excellent results but the conversion from linear to log-log scales was
time cgnsuming and bf doubtful accuracy. The Bryans X-Y recorder can
however be equipped with logarithmic amplifiers,which if used oh both
axes,would enable direct analysis of recordings to be made.

Although far from comprehensive,these results clearly show the
importance of an accurate value for the initial gas volume when dealing
with accumulator characteristics. To show how such a substantial volume
of fluid can be'trapped inside an accumulator, to effectivélf reduce the
initial gas volume by 8%% for the 4.54 am> (1 gal) accumulator and
3

14% for the 1.14 dm 3

1 qt) accumilator, a working model of the 1.14 dm
(1 ﬁt) accumulator was constructed from perspex Fig. T7.5. Fié. T.6 shous
tﬂe accumulator with a fluwid pressure larger than the pre-charge pressure,
thé bag compressed and the anti-extrusion valve in its maximum extended
position. In Fig, 7.7 the fluid pressure has been released and the valve
is séen fully closed with an annulus of fluid remaining between the
accumulator wall and the gas bag.
T.6 Conclusions

The results suggest that an appropriate value for the polytropic index
> (

using 4.54 ém 1 gal) and 1.14 dm3 (1 qt) accumilators when discharging

at flow rates above .076 dm3/sec (1 gal/min) would be n = 1.45. This value



- 51 -

agrees with reference 5 which suggests that a 'rule of thumb' would be
to use n = 3.4 for fast operation up to 13.8 MPa (2000 lb/inz) and;

n = 1.5 at 20,7 ¥Pa (3000 1b/in2) for discharge with isothermal
compression. This work was carried out without considering %he trapped
volume, but since the accumulators used were a minimum volume of

9.1 dm3 (2 g£al) nominal capacity, the effect would not be as great as
with smaller accumulators.

The ?esults here show that charging also takes place under
polytropié conditions n = 1.45 for flow rates above .076 dm3 (1 gal/min)-
Isothermal charging shquld only be considered if the temperature is

:

allowed to stabilise at load pressure or if the charging time is in

excess of 2 minutes.
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Test No. - G G2 " 65 66 63 6
.. Gas Volumes
wink e | 107 | @’ | 1 [ @ | 1w | @ | W’ | & | ) | @ | o | &
2500 117.2 | 93 1.52 - - - 96 | 1.57 90 | 1.47 - -
-gg 2000 13,8 | 109 1,79 112 1,83 105 1.72 12 1.83 106 1,74 92 1,51
ﬁg o 1500 {10,5 | 133 2,18 136 2.23 130 2,13 135 2.21 130 2,13 120 1,97
:‘g gg 1000 | 6.9 | 174 2,85 176 2,98 173 2,83 176 | 2.88 170 2,78 169 2,77
= goo | 5.5 | 201 3,29 202 3.3 201 3.29 203 3,33 197 3,23 198 3,20
2500 |17.2 93 1.52 - - - - - 95 1,06 70 1,15 - -
.Eo;. 2000 {13.8 | 106 1.7 112 1,83 101 1.65 108 1.77 8o 1,5 g2 1,51
gg% 1500 (10,3 | 126 2,06 13 2,19 12 1,98 129 2,11 96 1,57 i1 1,82
Egg 1000 | 6.9 | 163 2,67 176 2.88 157 2,57 168 2,75 127 2,08 149 2.4
LR L 800 { 5.5 [ 190 3.1 202 3.5 18, 3.01 195 3.19 151 2,47 177 2,90
'Lb/in2 iPa 1'b/in2 MPa 1b/in2 ‘1Pa l‘b/in2 Pa | 1b/i n? wPa | 1b/1n° WPa
Charge pressure 760 5.2k 760 5.2 760 5,24 770 5.3 740 5.1 750 5.17
Pressure after di scharee| 700 4,82 760 5,24 660 | .55 720 | 4.96 550 3.8 660 4.55
cal/min dmj/s ec | gal/min d.mj/s ec| gal/min dmj/a ec | g2l /min dm3/aec gal/min dmj/sec gal/min 0‘1115/3 ec
Charge flow rato 2,0 W15 2.0 .68 .9 068 3.4 .26 2,2 A7 o2 L015
Discharge flow rate 2,0 .15 7.7 +58 1.7 W13 28 +29 2,0 15 .7 +053
aec sce Seo 3ec sec sec
Pt 1 2.9 33 8.3 180 150
Time for discharge 13 3,1 14 7.4 16 38
Charge indox 145 1.5 1.4 1.5 1.5 1,2
Discharge index 1.5% 1.5 1.5 1.5 1.37 1.3

Table 7.1

3 (ke an”)

3

Hominal pre-charge preasure 750 1b/inZ (5.0 ifPa)

. Results taken from X-Y rccordings of accumuletor charge-discharge characteristics
Nominel accumulator size 1 gal
Actual initiel gas volume 210 in




Test No. A A2 A3 M A5 AB A7 A8 A10 A1l
Gas Volumes

wiae upe] W | @l | | @’ | e’ ) e | e | e’ [ e’ [’ e’ | e | ] e

3000 |20.6 - - - - - - 2.5 | .40 - - 2 23.5 39 - - - - -

2500 |17.2| 27 oy - - - - 28 b 26 43 27 oeh 27 ol 25 o1 22 «35 23 .38

g) § o 2000 |13,56) 3 +51 30 L9 29 L8 32 .52 30.5 «50 3.5 H2 b1 o1 29.5 L8 27.5 &5 28.5 &7

; é E’ 1500 [10.3] 37 .61 37 N3 36.5 .60 38 .62 37 +61 38 .62 38 62§ 36.5 60 35 57 6 .59

§ g % 1000 | 6.9] 8.5 | .79 47.5 .78 48 .79 |50 2 49 .80 49 .80 49.5 .81 48 79 |u7.5 .78 49 .79

800 | 5.5] 56 92 55 390 56 92 57 935 57 +93 57 «93 57 <93 55 50 55 .90 56 g2

3000 |20.6] - - - - - - 2.5 | .40 - - 18 .29 16.5 .27 - - - - - -

2500 |17.2] a7 ol .- - - - 28 . BN 26 43 20 .33 19 .31 19 31 19 .31 9 .31

§ % 2000 [13.8] .51 30 49 29 48 | 32 .52 29 L8 23 .38 22 .35 22 361 22 .36 22 .36

z, :'f § 1500 [10.3| 37 .61 37 £1 | 35.5 .58 |38 .62 35 57 23 L6 26.5 43§ 26.5 [ 43 [26.5 43 27 L

;g g £ oo feslues |9 |ars [ s | ue 75 |50 82 | us T |36 | s |mes fosr | s s |3 57 | .61

800 | 5.5] 56 .92 55 250 53 87 |57 «93 52.5 .86 L2 59 40 .66 L4 .67 b 67 L5 - b

W/in | wea hi/in® | wpa [16/n | wpa  [1orin? | MPa  [in/1n® | wea  fiv/in® | KPa {io/in® | #Pa J1n/in{ ¥Pa  Pb/in® | tPa [1/in® | 1Pa

Charge Fressure 720 4956 | 720 496 | 720 L.96 | 740 5.10 | 70 5.0 [ 740 5.10 | 740 5,10 | 730 {5.03 | 730 5.03 | 730 5.03

Pressure after discharge . 720 4.96 700 4,85 660 4.55 740 5.10 620 .27 4,80 3.31 430 2.96- | 480 3.31 480 3.2 600 Lol

gal/min dmj/sec gal/min dmj/sac gal/min dmj/sec zal/min dmj/aec zal/min dmjfsec g3l/min dmj/sec zal/min dmj/sec gal/min dms/sec ral/min lmj/sec gal/min dms/sec

Charge flow rate 45 |3 3.0 | .23 .8 .06 9.5 .72 2.0 .5 7.7 58 | 9.0 68 1.8 | 3 .02 5 WO

Discharge flow rate 7.2 .55 2.0 A5 | 5.5 27 9.5 .72 2,0 .15 7.7 58 | 9.0 .68 1.8 | Ju |2.2 A7 .5 oOl
863¢ sec 3e¢ . sec 3ec sec p-1-1e sec aec sec
Cime to start of discherge 140 2.0 4.5 1.3 2,5 80 75 100 03 100
Time for discherge 1.3 2.6 3.0 .75 4.0 1,0 .8 5.0 % e
Charge index 1.5 1.55 145 1.586 1.45 1.5 1.5 1.45 1.25 1.27
Discharge index 1.54 1.55. 1.5 1.56 1.6 15 1.5 145 1.4 1.25

Table 7.2 Results taken from X = Y racordings of accumulator cherge = discharge characteristices.

Hominal accunulator size 1 QT. 3 3
Actual initial g=s volume 60 in (.952dm Je
wominal pre-charge pressure 750 lb/in” (5.0 ¥Pa).
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1)  Protective cap

2) Sealing cap

3) Nameplate

4) Shell

5) Separator bag

6) Anti-Extrusion ring

7)- Bleed valve

8) 10" ring seal

9) TFluid port

10) Poppet valve , _
11) Separator bag position with pre-éharge pressure greater then fluid pressure
12) . Trapped fluid volume - |

_ Figure 7.1 Section through Greer-Mercier hydro-pneumatic sccurmulator showing?
' trapped fluid volume
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Calibration and bleed valve normally shub

Calibretion valve normally shut
Accunulator under test

Double acting rem

Rod dia = 2,25 in (50,63 mm)
Bore dia = 3,5 in (88,9 mnm)
Stroke = 27 in (680 mm)

Displacerent transducer
Throttle valve
Pressure supply
Return to tank
Neasuring cylinder
Pressure transducer

Direction valve
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.2 Circuit diazgrem of accumulator chargze ~ discharse characteristics rig
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Nominal accumulator size 1 gal 3 3
Actual initial gas volume 3.44 dm” (210 in”)
Nominal pre-charge pressure 5.0 MPa {750 1b/in")

Fig. 7.3 X~Y Recording of accumulator pressure volume characteristics
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Fig. 7.4 Accumulator charge - discharge characteristics plotted



Fig. 7.5 Perspex Model of Greer-Mercier Accumulator




Fig. 7.6  Perspex Model Accumulator with Poppet Valve Open

Fig. 7.7 Perspex Model Accumulator with Poppet Valve Closed showing
Trapped Fluid Volume '
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8 EXPERIIMENTAL ﬁXAMINATION OF ACCUNULATOR AND CURVE FOLLOWER CHAIN

FLASTIGITY SIMULATION TECINIQUES

8.1 Introduction

To simmlate chain elasticity effects using hydrostatic power absorbers,
it is necessary to either store or provide energy for the absorber
sufficient to give the eguivalent torgue-displacement relationship to that
given by the chain when the haulage.drive ig interrupted. Two systems
were developed to achieve this‘requirement, the use of banks_of hydro~
pneumatic accumulators in the absorber circuit and the use of an
additional Power supply to the absorber,controlled by a function
generator attachment (curve follower) on the Bryans X - Y plotter.

8.2 Descrintion

The rig equipment was as previcusly described for the‘absorber
characteristics determination. |

-Two banks of accumulators were avaiiable for use in the absorber
circuit, a bank of eight B23 1.14 dm> (1 qt) and six G15 4.54 dm° (1 gal)
with one D13 9.08 dm3 (2 gal). All were sténdard Greer-Mercier accumulators.

The Bryans curve follower attachment for the X — Y plotter enables
an output voltage to be obtained, prbportionél to the amplitude of a pre—
drawn line., The curve follower module replaces the Y1 axis amplifier and
connects to a light sensitive head fitted into the ¥1 pen holder. Any
desired function can thus be generated between an input to the X éxis,
or the X axis time base signal, and the output voltage from the curve
follower. The Y2 channel can simultanééusly_monitor the effects of this
control signal.

For use in chain tension simulation,the signal from the sprocket
displacement potentiometer is fed to the X axis and the control signal

from the curve follower is fed through an amplifier to the 'Tlectroilic!
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valve controlling the absorber circui% relief valve. In this way, with
the correct function drawn for the curve follower, the absorber pressure
can be related to the haulage sprocket displacement., An additional high
pressure supply to the circuit allows the absorber to provide energy into
the haulage unit under stop or overlocad conditions.

8.3 Test Procedure

.8.3.1) Simulation using the Accumulator Banks

Development work on the accumulator bank simulation method was
carried out using the Staffa B2T0H absorber. This work indicated that a
more precise knowledge of the discharge characteristics of accumulators
was needed to enable the pre-charge pressure to be accurately determined,
to produce linear pressure-volume characteristics. This instigated the
experiments previously described on individual accumulator discharge
characteristics.

Using the Hagglunds 6185 absorber,a series of tests was carried out
using the bank of 4.54 dma (1 gal) accumulators set to pre-charge pressures
determined by the TERMINAL section of the CSMP model of the system.

Recordings were taken of the haulage sprocket torque (from the strain
gauge shaft in the gearbox) against the sprockes displacement and the
abso;ber.pressure against sprocket displacement Figs. 8.1 to 8.3. To
obtain these results the haulage was run in the forward direction at &
speed with the absorber circuit relief valve get to maxi mum. This
charged the accumulators, increased the absorber circuit pressure which in turn
increased the haulage pressure. Vhen the haunlage circuit overload pressure was
reached the by-pass valve operated and the accumulators digcharged, driving
the haulage in the reverse direction. The torque—displacement recordings
were carried out at two overload valve settings TRIP and PCOMP. Tﬁe value
PCOIP compensates for the difference between the frictional losses of the

chain gsystem and the absorber,
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Rfecordings of the energy release speeds using various by--pass spools
were taken using the éame procedure as for the torque-displacement character—
igtics. These were alse carried out for both the values TRIP and PCOMP.
Readings were taken from the recordings and are shown in Table 8.1.

A recording of the haulage pressure was taken against time to show the
transients existing in the circuit at the time of by-pass operation
Fig. 8.4.

8.3.2) Simulation using Curve Follower Technigue

The curve follower technique of chain elasticity simulation iivolves
the generation of a function,to relate the absorber circuit pressure,
controlied by a voltage input to the 'Electroilic' valve, to the sprocket
angular displacement. The pressure-displacement characteristic was
obtained from the CSMP model,but the non-linear voltage characteristic of
the 'Electroilic' valve eliminates its direct use as the function for the
curve follower.

To simplify the development of the oofrect function for the curve
follower the following technique was adopted. The chart on the X -~ Y
plotfer was divided into upper and lower sections, On the upper section
the pressure (Y axis)-displacement (X axis) relationship required from
the absorber was plotted using data from the CSMP model., With a pen
rep%acing the light sensitive head of the curve follower in tﬁe Y1 peﬁ
hol§eq and the absorber pressure signal fed into the Y2 pen, the control
sigﬁal being fed to the 'Electroilic?! valve from the curve follower unit
was reduced from a maximum value in increments giving a corresponding
movement of the ¥1 pen. At each increment, using the X zero position
control on the plotter, the Y2 pen was made to coincide with the pre-drawn
pressure-displacement relationship, a point was then made with the Y2
pen on the lower section of the chart. In this manner, a function for the
light sensitive head to foilow was made which would reproduce the required
pressure-volume characteristic on the absorber, and display this relation-

ship on the Y1 channel for comparison with the pre-drawn line.
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To eliminate the need to adjust tﬁo overload pressure from TRIP to
PCOIMP,the upper part éf the curve, above a pressure cquivalent to PCOMP,
was made ét the maximum gradient acceptable to the curve follower, In
this way as the haulage begins to reverse after tripping, due to an
overload condition, a rapid rcduction in ab&orber pressure is made down
to the haulage pressure PCOMP., After this initial pressure drop has been
obtained the curve follower continues down the line to give the desired
pressure—-sprocket displacement relationship.

The curve generalted using this procedure,and the corresponding
pressure-displacement recording made using this curve to conirol the
absorber pressure are shown in Pig. 8.,5. A recérding of torque, from the
strain gauvge shaft, against displacement taken using this technique is
shown in Fig, 8;6.

8.4 Observation

8,4.1) Simulation using Accumulator Banks

By taking recordings of sprocket torque (from the strain gaunged
shaft) against displacement, a direct comparison can be méde between the
results obtained from the labroatory simulation Fig. 8.1 and 8.2, and the
cha%n loaded tests at Swadlincote Test Site. The accuracy of the simulation
is dependent on the accurate reproduction of the torque—disﬁlacement
relationship of the chain sprocket drive, Using hydrostatic absorbers,it
is clearly not possible to simulate chain elasticity for both the driving
and driven modes of operation. The driving mode of operation is not
however important since the_rig ig primarily intended for investigations
into phenomena associated with the release of energy from the chain.
Accunmulator pre-charge pressures are‘selected to achieve the correct
‘torque~displacement relationship only during the driven mode of operation.

Several factors combined to make this system inadequate for

simulation of both modcs of operation. The leakage from the absorber

allows a net positive rotation of the haulage sprocket. This can be scen
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in Figs. 8.1 to 8.3, after a cycle of load increase and subsequent release,
leakage allows the sprocket displacement to move forward approxiﬁately
15%. The chain sprocket drive sys£em has frictional losses composed of
elements both constant and proportional to sprocket torque, whereas the
abgorber frictional losses are of a predominahtly proportional nature,
This effect makes the driving and driven torgue-displacement
characteristics approximately parallel for the chain drive gsystem and
divergenlt for the absorber system. There is also variation in the
accunulator pressure-volume relationship between charging and discharging.

.The most critical aspect of thg simulation is the accuracy of the
torque—diéplacement characteristic at the change in direction of
rotation and up to the point of maximum speed in the reverse direction.
Investigations into the speed of release of strain energy by haulage units,
with associatedcontrol and circuit phenomenorn, are the primary needs for
the simulation system. This makes the accuracy of the torque-displacement
chargcteristic after maximum reverse speed and the aééurate reproduction
of the total displacement of secondary importance.

Because of the difference in losses between the chain drive and the
absorber it is necessary to adjust the overload pressure of the haulage
unit to compensate. In the tests thié was achieved by‘changing the
overload pressure from TRI? to PCOMP, This adjustment allows the
abgorber to give the same torque at the change of direction of rotation
as that produced by the chain sprocket drive. The effect of this adjustment
on the accuracy of simulation can be seen in Figs., 8.1 and 8.2 (recordings
of the torque-displacement characteristics usinglvalues of TRIP and PCONP
compared with the characteristics from the chain loaded tests ).

The importance of overload pressure adjustment for adegquate
similation can also be seen on the results from the tests on the energy

release speeds using different valves Table 8,1, Although these results

show more consisteacy than those obtained with chain loading,the faciors
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affecting these results mentioned in Séction 4.6.4 still apply. These
factors, concerned mainly with the transient behaviour of the haulage
circuit,_invalidatg any attempt to assegs the accuraoy of the simulation
system on comparisons of energy release speeds, A more accurate
agsessment of ﬁhe effects of adjustment to the overload tripping pressure
is made using the CSMP model,

The main advantage gained by the use of accumulator banks with
hydrostatgé absorbers for chain elasticity simulation is their
reliability and ease of use. Once the correct volumes and pre~charge
pressures have been determined,the system can be left unatteﬁded for
long periods during either performance or life tests. No additional
power supply is needed as thefrequired energy is stored in the accumulators.
This system is particularly suitable for endurance tests on haulage units
operating under simulated underground working conditions. Here the
haulage can be run at continuwous speeds with.the accumulators able to
‘produce the elasticity effects from any speed or load condition.

The torque-displacement characteristic produced from the absorber
and accumulator hank is affected by the absorber leakage. The nominally
cor;ect reiationship can oniy be approached for one rate of energy release,
Any modifications to the haulage wnit,affecting the rate of release of
energy,will require a modification to the pre-charge pressures,if slight
errors to the torque;displacement characteristic are not to result.

During the development work on this rig parameters were recorded
on the U/V recorder. Although the U/V recorder has a far superiof
respénse and can take information from more channels than the X - Y plotter'
the recordings obtained are difficulf to interpret and reproduce. The
‘X - ¥ plotter results are thought to ﬁe more appropriate to this work
and its response adequate to show the required parameters. The
transient in the héulage pressure at by-pass operation is however
- beyond the response of the X — ¥ plotter Iig. 8.4. This recording

showsthe transient to exist but the amplitude is not accurately indicated.
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8.4.2) Simulation usine the Curve Follower Technigue

A comparison between the required pressure~displacement relationship
on the absorber and the relationship produced by the curve follower
system can be seen in Fig. 8.5. The errors between the driving and
driven characteristics are due mainly to the pressure-flow relationship
of the main circuit relief valve, TVWhen the absorber iz being driven
the relief valve passes the flow from the high pressure connection plus
the flow generated by the absorber. With the absorber driving, the
relief valve passes'fhe high pressure flow minug the flow being used to
drive the absorber. This largé difference in flow can be seen to make
approximate%y « 3] WPz (50 lb/ing) difference between the rgquired and the
actual pressure. Alse due to the large flows passed by thié valve the
minimum absorber circuit pressure is relatively high 3.1 MPa (450 lb/inz)
compared with the return pressure of .689 MPa (100 lb/inz)b this pressure
difference is sufficient to turn the haulage unit under haulage stop
conditioné. Other errors in the pressure-displacement relationship arise
from hysteresis in the Flectroilic valve, the method used to generate the
follower line, the accuracy of the curve follower system and the dynamic
response of the complete system.

The method described to compensate for the differing efficiencies of

the absorber and chain sprbcket drives was not eatirely satisfactory wiih

this particular haulage unit. On the upper part of the curve,it is
necessary to increase the pressure at the maximum réte acceptable to the
curve follower,such that an initial drop is obtained as the haulage
reverses after overloaa operation. Due to the heavy damping in the
overload valve circuit the rapid increase in load is not immediately
sensed. This results in the pressure increasing to a point where the
main ciréuit relief valves operate. To eliﬁinate this effect, a
Horizontal portion of the curve is‘rcquired which gives a haulage pressure

below the relief valve setting of sufficient duration to allow the overload
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valve to operate. Thig is unacceptable as it clearly alters the
pressure—displacement characteristic. This effect was eliminated in the
experiments by the introduction of a positive stop on the displacement
transducer and a slipping drive between the transducer and the drive wheel
in contact with the sprocket. The drive is arranged to slip, against the
positive stop, at a point coincident with the upper part of the curve
above the overload pressure and below the main circuit relief ﬁalve
settings. This allows the haulage to continue forward rotation at a
pressure above overload for a period sufficient for the overload wvalve to
operate. Upon reverse rotation, a rapid pressure drop is achieved for
compensatioﬂ, as the displacement trﬁnsducer moves off its positive
stop, after which the correct pressure-displacement relationship is
followed.

The accuracy of the simulation is shown in Fig. 8.6 a recording
of t@e torque-displacement characteristic with the results from the
chain loaded tests superimposed., As with the accumulatof technique,it
can again be seen that simulation of both the'driving and driven modes
cannot be achieved.

Although the éurve follower technique requires an additional power
source and considerable instrumentationyit can produce a more consistent
torque relationship than that produced by the accumulator bank. Any
rate of release of energy can be accommodated within the limits of the
power supply without effects from the absorber leakage. The curve
follower technique has limitations when used for endurance tests, the
slipping displacement fransducer drive enables energy release effects o
be produced in between periods of continuous running but it will only
operate from cne load, unlike the accunulator bank technique whicﬁ is
able to operate from any load during simulated cutting cycle fests.

The curve follower technique would have far greater accuracy if

operated under closed loop control. Direct calibration for the curve -
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follower would be obtained, eliminating the non-linear Electroilic'valve

characteristics and effects due to the pressure-flow characteristics of

the absorber circuit relief wvalve would be minimised.
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Test o Valve size Speed Time | Tripping
: Pressure
in mm rev/min sec
1 248 | 6.3 1500 2.0 PCOMP
3 248 | 6.3 1500 9.0 pCoMP
4 248 | 6.3 1400 9.0 PCOMP
2 248 | 6.3 2100 9.0 TRIP
5 .248 | 6.3 2100 . 9.0 TRIP
6 .030 { .76 1100 16.0 TRIP
T .030 | .76 1100 16.5 TRIP
8 030 | .76 800 13.5 PCOMP
9 .030 | .76 800 14.5 PCOMP
1Q .050 | 1.27 1200 2.5 PCOMP
11 050 | 1.27 1500 8.5 TRIP
12 050 | 1.27 1600 - 9,5 TRIP
13 .040 | 1.02 1250 13.5 1 TRIP
16 040 | 1.02 1330 12.5 TRIP
14 040 | 1.02 900 13,0 PCOMP
15 040 { 1,02 850 13.5 PCOMP

Table 8.1 Results taken from X — Y recordings of
energy release speeds produced by

whsorber and accumilator ban's
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9 THE SIMULATION LANGUAGE

The language used for the dynamicrmodel is the S/36O continuous
modelling programme CSIP (reference 9). It was developed by
International Business Machines (IBM) to simulate problems from either

a block diagram representation or a set of differential equations. CSHP

" contains many built in functions, sub-routines and procedures which are

translated into a Fortran programme for compilation.

Compared with general purpose high level ianguages such as
Fortran, CSMP language statements are simple to construct and reléiively
few are required o déscribe highly complex sy%tems. However, the
programme does accept standard Fortran statements, allowing the user to
augment the analogue-type block st;tements of CSIMP with the logical
branching and conditional capabilities of Fortran. A knowiedge of the
latter is therefore helpful but not eséential.

Together with standard logical and trigonometrical functions,
available'with Fortran, CSMP provides a comprehensive library of
simulation funétions including conventional analogue integrators and
relays and many special purpose functions such as, pulse generators,
limiter and arbitrary function generators. Thege functions can be
combined using a macro facility, similarly logical and conditional
Fortran sﬁatements can be combined using a procedural facility.

The core éf a continuous system simulation programme is integration,
CSIMP provides the user with a choice of six integration routines varying
in complexity from a fixed step, rectangulér nethod to a Milne, Lfifth-

order, predictor-corrector method which automatically adjusts the
f

integration interval to meet user-specified error criteria. If none of

the seven methods aresuitable, the user may supply his own.
The 1énguage statements representing the dynamic system being
modelled need not be presented to the programme in their correct

computational sequence, The translation phase sorts the structure
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statements'so that.the inputs to a statement are either known wvalues or
have been previously computed in the current iteration cycle. This
relieves the use; of the need to order the structure statements to ensure
that no phase lag is introduced into the computatioﬁ. The sorting option
can be overridden if necessary.

Staendard fixed format output is provided for printing and print-
plotting variables at user selected increments of the independent wvariable.
Tata can be transferred to storage for subsequent use in graph ploiiing
or for display purposes.

Also gvailable are siméle facilities for performing a seguence of
runs of the'same model structure with different parameters, integration
interval etc. A terminal section allows a group of Fortran statements to
be performed at the end of each run through the medel. This facility
can be used ag either an output device or to modify the input data or

model structure prior to a successive run.
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10 A CSMP MODE, OF THE HAULAGE UNIT LOADED BY THE CHAIN SYSTEM AND THE

HYDROSTATIC ABSORBER

10.1 Introduction

If hydrostatic power absorbers are to be used to simulate chain
elasticity effects on haulagelunits, some method is reduired to determine
the pressure-volume rélationship for the absorber which gives a
displacement~torgue relafionship,at thé haulége sprocket, equivalent to
that produced by the chain system. Static determination of'this pressureé
volume relationship cannot-take into accownt factoré which vary with
the dynamic§ of the system. - é

A mathematical médel allows the effects of statically‘and dynamically
determined pressure—velume relationéhip,foﬁbe observed together with

the effects of the use of accumulators to achieve chain elasticity

simulation.

10.2 Repregentation of the Haulage Unit

| The hauvlage unit is basiecally a h;drostatic transmission system with
a variable displacement pump and fixéd diéplacement motor. The dynamic

. analysis of such"sy%tems,uéually,employ_ihe_coafficientmmpdel technigque
to describé the characteristics of the pump.and motor,references 7 and
11. Since the coefficients for the units in this haulage were not
readily available,use was made of the CSMP FUNCTION.statement. Here
graphical characteristics 6btained experimentally are entered into the
ﬁrogramme in X-Y pairs, interpolation being carried out by either

linear or Lagrange'éuadratic inférpdlafion.

Thé dynanic statements of the.model are obfaihed from the block
diagram Fig. 10.1 and 10.2,2quations being written to represent ‘each
block. A listing.of the CSIP programme is shown in{Abpendix I.l
As in.reference 7 the circuit pressures are obtained.%y'integrafing.the
flow into the transmission lines and multiplying by a stiffness factor,
dependent on the fluid 5ulk modulus and the line volune. ‘A clearer
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indication of this summation of flows into each line can be seen in
Fig. 10.3.

Fri;tional losses act against the direction of motion and therefore
have opposite sign to the sprocket angular velocity THD. As graphical
characteristiés are used in this model, as opposed to coefficients, the
CSMP input switch stateﬁent INSW is used to change from a driven to
driving characteristics, dependent on the sign of sprocket angular
velocity. ‘ l

To determine haulage torgque from haulage pressure, with the sprocket
driving ie the sprocket velocity is positivg, a value is obtained from
" the pressure-torque characteristic FUNCTION PTHM. If the sprocket is
-driven ie the sprocket velocity is negative, a value from FUNCTION PTHP

¥

ig used., As these characteristics are for a pressure difference

) 3

P1 - P2'against gprocket torque; to obtain the correct sign for the
torque, an absolute value of the pressure difference'APDF is used to
qbtaiﬁ torque from the characteristics, the result being multiplied
by the sign of the preésure difference SPIF.

ie TM = INSW (THD, AFGEN (PTHP, APIF), AFGEN (PTHM, APIF))* SPDF.

Similar techniq;eS'aré'used Tor ithe absorber pressure~torque
characteristic and the sprocket torgque-displacement characteristic.,

The flow from the pump FPUMP and the flow across the by;péss valve
FBP are time variant. The operation of the‘pressure overload device
initiates the reduction of thelpump swash aﬁd brings the by-pass valve’
into circuit. To ef?ect this requiremegﬁ, the CSMP PROCEDURE function
is used to setrthe logical operator LSWICH from O - f when the circuit
pressure P1 reaches the overload value TRIP.

With the value LSWICH at O FPUMP is set to its initial wvalue énd FBP
to zero, with LSWICH at 1 a pump flow is calculated dé?endent on the
elapsed time from the initiation of LSWICH; TBP1 and the FUNCTION SWASH

which describes the pump swash reduction in relation to time. A value
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of FBP is computed from the by-pass véive pressure—-flow characterisfic
FUNCTION BYPS and the value APDF.

The integrations to determine TH, THD, P1 and P2‘are obtained using
the CSMP integration statement INTGRL eg TH = INTGRL (STT, THD) where
STT is the value of TH at time zero.

10. 3 Representation of the Absorber Unit

The absorber unit is ftreated as a hydrostatic unit working with
constant feed pressure, the préssure—torque characteristic beirg used in
the model is dependent only on the pressure on the high pressure side
of the device. The fluid volumes are obtained by integrating the flow
rates in the absorber circﬁit after the preésure dependent leakage has
been obtained frqm the FUNCTION ALEAK and subtracted from the flow
calculated from the absorber displaoemgnt ;nd the input angular velccity.

10.4 Model Organisation

The CSMP system is organised in 3 sections; INITIAL, DYNAMIC and
'TERMINAL,  The initial section ﬁf the model, performed only at time zero,
is used to calculate thé initial values of the integrations and constanis
| used in the dynamic section and to input data. ‘The DYNAMIC section
contains the stateménts 1o describe the dynamic behaviour of the system
and the TERMINAL secti;n ig used for any final caloulation required after
the dynamic run. By adjustment of the timer conditions and use of END
and CONTINUE cards the model can be organiséd to either re-run with
differing parameters or continue with varying factors such as integration
method of integration interval.

The model is arranged to simulate thecondition where the power loader.
is at the end of a face and stalled into cut., This conditon produces
no movement of the machine and allowé maximum tensions to be applied to
the chain and produces the maximum strain energy in the chain.

As concern is with the release of strain cnergy, the model is

initialised with a sprocket angular displaccment of STT and a sprocket
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angular velocity corresponding to the maximum value of the FUNCTION SWASH.
Other integration initiél values are computed to comply ﬁith these values.

The DYNAMIC section allows the sprocket displacement to increase,
thus increasing chain tension and sprqcket torﬁue, until the pressure
reaches the value TRiP after whiéh the strain energy of the chain is
dissipated over the by-pass valve. Use of the FINISH statement stops
the simulation at an appropriate value of sprocket displacement.

The model is arranged to perform two sequentiallruns. With the
switch KAB = 0,outputs are obtained of the major parémeters assuming the
haulage to be lbaded with the face chain system. A TERMINAL section
used with KAB = O,calculates the optimum pre-charge pressures for a bank:
of accﬁmulators to simzlate the chain loading s&stem and defines the
dischafge pressure-volume characteristic in array form. A second rum is
then made with KAB = 1,assuming the héﬁlage wit to be loaded by the
absorber and the accumilator bankyso that a comparison can be made with
the chain loaded gystem.

As only a few statemenis vary between the two runs,the CSMP input
switch statement is used to alter the programme dependent én the switch
KAB, )

eg TH2D = INSW (FKAB, .(TM — TCH)/HJ, (TM -~ TCH)/(HJ + AT))

where FKAB = KAB - 0.5 v

For the second run with the absorber loading the haulage wnityan
alteration is made to the value of TRIB,the pressure at which the overload
device operates: Since fhe chain system has a different efficiency to
that of the absorber,it is necessary to re-set this value to achieve an
adequate simulation. The value TRIP is set to PCOMP, this being the
haulage overload pressure required to give the same sprocket torque at
commencement of the reverse sprockef rqfation with the absorber as

'

obtained with the chain system. This compensated iripping pressure is

calculated in the terminal section of the model, after the first run,
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from the chain tension-displacement, haﬁlage pressure-torque and absorber
pressure~torque characteristics. Interpolation of these characteristics
is made from these FUNCTIONS using the CSMP AFGIN statement, the
complete statement being
PCOMP = AFGEN (TPHM, AFGEN (PTAP, AFCEN (TPAM, AFGEN (DIIN, ...
AFGEN (TDDG, AFGEN (PTHM, TRIF))))))

Three TERMINAL sections have been used with the model to compare
various techniques for selection of accumilator pre-charge pressures.
In two of these, TERMINAL sections 1 and 3, the first run, KAB = O,
computes the pressure-volume relationship required from the absorber
to reproduce the same dvnamic performance as obtained by the chain load.
This relationship is contained in arrays BVOL and&BPA, values being
taken during the dynamic run by use of a NOSORT statement at the end of
the DINAMIC section of the model. The NOSORT label ensures that the
sfatements are not sorted by the sorting algorithm and allows conditional
Fortran statements to be used. TERMINAL section 2 uses a gtatically
calculated absorber pressure-volume relationship for accumulator pre-—
charge determination as a comparison with the dynamically determined
reiaﬁion;ﬂibs;‘ . |

A variation of the model containing only the first run KAB = 0
can be used to show the effects of various sized bybpass valves. The
FNCTION BYPS is changed at the end of each run by the use of the OVERLAY

statement,a run being completed for each function used.

10,5 Model Outputs | .

Outputs from the dynamic sectionrof the model are obtained using the
CSMP PHEPLOT statement. This gives a print plot output from the line
printer of a specified variable and listings of 3 others together with
the appropriate TIME value. Use of the CSMP PREPAR ztatement transfers
specified variableé to a tape for sbbseéuent intgrpolétion by a graph

plotting programme,
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Outputs from the TERMINAL section such as accumilator pre-charge
pressures and pressure-volume characteristics are obtained with

Fortran WRITE and FORMAT statements.
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)-\ FPUMP FMOT ‘3.'{7 FBP QLFLIN
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» FPUMP Y Mot
I FIV? Line 2 Pressure P2
V .
FRV2 Fx2

Note - The direction of FBP & FLIN is dependent on the sign of (P1 - P2)

Flow into line -1 =

-

FD1 = FPUMP — FBP — FLIN ~ FX1 - FRV{ - FMOT + FIV4

Flow into line 2 =

FD2 = -FPUMP + FBEP + FLIN - FX2 -~ FRV2 + FMOT + FIV1

INTGRL (STY, FD1 x STF1)

I

P1

| & P2 = INTGRL (SP2, FD2 x STF2)

-

where STF{ & STF2 are stiffness-factors for lines 1 & 2
respectively, : '

Figure 10.3 Simplified haulage circuit diagram describing transmission

flow line equations.
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11 APPLICATION OF THE DYNAKIC IODIL, TO THE HAULAGE UNIT AND AB3ORBER

LOADIIIG SYSTIRI

11.1 Introduction

The primary application of the model is té assess the viability of
the use of accumulator banks with hydrostatic drives for chain elasticity
simulation, The structure of the model,fully described in Section 10,
allows the effects produced on the haulage unit by the chain system,to
be compared with those produced by the absorber loading system using various
accunulator pre—charge pressure setting procedures. Comparisons can also
be made to gshow the effects of the différing losses of the chain system
and the absorber. By performing multiple runs with slight alteration to
the model structurey,comparisons of the enérgy release gpeeds with varioug
by-pass valve sizes can be made.

| The outputs from the model are shown in graph plotted form. A
typical run from the model involving two runs through the Dynamic
. Bection produces three graphs. On the first run through the Dymamic
Section, simulating the release of energy produced b& the chain system,
data is prodused “cr *he first graph whizh showe the variation of
geveral syétem variables against time. The second run through the
Dynamic Section simulates the release of energy with the haulage unit
loaded by the absorber. For this a second graph similar to the first
is produced for comparison. Also during the second run,data is
collected for a third graph showing the absorber pressure against the
volume of fluid req;ired by the absofbéf. Two traces zare produced on
this graph, the first shows the pressure-volume relationship required
by the absorber to give a true simulatiog, calculated during the first
run through the Dynamic Section, and a second showingz the pressufe—

volume relationship produced by the accurulators as.calculated in the

Terminal Section of the model.
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Comparisons of releaée characteristics from differiné runs through
the Dynamic Section must be made from the time of by-pass operation
since the timefor operation can vary depending on aécumulator bank
characteristics. Any comparison of release displacements must also be
made from points §oincident on the two curves at by-pass operaiion.

The outputs have heen gxﬁrapolatcd to zero sprocket torque conditions,
eliminating the restrictions of the FINISH statement, to enable
comparisons of release times and displacements to be made.

11.2 Comparisons of Accumulator Pre—charge Pressure Setting Procedures

11.2.1) The Pressure Increment Method of Accumulator Pre-charge Pressure

Setting

The model was run with Terminal Section (1) described in Section 6.4.1.
This procedure takes the pressure-volume regquirements of the absorber loading
system, obtained during the first run throﬁgh the Dynamic Section when
the haulage is gssumed to be loaded by the chain sjstem, and using the

ﬂpressure increment- technique, sets the pre~charge pressures of a bank of
accumulators to give a similar characteristic.

The output from the model with chain loading is shown in Fig. 11,01,
sprocket displacement, angular velocity and torque are shown together with
hauvlage circuit pressure against time. Fig. 11.02 shows the zame
variables from the second run through the modely, where the haulaée wit is
assumed to be loa@ed with the absorber and accumulator bank. For
comp;rison,the angular velocity from Fig. 11.02 is also shown traced on

.to Fﬁg. 11.01., To assess the performance of the accumuwlator pre-charge
setting technique Fig. 11.03 shows the desired pressure-volume
characteristic together with the characteristic of the accumulator bank.

To achieve the simulation using the absorber and accumulator bank,.
Terminal Section (1) set accumulator pressures at 2.25, 2.25, 4.55, 4.89,
6.90 and 7.35 MPa. Although the procedure regquired that two accuulators
were set at the lowest pressure, producing a considerable loop in the low
pressufe part of the chdracteristic, the high pressurc_portion had a good

fit and reproduced the maximum rclease speced very accurately.



-T1 -

A comparison between the release displaccments produced,shows the
accumulator bank to give less displacement than the chain. This,
however, is mainly due to the method used to set the initial accumulator
pressure. In Terminal Section (1) the first accumulator pressure is set
to the lowest pressure in the array BPA, a value corresponding to the
absorber pressure at the end of the chain loaded run determined by the
FINISH statement. If the initial preséure had been set to correspond to
zero angular displacement as in Terminal Section (2) the release displacements
would have been more accurate.

The distribution of accumulator pre-charge pressures obtained in
this example is characteristic of this pré—charge pressure setting
technique. DIuring the development of this technique similar distributions
were obtained with several differing combinations of accumulator volume
and required pressure-volume characteristics. Variations of the
pressure increment KR can give quite different pre-charge pressure
distributions for the same required characteristic without noticeable
alteration to the overall characteristic. The technigque seldom sets
accumulator pressures with equal pre-charge pressure increment, When
successive accumu;aégrs are set wilh pre-charge pressures near togelher
this has the effect of forming larger loops in the accumulator hank
characterigtic tzking it away from the desired characteristic., These
loops are minimised if the accumulator pre-charge pressures are at_équal
increments, and are less obvious at higher pressures when more of the

accumilators in the bank are operative. If, however, the desired pressure-

volume characteristic was non-linearythe ideal accumulator pre-charge
pressures would move away from the egual incremenf values required to
reproduce the near linear characteristics obtained with chain elasticity
simulation. Although not showvn in this example the ﬁfessﬁre increment

technique does not need accumulators of equal volume.
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11.2.2) Ilnpirical Method of Accumulator Pre—charge Pressure Setting

Similar outputs to those described in Section 11.2.1 are shown in
Pig. 11.04 and 11.05 for the model run with Terminal Section (2),

described in Section 6.4.2.

Fig. 11.04 shows the absorber and accumulator bank to give a very
accurate reproduction of the release speed characteristic, To meet the
desired prgssure—volume characteristiq,Terminal Section (2) set
accumulator pre-charge pressures at 1.93, 2.49, 3.73, 4.98, 6.23 and T7.47 MPa,
With this method accumulators are set at equal pre-charge pressure increment,
apart from hetween the first two, this minimises the loops away from the
desired characteristic. In this example the degree of simulation could
have been improved, as will be seen from Fig. 11.05, by the introduction
of a further accumulator into the bank. A comparison between the chain

load and absorber load Fig. 11.04 shows Terminal Section (2) to give a

T

very accurate reproduction of release displacement. Thie i1s due to the
correct setting of the initial accumulator pre-charge pressure. Increase
in the initial pre-charge pressure away from the ideal, as in Terminal
Section (1), reduces the release displacement in comparison with the
true value obtained with the chain system. In practice, however, there
is often a need to keep the minimum pre-charge pressure to 20% of the
maximum absorber system pressure for satisfactory operation of the
accumilators.

It is interesting to note that though there are wide differences
between the pre-charge pressures required to produce the simulation as

calculated by Terminal Sections 1 and 2, very similar results are obtained.

11.2.3) Emirical FMethod of Accumulator Pre—charge Pressure Setting

without the use of Dymamically Determined Pressure-Volume Characteristics

For this run Terminal Sectioh (3) was used to set the accunulator
bank pre-charge pressures, this procedure does not take into account the

absorber leakage, as described in Scetion 6.4.3. A comparison between
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the outputs from the chain loaded syééém and the absorber loaded syétcm

is showm in PFig. 11.06. Here the technique is seenlto give a reasonable
maximum release speed reproduction but as the leakage.is not considered,

the error increases with displacement,due to the accumulator not being

able to supply sufficient fluid velume., A comparison of the release
displacements between the chain and absorber ioaded system shows the

leakage to account for about 15% of the total displacement., The ability

of the emp}ridal method of accumulator pre-charge determination to reproduce
linear pressure-volume characteristics with high.accuracy is also c¢learly

shown in Fig. 11.07.

11.3 Effects of Accumulators Charging and Discharging at Differing

- Polytropic Indices

Both the pressure increment methed of accumulator pre-chargs
determination and the empirical method,assume that the accumilators charge
an& discharge at the same polytropic index, The pressures are in fact‘
determined to give the desired characteristics when charging, calculations
iavolving discharging accumulators being of far greater complexity.

To show the errors likely within a practical situvation of charging
at n = 1.3 and discharging at n = 1,45, the model was run with Terminal
Sec£ﬁon 2 arranged to ﬁredict the pre-charge pressure assumihg the
accumulators charged at n = 1,3, To complete the second dynamic run with
the absorber loading, characteristics of the accurulator bank were used
assuming discharge at n = 1.45.

Output from the second dynamic run, absorber loading, is shown in
Fig. 11.08 together with a comparison of the rcelease speed from the first
dynamic run, chain loading. Again it is seen that the maximum release
speed is well reproduced with errors 6f around —-10% during the centre
section. The accumulator pressures are higher than actually required
for discharge at n = 1.45 giving an accumulator bank pressure-volume
. characteristic below that fequired, as seen on Fig. 11.09. This gives
a reduced rclease speed and a lower releasce displacement. Fig. 11.09 also

shows the expected accumulator discharge volume to be reduced by about 5%.
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The value of n = 1.3 and n = 1.45 drc within what would he cxpécted
- for accumulators charéing and discharging in this time peried, If,

? however, a charge period was followed by a period at constant pressure,
prior to discharge,values of charge index would approach isothermal
conditiong. This emphasiées that when uvsing these techniques for
pre~charge pressure selection, to obtain the most accurate results the
rig should be operated by immediately discharging the accumulator bank

after charging.

11.4 The Effects of Tripning Pressure Adjustment for Frictional Loss

Compensation helween Chain System and Absorber

As described in Section 3.2 the frictional losses in the chain system
are of a differing nature and value to those in hydrostatic absorbers.
This necessitates that an adjustment is required to the tripping pressure
when the haulage is loaded by the absorberyto give an equivalent torque

‘at the commencement of energy release as would be expected from the |
' correct tripping pressure with the chain system.

The previously described outputs from the model have been made
with this compensation in operation. To show its effects Fig. 11.10
shows an output from the model without this compensation. Here the
havlage is lcaded by tﬁe absorber without compensation with comparisons
from the chain loaded ocutput. This shows that without compensation the
absorber is wnable to reproduce thevcorrect maximum release speed. DTue
to the abeorber having lower frictional losses than the chain system,
- the absorber gives higher release speeds. Other system variables, such
as haulage pressure an’ sprocket torgque are also considerably higher than
reguired., Release displacement is increased by approximately 10%,

In the previous examples the norﬁal tripping pressure was cet at
8.62 MPa (1250 lb/inz) and the calculated compensated tripping pressure
7.82 MpPa {1130 1b/in2). This reduction in tripping pressure is due to

the absorber having less frictional losses than the chain system.

Ilowever, the absorber being usecd herc has a particularly high efficiency,
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compared with altcrna?ivc absorbers or an alternative gprocket confipgura—
tion, the variation in tripping pressures could well be reduccd or the
compensated tripping pressure could be higher than the original set value.

11.5 A Comnmarison between the Release Speeds for By-pass Valves with

Varying Restriction

In order to compare the energy release speeds for variocus by-pass

valves, én alteration was made to the structure of the model. This

allowed multiple ruﬁs through the Dynamic Section of fhe model, each run
being ﬁith the chain loading system only. |

The output Fig. 11.11 shows the energy release speecds for the original

by-pass valve spool and three spools with increasing flow restriction.

As would be expected the increasing restriction reduces the ﬁaﬁimum

release speeds and increases the time for energy release. The original
by-pass valve spool gives little restriction and allows the maximum release
aspeed to reach.twice the maximum forward speed. With this valve,if can

ﬁe seen thgt the haﬁiage still has rotatiénal speed with zero "
digplacement. In a practical situation; not shown by the model or the
experimental work with the absorber, this energy would cause a rapid
increase in the tension, T2, causing the chain to snatch dangerouély
and lurching of the machine. This effect can also be seen with the
hig@ér regiriction valves but is small in comparison and not likely
to have dangerous consequences. A complete elimination of this effect
is unlikely,due to the nature-of the sprocket torque-displacement
characteristics since torque exigts at zero displacement, as can be
gseen from the experimental results, Fig. 4.7.

11.6 Some General Observations on the Model and its Operation

As described in Section 10.4,the model is initialised with a
forward speed and an angular displacement to give a haulage pressure of
about 75% of the tripping value. A typical output Fig. 11.01 shows
angular digplacement increasing, so increasing sprocket torduc and haulage

pressure. During this period haulage speed slightly decreases due to
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increasing haulage'leakage with increasing pressure. When the pressure
reaches the tripping valueythe by—pgsé valve operates and the pump begins
tp reduce swash. This introduces a large transieant into the haulage
pressure line with an associated transient in the return line, not showm
on the plotted output. At this point the angular velocity begins 1o
reduce, lhen this passes through zero the sprocket torgue drops due to
the chain frictional losses acting in the opposite direction to sprocket
velocity and the angular displacement begins to reduce. The angular
velocity continues to increase in a negative direction until the pump
swash reaches.zero. This point représents the maximum release speed and
the flow conditions existing in the circuit produce a small increase

.in haulage pressure, From here the release speed is determined by

_the pressure-flow characteristics of the by-pass valve. The model

is halted at an asngular displacement just prior to zero TH = .11,

ﬁuring the development of this programme the model was run with only
one pressufe line and the pressure iﬁ this line was allowed to go
negative at the transient condition of by-pass operation. Here
satisfactory operation was obtained with a value of DELT the integration
interval of .005 seconds. When the second line was introduced ,together
with the function describiné the inlet valve flow, considerable
instabilities occurred needing a value of DELT % 001 sec. to produce
a stable solution. As the investigations of circuit transients and inlet
valve problems was not the object of this work,the programme was
modified to increase the system volume by a factor PAR if the pressﬁre
went below zero. This enabled the programme to operate at a value of
DELT = ,001 with PAR = 20.

The need for a reduced value of DELT,with the introductiog of the
second lineylies in the function describing the inlet valve flow.

This gives large flows for small values of inlet pressure., Conseguently

smaller values of DELT are required to give numerical stability. A
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further problem with the inlet valve function

gas initially written,was

that it failed to satisfy the transient flow conditions existing when the
by-pass valve was switched into circuit without the need for large
negative pressures. At this point flows are demanded through the valve
which are larger than the valves are capable of passing, indicating

that the fluid must cavitate. As this is outside the scope of this work,
. the funciion was modified to enable large flows to pass through the
valve into the circuif without the pressure falling'below vacuum
conditions. This allows the model to operate,but in practice the
condition represents cavitation at the inlet valve,

At the conception of this model it was decided to input the system
characteristics in graphical form and use the CSMP FUNCTION statements
to assess the data. Although this at first éeems to simplify the
problem, as coefficients do not have to be determined, several
pitfalls can arise. Instances in the development of the programme
occurred where the functions had to be specified outside the expected
range of operation. Although such values might not be needed as outputs,

the numerical techniques involvea‘in the CSMP system can calllon such

" "values 10 produce c¢onvergence, " Care must be taken in the choice of

eith:er linear (AFGEN) or Lagrange (NLFGEN) interpolation. If the
fimction represents continuous information and AFGIN is used, small
changes in slope can appear as transients in the system. If, however,
the desired function contains an abrupt discontinuity,NLFGEN cannot
represent it without distortion. In the model the inlet valve
characteristicydefined by IVC,contains both these situations and

it was necessary to0 combine both AFGIN and NLFGEN by the statement

FIV2 = IWSW (P2 1.8 E5) NLFGEN (IVC, P2), AFGEN (IVC, P2))
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12 A CONVERSATIONAL PROGRAMME I'OR SEITING THE PRE-CHARGE PRISSURES OIF A

BANK OF ACCULULATORS TO ENADLE A HYDROSTATIC POWER AﬁSORBER TO SIMULATE

CHAZN FLASTICITY TFFICTS O¥ POWER LOADER HAULAGE UNITS

This programme shown in Appendix II uses the IBM conversational
laiguage CP3 (Conversational Programming System), which accesses a
computer through a remote Teletype terminal.

The programme inputs data defining the face chain system, ie chain
type and cémpensator details; haulage details, ie sprocket geometry;
maximum torque level; and absorber oharacteristiés. Where possible comment
étatements are used %o give indications of tﬂe values of the input data
associated witﬁ thé main system components. In this way relevant
information can be stored in the programme with its input controlled by
the programme operator. |

The programme utilises the methods described in Section 3 to

Jcalculate the torque-displacement relationships produced by the éhain

on the haulage sprocket. Sprocket losses are caloulated as described in
Section 3.2 with the inteflink friction Coefficient taken as 0.5. The
absorber loss characteristics are described by a mechanical efficiency
and an absorber leakage factor. This 1eakage factor is derived from the
experimental work and is the ratio between the volume of fluid supplied
to the absorber and its displaced volume under conditions typical to
release of strain energy in power loader haulage units. This factor can
only be typical,since in practice it would vary with the rate of release
of strain energy.

The empirical method of setting accumulator pre-charge pressures,
as described in Section 6.3 is used with a value of polytropic index
teken at 1.45.

When operating the programmeyinitial concern should be with
obtaining a satisfactory chain system, if necessary several attempts

should be made to achieve a chain pre-tension of arownd 50 kN (5 tonc).
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The programme gives several choices of compenéator units and also a
facility for the introduction of siack chain,if the available compression
from any compensator is not sufficient to give a reasonable value of
pre-tension,

An indication of the amount of adjustment regquired to compensate
for the differing frictioﬁal losses betweeﬁ the chain drive system and
the absorber is given by (pchpr),the percenfage haulage pressure
reduction. Any hauwlage boost pressure is not included in this
reduction, ie pchpr operates only on theidifference between the
tripping pressﬁre and boost pressure. Under conditions where the
absorber losses are greater than the chain system losses,it is possible
that pchpr could be above.100%,needing an increase in haulage tripping
pressure for compensation.

After the éhain s&stem details have been finalised the programme
gives a choice of accumulator size. All the accumilators in the bhank
are required to be of equal volume. To achieve a satisfact;ry
gimlation a minimmm of four accumuwlabtors will be regquired., If the
programme indicates either too few or too many\accumulators are
-reqﬁifed %o ;6+e£.£hé ﬁ;eESure'r;né;.éf.fhé ébsorber, élferhative
accumulator volumes can be tried. If a satisfactory simulation canwiot
be achieved with.the accumulators available,either they can be used in
combinations and treated as single accumulators with the same pre-charge
pressures,or the type of absorber can he changed. Some adjustment can
also be achieved by alteration of Pa(1)‘the lowest pre-charge pressure.
Although this will move the displacement achieved with the simulatién
(accrot) away from the required displacement (rot),it might be
preferable to chaiging the accumulators or absorber available for use.
Adjustment of Pa(1) might also be required,if this is below that
recommended by the manufacturers taking into account the maximum

absorber pressures.
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The programme outputs the recommended pre~charge pressures for the
accumulator bank,together with a list of input data and other parameters

calculated during the execution.
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13 A DYNAMTIC MODIL O A MFCHANICAL HAULAGE UNIT ™

*

13.1 Descrinption

A CSIP model of a simple méchanical haulage wnit is shown in
Appendix III. The.model includes the effects of hauwlage inertia, viscous
damping and the breking torque used to reduée the energy release spceds
of mechanical_ haulage units.

The haulage sprockel forque TM is calculated from the sprocket—torgue

relationshipsdefined by the CSIP FUNCTION statements DIIN and DIIG,

dependent on the direction of the sprocket rotation THD, ie whether

~ the haulage unit is driving or is being driven by the chain system. An

INSW statement ensures that the frictional braking torgue RT acts against
the direction of rotation. A viscous damping force VIR acts in the
opposite direction to Sproéket rotation. This force is estimated by
assuming the unit to take 500 N m (370 1b £t) %orque at the sprocket,
to drive the haulége wiit in reverse direction at a speed equal to the
max forward speed., Two CSIMP INTGRL statements define in turn the angular
velocity and displacement from the angular acceleration,which is
obtained from the system torgue balance divided by inertia.

| > The initial conditions for the programme assume the hauwlage to be
stalled in cut and to have the drive interrupted at the sproéket torgque
TTRIP whilst driving at a forward speed FS*FRAC, A CSMP FINISH statement
stops the run if either the release speed or the angular displacemeﬁt
approaches iéro. Outputs of the main system variables are obiained using
the CSMP PRINT statement and the data reguired for a plotting programme
ig obtained with the PREPARE statement. Multiple runs can be obtained by
use of either succezsive END cards or-the multiple PARALIETER statemcnt.

Outputs from the model are shown in Figs. 13.1 a2d 13.2. The effects

of variation of BT, broking torque,on the energy release speeds is shown
iﬁ Fig., 13.1 together with and without viscous damping. Fig. 13.2 shows

the effects of variation of haulage inertia on releasc spceds.
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13.2 Observations on the Outputs of the Mechanical Haulage HModel

Fxisting mechanical haulage wnits have only one device, the parking
brake, with.which the rate of release of energy from the chain system can
be conirolled, Although in practiceythe setting of this brake would be

determined by other factors, such as the incline of the face (the parking

’
brake has to be set high encugh to stop the machine sliding down the face
‘under its own weight) and the maximum level of tension difference allowable
across the haulage\ﬁnit under-equilibrium conditions with the machine
stalled into cut.

The effect of variation of parking brake settings on energy release
speeds with constant haulage inertia is shown in Fig. 13.1. The levels
of parking brake torgue are seen to be high in comparison with the maximum
driving torque. A parking brake torque of 10 000 N m (7 380 1b ft) with a
tripping torque of 26 500 N m (19 500 1b £t) gives 2 maximum release
speed 2.7 times the maximum forward speed. With such a parking brake
setting,a residual force of approximately 30% of the maximum value could
be left across the haulage unit if it was stalled in cut. An important
observation from these results is that it is possible to still have
haulgge rofaiion, hence kinetic energy, with zero displacement. In a
pfac;ical situation, not sﬁown in the model, this energy would cause a
rapid increase in the tension T2 causing the chain to snatch dangercusly
and lurching of the machine, |

The'estiﬁated level of viscous damping is assumed to exist in the
hamlage unit without special provision. Inmping is shown in Fig., 13.1.
to have considerable effect on the maximﬁm release speeds indicating
that some specially designed viscous damping device would be useful for
control of energy releaselspeeds.

The use of haulage inertia as a means of controlling energy release

speeds can be seen from Fig. 13.2. Here a typical haulage inertia is

considered io be 4700 kg m2. Large increase in inertia can te obtained,
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however, with 1ittie additional mass aué to the large reduction ratios of
haulage gearboxes.

Although this model is not meant to show a particular haulage unit
with accurate parameter values, it does show the effects of parameter
variation and indicate what is required to improve the energy release
characteristics of mechanical haulage units. Considerably more

sophistication could be introduced into the modelywith little effortysuch
as the reaction times of the iarking brzke and any non-linear

experimentally derived frictional and damping effects.
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14 CONCLUSIONS

14.1 Chain System

The sprocket torque-chain extension relationship,for a given
haunlage uait,is made variable by the conditiozs and associated machinery
existing on the coal face where the uwnit is t? be used. In particular,the
total extension and the pre-tension produced by the haulage unié,on a
face installationycan vary with the type of chain tensioners used and
the set up conditions.

Sprocket losses need to be included in the prediction'of spropket
torque-displacement relationships. Accurate values ho@ever, are not
available and are subject to sprocket and chain wear conditions and the
presencé or lack of materials acting as lubricants on the coﬂtabting
surfaceé. 1 |

The tests in which the haulage waé loaded with the chain systemyshowed
_ the most dangerous aspect of excessive release speéds to occur when the ‘
extended chain has moved through the haulage unit, Here the sprocket
drive still hasz rotétion. The énergy contained is dissipated by a
sudden inqrease in the tension T2yproducing a reverse %orce on the
haulage uv1it. This causes whipping of the slack side chain and lurchiﬁg
of the machine out of cut. - Although neither the absorber tests or the
CSMP model reproduce this effect,their results do show the haulage w1t
to have speed at zero digplacement after energy release., This effect
is particularly dangerous where chain systems have 5een set up to
include slack chain in the T2 side under maximum extension conditions,

a common procedure for both compensated and solid aichorage installations.

14.2 Absorber Type

Both the Hagglunds 6185 and the Staffa B270H hydrostatic motors are
suitable for chain elasticity simulation. The Staffa B270H has lower
leakage effects and an efficiency nearer that of thé chain system than
the Hagglunds 6185. Wnen the Staffa B27TO0H is used in conjunction with

a 4/1 speed increasing gearbox it has a similar capacity to the Hagglu.ds

6185.



-85 -

14,3 Accumulator Performance

Accumulators charge and discharge under polytropic conditions when
operated at rates corresponding to those found in chain elasticity
simdation. Their characteristics can be défined by PV? = C with values
of n between 1.3 and 1.45. A knowledge of the correct initial gas volume
is essential to the accurate prediction of their pressure-volume ‘

characteristics.

14.4 Accumalator Bank Pre—bharge Pregsure Setting Procedures

The empirical method of accumulator pre—-charge pressure setting
gives good results and is very easy to useyrequiring only a simple
algebraic expression. If the preésure—volume characteristics is no:i~-
linear the empirical methed is unsuitabie_and the pressure increment
technique should be used. This does however, involve computer
calculations and can give less accurate results than the empirical method
when used for linear characteristics.,

Although both these procedures assume accumulators to charge and
discharge at the same polytropic index,the CSMP model shows that this
agssumption not to introduce uwnreasonable errors with the differing

values of the index likely to be found in chain elasticity simulation.

14.5 The CSMP Model

CSMP provides a facility whereby engineers can quickly construct
models of dynamic systems from block diagrams without an exténsiv97
kiowledge of computer languages or numerical technigques. Non-linearities
and time variant problems, common in hydraulic systemsyare easily
included into models by use of an extensive library of éub-programmes.
Outputs from 2 model in either tabular, print-plotied or X - Y graph
plotted form can be obtained by use of single word CSMP statements,

The model described in this work shows the_fléxi%ility in operation
of CSMP that can be introduced by use of the Terminal.Séction and the
re-rut facility. Here the Terminal Section ié used to process data,

produced by the first run,through the Dynamic Section of the model and
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éreate new data,wﬁ{ch is used in a gecond run through the Dynamic Section
in which the structure of the ﬁodel ié also altered, Essentially two
quels are run in series the figst producing data for the second, CéHP
however, has one inherent disadvantage when applied to hydraulic systems,
fluid in a given volume is usually dgtermined by integration of the
product of a flow rate and a fluid stiffness facto?. Since the volumes
are usually small and the stiffness factors high, being dependent on
bulk modulus, this technique necessitates the use of extremely small
time intervals,if the numerical integration methods employed for
solutions are to remain stable. High computer run times resuit if models
of hydraulic systems simulation, involving this method of pressure
.determination, are used for purposes other than invesgigationé of
transient behaviour.

The numerical simulation approach to the problem of chain elasticity
effects proved to have benefits beyond the mere production of theoretical
" results. Construction of a model demands a detailed examination of the
system to enable mathematical expressions and hence CSMP statements to
be written. This discipline yields a greater understanding of the system
even before the programme has been put into operation. Data can be
retrieved from medels which would be difficult to obtain experimentally,
due either to problems of iﬁstrumentation or complex modes of operation.

No direct comparisons can be drawn between the model and the
experimental work due to irregularities in the operation of the haulage
unit. This, however, shows the true usé of the model, comparisons are
not possible unless operating conditions can be kept constant as is
the case with the model.

Although not constructed for this purpose the model shows a failure
of the hydrostatic transmission inlet valves to deal with preséure transients

without cavitation. A more detailed description of the circuit would -

yield further information in this interesting field.
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14.6 Curve Follower and Accumulator Simulation Techniques

The curve follower technique can ve used to gi&e chain clasticity
simalation, but an additional power input is required into the absorber
system and complex instrumentation is needed for control. Tﬁe
accumilator system is easy to use and once the pre~charge pressures
have been set reguires no further attention. It is cépable of operating
from any load condition and is ideal for use in life testingkprocedures
simulatina working conditions.

For precise representation of a given system the curve foliower
technique can automatically compensate for the différing efficiencies of
~the chain ard sbsorber, whereas for the accumulator techniqué, ad justment
is required to the haulage tripping pressure. The effects of differing
efficiencies however, are not excessive and correct selection of the
5bsorber type can reduce the compensafion required.

The conversational programme, developed for accumulator pre-charge
‘pressure setting, provides a rapid method of‘both détermining an
appropriate chain system for a given haulage unit and selecting a
compatible absorber and accumulator bank. MNost of the data relevant to
the problem is stored in the programme for selection by the operator to
give optimum performance, '

14.7 Mechanical Haulage Unit

The CSMP model of a mechanical haulage uwnit suggests that some
form of rotational viscous damper, in addition to a frictional parking
brake, would significantly improve the control of release of energy from
the chain, In a practical situation this would imply incorporating a
fluid “amping device in the sprocket drive.

14.8 Further use of Hydrostatic Power Absorbers for Chain Flasticity
Simulation

Testiﬁg facilities for power loader haulage units are used by three
organisations, MRDE, NCB Central Workshops and power loader manufacturers,

Some installations utilise dynamometers unable to reproduce chain
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elasticity effects., Where hydrostatic.péwer absorbers are in ﬁse and
chain elasticity simuiation is required, it is unlikely that users
outside MRDE will have sufficient facilities Yo accuratcly measure the
degree of simulation being achieved. In most cases it will be sufficient
if the loading device possesses an amount of stiffness which can be
expressed in terms of sprocket rotation. If this is the case, an
accunmulator pre—-charge setting procedure should be adopted whereby the
available ‘accumnlators are set with equal pressure increment between the |
maximum absorber pressure and the boost pressure., The maximum and
minimum p?eucharge pressures should he one pfessure increment above and
below the boost pressure and the maximum absorber pressure, eg if four
accumulators are available, the maximum absorber pfessure ié 14.5 MPa
(2100 1b/in2) and the boost pressure .69 MPa (100 1b/in2) pre~charge
pressures should be set at 2.75 MPa (400 lb/inz) increments giving |
3.44 MPa (500 1b/in®), 6.2 MPa (900 1b/in°), 8.96 MPa (1300 lb/in2) and
1.7 MPa (1700 1b/in®). A trial and error method should then be
adopted, adjusting the number of accumulators until the amount of reverse
rotation is correct., This will involve re-adjustment of the pre-charge
pressures. If the accumulators are of-equal'volume and there are at
least four accumulators in the bank a reasonably linear chain elasticity
simulation will be produced,. The characteristic will be similar to that
achieved with the empirical method which also uses fixed incremenis
between pre-charge pressures. This procedure although cumbersome
requires no calculations, is easily understood by workshop personnecl and
is suitable for such work as fﬁnctional checks on re-conditioned haulage
units.

Where a more accurate simulation is required to assess release
speeds for compliance with regulations recourse should be made to the
accumilator pre-charge setting technique as described in the

conversational computer programme.
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15  RECOMMENDATIONS

At the present time, no guide has bheen given by the NCB on the
maximum allowable level of energy release speeds from power loader
haulage units. As a results of this work it is suggested that a
reasonable specification would be to 1limit the maximum release speed to
the maximum forward speed of the haulage unit. Aé no definite release
displacement can be stated for any haulage type and since conditions
can arise where chain is pulled through the haulage unit by factors
other than elasticity, it is also suggested that the unit be capable of
continuous reverse operation with the sprocket driven at a torgue
‘corresponding to the maximum forward value for periods of say one minute,
without the reverse speed increasing beyohd the m%ximum forward speed.

Further experimental ané theoretical work should be carried out on
mechanical haulage units, to determine.their ability to deal with the
release of energj from the cahin system in a safe manner. Particular

attention should be paid to restricting both the maximum release speed

and the speed at the point where all the extended chain has moved

through the sprocket system.



APPENDIX I

A CSMP Model of a Power Loader Haulage
Unit with Chain and Absorber Loading



BEBRCONT INUOUS SYSTEM MODELING PROGRAMM#4s
#RFRORORLEM INPUT STATEMEMTSH=2

TITLE B.J.0e B14 RUNBACK SIMULATION USING HAGGLUNDS 6185 MOTOR

CINITIAL : :

"METHOD RKSFX .

CONSTANT HU=4T00,9AU0=61.29HRATIO=215,+DM=1,641E-54DA=2,5GF~3

COMSTANT BM=hoaMIEBIVP =] H3E~4

INCON KHMC=0+KH=0+«LS=0sLP=0+VYTT=0.0

PARAMETER KAB=0sTRP=0+TRP1=0+L.SWICH=0+STT=1,5+sKSTOP=0

PARAMETER FMAX=2,576FE=3+TRIP=8.62E64SPJ=0.01

FUNCTION RV=040904098483E650.098.96E633.78F~4+9.65FE623,03E=3

FUNCTION SWASH=z0.040475914090.0930.040,0

FUNCTION XLEAK=0,0904091.38E791.51E-4 Ao, .

FUMCTION JLEAK=0.0+0e091.38E791.51F-4 $*A*“Q gv&iﬂh\ \ﬁégvhkk

FUNCTION DTDG=0.96.4E3+4,494 ,E4 ok

FUNCTION TDDG=6.4E350es4.Ebeb 4 e = 0.0

FUNCTTON DTDN=0,92.7E3+5.2+4 .54 —

FUNCTTON TODN=P.TE390404.F40547

FUNCTION TPHM==4 ,Ebo~1 FT790,9.7EGs4F4e1.31E7

FUNCTION PTHM==1,ET79=4.E4947E690e9)oa31E7v4.E4

FUNCTION TPHP==4¢E49=14FE790090.04eE439,7E6

FUNCTION PTHP=-1,E75=4.F490.40,+9.7Ebe4,E4

FUNCTION VIC=0.0+0.091.13F01s1.,03E09

FUMCTION IVC==14F991421E~39=1,E7s101%E~39-1.E631.17E~39=1.5E5 ,
1o15E=30=144E5914145E~34-143E591.12E~3y=1,1ESy),04E=35=.9ES,
«9F=39m AESy 4B2E~310.090.0s1.E990,0

FUNCTION BYPS= .0 + o0 s «3E6¢ J20E-3s ,5E6s 30E-3,

: oo o TEEs 40E=3a ¢1ETs BPE=331.,5F6s ,T77E-3,

W2ETs «90E=342.5E601,06E=30 ,3E7»1.20E=30

W 4ET91044E-3y 56T 41 .66E=3y 6ET91.86E-3,

e TET92.04E~39 JBETs2,20F=3y ,9ET+2.34E=30
1e0ET79244BE-39141E792.60E~351.2E732.72E~3y
1e3E742.82E~342.0E793.56E~3 '

FUNCTION TPAM=-4,0€43-1,5E720.0+8.95(6+33400.9+13.8E6

FUNCTION TPAP=-4,0F49=1.6E7+0.005.51F5436500.913.8E6

FUNCTION PTAMS=] SE79=4.E438,95E5+0.+13.58E6+33400,

FUNCTION PTAP==]1 4 6ET79=4.64¢5,51E5904913e8E6436500. .

FUNCTION ALEAK=0.0404012.41E6275.BE=6+5,3TE691.51E-499,86E692.27C =4
1.35E7+3,03€~4

k-]

STORAGE AV (300) +AP(300)+AL(300) _

TABLE AV(1=300)=300%0,0+AP(1=300)=300%0,0+AL(1-300)=300%0.0

FIXED INgKPAsTW e TZoKRaKPX oKPMAX s KP o LSyLSiHsLP s LSWICH

FIXED KaJsKHsKHMAXaKHCaKABs TAeKPMIN _

STORAGE RVOL(500)sRPA(S00) sKPA{11)sVA(LIYI)»VT(11) -

TABLE BVOL(1-500)=500%#0,0+8PA(1-500)=500%0,0sKPA(1=11)=21%0,0,
VA(L=11)=11%3,4413E~3.VT(]1=11)=11#0.0 :

PARAMETER IN=6.POWC=1,45+POWE=1,45+KR=100000+KPMAX=15000000

PCOMP=AFGEN(TPHM s AFGEN (PTAP s AFGEN (TPAM 4 AFGEN(DTDNyAFGEN(TODG
AFGEMIRPTHMSTRIP)I) I

STF=aM/yp .
VFAC=29.0/38,0 m g-n-k-o-\ im\.»ka ka&a.
NDH=HRATIO#DM

SPOS=AFGFNISWASH0,0) Gauk. M d-cr\\A-knm\Q %p{

STX=AFGEM(DTNG+STT)

STA=AFGEN(TPAP ¢STX} MaL. WA bw A&kklbv\

STY=AFGEM(TPHM«STX)
STZ=AFGEN (XLEAKSTY) #2,0
SP2=AFGEM(VICYSTZ)
STH=(SPOSHFMAX=STZ) /UK




DYNAMIC

Lo

FKARB=KAR-0.5

¥

PROCENURE FloeTRAP1+FPUMP+FBP=FT(Pl+LSWICHsPCOMPsAPDF +SPDF}
#

# PROCENURE FOW PRESSURE SWITCHED VARIARLES

&

IFIKARENL1)TRIP=PCOMP
IF(TIMELLT.0.1)LSWICH=0 'b‘/dkn\r_ -&.ﬁ-«.“m \_u.r&ox\-n-\ .$<
IF(P1.GE,TRIPILSWICH=1

IF(LSWICH.GT.0)GD TO 32 cada hﬂv&- ALIL A, DET

FAP=0.0 4
TBP=TIME Bl TS ACdeenk

FPUMP=FMAX#SP0S acaab:
GoTO 33 j X”A

32 FBP=NLFGEN(BYPSsAPDF)*SPDF*VFAC
LS¥ICH=1
TRP1=TIME-THP
FPUMP=FMAX#AFGEN (SWASH THBP1}
33 CONTINUE
ENDPRO
*

PROCEDURE RPA+RPL=ACH({RVMsLSM)
4

# LINEAR INTERDOLATION OF ACCUMULATOR CHARACTERISTIC ARRAYS AP<AL AV
e

IF(FKAB.GT.0.0) GO To 75 %@JKE Jonionr swaile
Qpl-=000 .
kRPa=0.0 &0\"(-?'0«\ Q‘Tlx-u& Atuk!-»bw'ﬂb ’Cb
60 TO 26 . R

75 50 2 J=l.l5M ' . Q*Q- M_m IOt m‘(m
IF(AVIJ)=RYM) 39445

5 IF(J.EQ.1IG0 TO 4
RPAZAP{J=1)+ (PRVM=AV (J=]1) ) ® (AP (J) 4P (U~ 1))/(AV(J)—AV(J 1))
- GO TG 6
4 RPA=AP(J)
GO TO 6
3 CONTINUE
2 CONTINUE
6 CONTINUE
NO 22 J=1sL5SH
IF (AL ()Y =RYM) 23424425
29 IF(JLER.1)IG0 TO 24

RPLZAP (J=1)+ (RVM=AL (J=1) }# (AP (J) =AP(J=1)) /(AL (J)~AL (J~1})

GO TO 26
24 RPL=AP (J) esMl StKsmmis -
G0 TO 26 :
23 CONTIMNUE ‘ -«ﬁ-ﬁ-«k .\W
22 CONTINUE . _ . .
26 CONTINUE AdéiMjs
ENDPSO ' !

i

# PAULAGE TRANSMISSION FLOA EQUATIONS

2
FD1=FPUMP=F3P-FLIN=FX1=-FRVI+FIV1-THD#DH
FOR=~FPUMP+FRP+FLIN=~FX2=FRV2+THD#DH+FIV2
FRVI=AFGEN(RYVsP1)
FRUZSAFGFN(RV.P2)
Fx1=aFGEM(XLERAKsPL)
Fx2=AFGER(XLEAKsP2)
FIVPSIMSUH (P24 ,BESsNLFGEN(IVCIP2) +AFGENTIIVCsP2))
FIvVvi=InNGu(Pl+, 8E59”LFGEN(IVC*PI}’AFGEN(IVCQPl))
FLIN=AFGFNITLEAK+APDF ) #SPDF
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POF=P1-P2

APDF=28S (PDF)
SPNF=SIGMH(1.0PDF)
Pl=INTGRLI(STY«FD1%STF])
P2=INTGRL(SP2+F2%STF?)
STFI=INSW(Pl.STF/PARSTF)
STF2=INSW({PZ2+STF/PARSTF)

CKET MOTION EQUATIONS

# HAULAGE TRAMSMISSION PRESSURE EQUATIONS

TM=INSH (THD s AFGEN(PTHP+APDF) « AFGEN(PTHMs APDF) ) #SPDF
TH2D=INSW (FKABs {TM=TCH) /HUs (TM=TCH)} / (HJ+AJ) )

THD=INTGRL (STHsTHZD)
TH=INTGRL (STT»THD)

N L0aAD

TCH= INSN(FKAP;INSW(THD&AFGEN(DTDMqTH)9AFGEN(DTDG’TH))QINSW(THD

s AFGEN{PTAMIRPA) +AFGEN(PTAPsRPA)) )

ABSORBER LOAD FROM ACCUMULATOR CHARACTERISTICS

TA=INSW (FKAB+TCH+AJ®*THZD+0,0)

PA=IMSH (FKAB ¢ INSW (THD o AFGEN (TPAMYTA) s AFGEM(TPAPsTA} ) +0,.0)
AVOL=INSW (FKAB e INTGRL (04 0e THD®DA~AFGEN (ALEAKSPA) Y 50,0}
RYM=INSW(FKAS, 0. OaINTCRL(STBqDA*THD AFGEN(ALEAKSRPA) )}

RLL=INSW(FKAB.D.0+RPL)

CONTINUE
IF(KABLEN.LIIGD TO 40
IF(TEP1..T.2.5)60 TO 40

¥ NMOSQRT SECTION T0O SET BVOL AND BPA ARRAYS TO DESCRIBE THE REQUIRED
# PRESSURE=VOLUME CHARACTERISTIC
#

IF(LSWICHWEQQoANDTHP12LT 2.0 ANDKEERPLEQ.0)1GO TO 40

KH=KH+1
IF(KH.EQ,100)G0 TO 4)
GG TO 40

KHC=KHC+}

KH=0

BVOL (KHC)=AVOL
HPA(KHC) =PA

KHMAX=KHC

CONTINUE

TERMINMAL

#
TERM

ok & &

B o %

ACCUMULATORS SET USING

InNAL SECTION (2)

QO&&@S BmJﬂb« RN 5~J¢
e conl Alemsds ey
oxt mok actad |

NDETERMINATION OF THE REQUIRED PRESSUQE VOLUME CHARACTERISTIC BY
LINE

ARTISING DATA IN BVOL AND BPA ARRAYS

IF(KAB.NELD)GBO TOo 15

IMPERICAL METHOD.

INVERSTON. EXTFNSION aND IMITIALISATIONM OF BVOL AND BPA ARRAYS -

RVMAX—HVGL{KHMAX)
DN 42 Jd=]1s+KHMAX

TRUAAL Bokion  horformed by

K=KHMAX = 14 ] ok Re Sudh c“&u, b?ﬁe\\“‘\\c Pt

DYV=dVOL (J)

*
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£

DXV=BVOL (K)

DYP=8PA (1)

DXP=8PA ()

BRVOL (J) =DXV

BVOL (K)=DhYV

BPA(J) =DxP

BPA(K)=DYP

K=1 ‘

IF (J+JeEQaKHMAX QR J+ 4K, FQ KHMAX) GO TO 46

42 CONTINUE

46 CONTINUE

DO 57 J=1eKHMAX
S7 BVOL (J)=BVOL (J)-8V™AX
- BVOL (KHMAX+1)=(2000.268G94~ BPA(I))*(BVOL(KHMAX)-BVOLKI))/

(BPA(KHMAX)Y=RPA (1))
BPA(KHMAX+1)}=2000.%6594 .
KHMAX=KHMAX +]
WRITE(3+311)

311 FORMAT(//20X«'ELEMENTS OF ARRAY BVOL'/)
WRITE(39303) (RVOL (J)eJ= 1+KHMAX)
WRITE(3+310)

310 FORMAT (//20Xs'ELEMENTS OF ARRAY BPA '/)
WPITE(39303)(BPA(J)adzlsKHMAX)

' L ]

DETERMINATION OF THE PEOUIPED PRESSURE VOLUME CHARACTERISTICS FROM
THE CHAIN AND ABSORAER CHARACTERISTICS

KPA(L) =AFGEN(TPAMs AFGEN(DTONS O, 0))
KPAYI=KPA (1)

AB=KPA]
PATR=AFGFN(TPAP+AFGEN(PTHMsPCOMP))
RBV=AFGEN (TDNGAFGEN(PTHMTRIP) Y #DA®AFAC

ACCUMULLATOR PRE~CHARGE PRESSURE SETTING USING IMPERICAL METHOD

USE OF THIS STATEMENT FOR .USL COMVERTS TERMINAL SECTION 2 TO TERMINA
SECTION 3

ACCUMULATORS SET USING IMPERICAL METHOD. REQUIRED PRESSURE VOLUME
CHARATERISTIC FOUND FrOM STATIC CHAIN AND ABSORBER CHARATERISTICS

USL= (PATR=KPA (1)) #VA (1) /RBV/KPA(L)

USL=(BPA(KHMAX=10}=BPA(1})/ (BVOL (KHMAX=10) BVOL(I))*VA(I)/KPA(l)
YI=a36=e2%POUWC+(4549~,1254P0UC) #USL .
EPOW=1.0/POWE
CPOW=1.0/P0OWC
DO 54 J=2.1IN
KPA(J) =JunYI®AR
54 CONTINUE

ADDTITION OF INDIVIDUAL ACCUMULATORS TO FIND COMBINED CHARACTERISTIC

VIT=IN#VAa(l)
AD=KPMAX
VIA=0.0
AE=PATR+1,0E-9
DO 20 J=1e1IN
AA=KPA (J) ‘
VT (DY =VALJY®(AAZAE ) ®#CPOW
VTA=VTA+VA (D)
20 CONTINMUE
K=0
KPMIN=AR



28

.

*

FOR

29

¥

10

[l I

317

315

312
313

316

318

15
306
303
308

+*
*
++

TIMER

CWRITE(3+314) | | @Ak.\.m %o..\
FORMAT (/720X + TELEMENTS OF ARRAY AP  t/)

DO 29 KP=KPMIN+sKPMAX oKR
AC=KP

Vv=0,0

DO 24 J=1+1IN

VJd=VT (J) #(AE/AC) ##EPOW
IF(VJGELVALI)IVI=VALT)
VV=vVv+Vvd

CONTINUE

# SETTING OF ACCUMULATOR CHARACTERISTIC DESCRIBING ARRAYS AVsAP.AL

USE IN SECOND RUN . ;

LS=LS+1 :

AV(LS)=VIT=VV

AP (LS) =KP

AL(LS)=(KP-KPA(1)+1,E- 9)/USL/KPA(1}“VA(1)
LSM=LS

CONTINUE

DETERMINATION OF INIFIAL VOLUME FOR SECONh RUN

DO 7 J=1,L5M
IF(AP(J)=5TA)B99410
IF(J«sEQR1IGO TO 9
STR=AV(J-1)+(STA=-AP (U=1)) = (AV(J)=AV(J=1) )}/ (AP (J)) - AP(J 1))
GO0 TO 11

STR=AV (J)

GO TO 11

CONTINUE

CONTINUE

CONTINUE
STB8=STH+1.0E=-9

WRITE(3+317)
FORMAT {/ /20X s *ACCUMULATOR VOLUME ARRAY /)
WRITE(3+303) (VA(JYsJ=1e1IN)

WRITE(3,315) , :

FORMAT (/720X+ ' ACCUMULATOR CHARGE PRESSURES ARRAY KPA'/)
WRITE (393059) (KPA(J) sJ=141IN)

WRITE (35303) (AP(J) sJ=1sLSM) . e EK'(.:Q..\
WRITE (3+312)

FORMAT (//20X+ "ELEMENTS OF ARRAY AV /)
WRITE(3+303) (AV(J) 9 J=19L5M)}

WRITE(3+313)

FORMAT (/ /20X YELEMENTS OF ARRAY AL /)
WRITE(3,303) (AL{J) s U=1slLSM)

WRITE(3.3161PCOMP

FORMAT (//2X9 1 COMPENSATED HAULAGE TRIPPING PRESSURE PCOMP“';IF]I.]
CHWRITE(3+4318)YI]

FORMAT (//2Xs 1 ACCUMULATOR INCREMENT FACTOR YI='s1F11.4)
CONTIMNUE

FORMAT(10F11.3)

FORMAT (10110) ; wﬂ‘»\k '{Jm»\»}

OUTPUT RNUTINE

FINTIM=15.0¢DELT=0001«0OUTDEL=0,3«PRDEL=0.3

FINISH TH=.11
PRTPLOT THOD(THWATHZDsFBP) s P1(TMs TCHeFPUMPY »PA(AVOL s TA)

LABEL
END

HAULAGE LOADED «ITH CHAIN



RESET : :
LAREL HAULAGE LQADED WITH HYDROSTATIC ABSORBER AND ACCUMULATOR BAN
FINISH TH=41lsRVM=0,0 '

TIMER FINTIM=15.0sDFELT=04001+0UTDEL=0,3+sPRDEL=0.3

PRTPLOT THO(THJTHZD«FBPY sP1(TMeTCHaFPUMP) sRPA(RVMeRLL)

PARAMETER KAH=1+TRP=0sTRP1=0sLSWICH=04KSTOP=0

END

STOP
QUTPUT VARTARBLF SFQUENCE ' _
PCOMP  STF VFAC STX STA STY STZ SP2 DH SPOS
STH STF1 FIvl FRy1 FX1 POF SPDF APDF FLIN FBP
FPUMP TRPI1 F1 FD1 ZZ0010 P1 STF2 FIve FRVZ Fx2
FD2 = 7220012 P2 = FKaB RVM RPL RPA . TCH ™ TH2D
THD TH TA PA ZZ0OO17 220015 ZZ0019 ZZ0018 AVOL RLL
Z70020 KH KHC KH KHMAX ZZ0021 BVYMAX K DYV DXV
DYP "DXP K KHMAX KPA] AB PATR RBYV UsL YI
EPOW CPOW VTT AD VTA AE © AA .. VTA K  KPMIN
AC AURS vJ N A LS L SM STH STR ST8

PARAMETERS NOT INPUT OR OUTPUTS NOT AVAILABLE TO SORT SECTION®#®#SET TO ZERQO®#
LSM 578, J -KP

OUTPUTS INPUTS  PARAMS INTEGS + MEM BLKS FORTRAN DATA €DS
94(500) 191(1400) 56(400) 6+ 0= 6(300) 196(600) 53

ENDJOR
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TERMINAL SECTION (1)

ACCUMULATORS SFET USING PRESSURE INCREMEMT METHND. REFAUIRED PRESSURE
VOLUME CHARACTERISTIC FOUND FROM RUN 1}

IF{KAB.NFE.0)GO TO 122

INVERSTON EXTENSION AND INITIALISATION OF BVOL AND RPA ARRAYS

RVMAX=BVOL (KHMAX)
DO 42 J=1+KHMAX
K=KHMAX=J+1
NYV=BVOL (J)
NXV=BVOL (K}

DYP=BPA (.}

Whos ToRMNRL dsion
vasd e B \Luszfe@mdm_
.A;...\A-N 2L 8%,

DXP=RPA (K)
RVOL (J) =NXV
RVOL (K) =DYV
RPA (J)=DXP
RPA (K)=DYP
K=l

TF(J+JeEQoKHMAX e 0Q,.J+J+ K EQ4KHMAXIGO TO 46

42 CONTIMUE
46 CONTINUE
PN 57 J=1+KHMAX
ST RVOL (J) =8VOL {(J) «BYMAX

RVOL (KHMAX+1)=(2000.%6894~ RPA(I)I*(BVOL(KHMAX)-RVOL(I))/ e

(APA (KHMAX) =BPA (1))
RPA(KHMAX+1)=2000,%6894
KHMAX=KHMAX +1 :
WRITE (3+4311)

311 FORMAT(//720X+'ELEMENTS OF ARRAY BVOL'/)
WRITE(3+303)Y(BVOL (J) e J=1+KHMAX)

WRITE(3+310)

310 FORMAT(//Z20XsELEMENTS OF ARRAY BPA v/)
WRITE(3+4303) (BPA(J) sd=]1+KHMAX)

ACCUMULATOR PRE-CHARGF SETTING

PROCEDURE

PARAMETER IN=9,4POMC=1,45+KR=50000

el

£POW=1,0/POWC
PO 43 J=1sIN
VIT=VTT+VA (J)

43 KPA(J)=RPA (KHMAX)
VA(IN+1)=0.0
VIF=VTT
KOA(1)=APA(])
KeX=KPa (1)
KPMAX=RPA (KHMAX)

ACCUMULATOR PRE-CHARGF SETTING

NO 44 1Z=141IN
VTIF=VTF=VvAa(IZ)

Loap
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PRESSIIRE INCREMENT LOOP

LINEAR INTERPOLATION NF BVOL .AND BPA ARRAYS T0 FIND REQUIRED VOLUME AT

NN 45 KP=KPX+KPMAX KR
AC=KP
vy=0,0

PRESSURE KP

52

51

50
49
48

DO 49 J=14KHMAX
IF(BPA(J)Y~AC)I5045]1,+52

VLINE=VTT=BVOL (J=1)=(AC~BPA(J=1))#{BVOL(J)=-BVOL (J~1})/

(RPA(J)}=BPA(UY-1))
GO TO 48
VLINE=VTT=8VOL (J)
GN TO 48
CONTINUE
CONTINUE
CONTINUE

VOLUME ADDITION t.00P

53

NN 53 K=1,17

AA=KPA(K)
VV=VV+VA(K) & (AA/KP) #H#CPOU
CONTINUE

CVVSVVYTE

ACCUMULATOR PRE-CHARGE SETTING CRITERIA

SETTING OF ACCUMULATOR CHARACTERISTIC DESCRIRBING ARRAYS AV AP AL

FOR

59
45
60

44

IF(VV.GT.VLINE)GO TO 60

USE IN SECOND RUN

IF(LPEQ.KP)YGO TO 59
LS=LS5+1}

AL (LS)=VTT=-VLINE
AVILS)Y=VTT~VV

AP (LS)=KP

LSM=L.S

LP=KP

CONTINUE

IA=]7+1
KPA{IA)=KP-KPR
KPX=KPA(TIA)}



E A

DETERMINATION OF INITTAL VOLUWE FOR SECOND PUN

10

303
305

317

NO 7 J=14LSM
IF{AP(J)-STA}B+G910
STB=AV{J=1}+(STA=AP (J~= 1))*(AV(J)-AV(J 1)) /7 {AP(J)=AP(J=1})
Gn T0 11

STR=AV (J)

GO TO0 11

CONTINUE

CONTINUE

CONTINUE
STB=STR+1.0E-9
FORMAT(10E11.3)
FARMAT(10TI10)

WRITE (3+317)

FORMAT(//20Xs *ACCUMULATOR VOLUME ARRAY V/)

- WRITE(3+303) (VA(JY s J=141IN}

315

312

313

J14

122

WRITE(3+315)

FORMAT(//20X+ "ACCUMULATOR CHARGE PRESSURES ARRAY KPA'/}
WRITE (39305 (KPA(J) 9 J=Ys1IN)

WRITE (3+312)

FORMAT (/720X + "ELEMENTS OF ARRAY AV /)
WRITE (3+303) (AV{J)sJ=14LSM)
WRITE{3+313)

FORMAT(//20X« YELEMENTS OF ARRAY AL v/)
WRITE(3+303) (AL {J) o J=14L5M)

WRITE (39314)

FORMAT{//720%»'ELEMENTS OF ARRAY AP t/)
WRTITE(3+303) (AP (J) v J=1+LSM)

CONTINUE
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3 HAULAGE LOADED WITH CHAIN PAGE 1
MINIMUM THD VERSUS TIME MAXTMUM
. ~-3,7853E=01 5.089TE~01
’ TIME THD I 1 TH TH2D FBP
0.0 5,0492E-01 === - N . 1.5000E 00 R.S5331€-03 0.0
3.0000E-01 5,0673E=01 —————— - —————— = - = 1.6527E 00 1.6563E~-02 0.0
6.0000E~01 5.,0451E=01 -— - ———— e r A A s — . ———— 1.,B803RE 00 1.7873E-02 0.0
Y.0000E=~01 S.0230E~01 - —— O T D e o S e 0 o e Y 1.9546E 00 1.,9219E=02 0,0
" 1.2000F 00 S5.0009E~01 - - e O e 2.1049E 00 2.055BE=02 0,0
i 1.5000€ 0O 4,9790E-~01 —— - e e e G s, ————— 2.2564E 00 2,1855E-02 0.0
1.H000E 00 4,9572E=0]1 =em—mmm———eae mmmmmmeemcemmeemeeesme——esee——— . 2.4033F 00 2.3181E-02 0.0
2.1000€ 00 2.2349E=01  =mm-mmmsceme—e————eee e . 2.5434E N0 =3.TH44E 00 ©9.5959E-04
2.4000E 00 =1,9544E-02  ==——=mmcco——ae———c - 2.5511E 0D =3,6224E-01 1.2147E-03
2,7000E 00  =1,7316E=01  ==——===———- 2.522RE 00 =4.9684E-01 1.1809E-03
3.0000E 00 =3.3113F=-01 - 2440 9E 0N =6,B342E-01 1.,1612E-03
3.3000E 00 =3, 7692E-01 + 2.3359E 00 6.5596E=02 1.2333E-~03
3.6000E 00 =1,HhAF9FE«N] + 2.2241E 00 T.1302E-02 1.,2023E-03
3.9000E 00 =3.56T&E~01 - 2411548 0N 6.9905E=02 1.i703E-03
4,2000F 00 =3, 466YE=01 - 2+.009RE Q0 6.B431F=-02 1,13B7E=03
4.5000E 00 =3.36THE-01 —-—— 1.9072E 00 6.,5333E~02 1.,1071E=~03
4.,80N0E 0O =3,27T35E~-01 —-—— 1.807T4E 00 6.2546E-02 1.,0774E~03
5.1000F 00 =3.1805E=-01 ——— 1.7105E 00 6.2458E-02 1,0485%E-03
S5«400NE 00 =3.087T1E=01L ——— 1.6164E 0N 6.2308BE=-02 1.0193E-03
) 5,70¢0NF 00 =2.9912E=01 —— 1.,52%1E 00 1.2127€E-01 1.0025E-03
N 6.000NE 00 =2 B9TRE=D] n—— 1,436AE 00 1.20T4E=01 9.7336E=-04
6.300NFE DO =2 .R04TE-GL ——— 1.,3510E 00 1.2070E=0) 9.4434E=04
6.6000F 00 =2.T124FE«0]l  ====e= + 1.26H1F 00 1.2011E-06 9.1530E=04
6.,9000E 00 =2.6207E~01 —————— 1.18R0E 00 1.223RE~01 BR.B7S56E~04
T.2000F6 00 =-2+5293E-01 - ————— + 1.110AE 00 142573E=01 B.599BE-04
» TR000E 00 -2+ 4380F=-01 e ———— . 1.0360E 00 1.294C0E=01 B.3250E-04
- T+RAONOE 0D ~Z434T3E~(]  =me=mama= L] G.641RE=01 143334E-01 R.0525E=-04
B.1000FE 0O ~2+29T3E~0]1  =w=cve== * B.9511E=N1 1.3759F=01 T.7RA3I3E~-04
- 8,400N0F 00 -2 .1685E=01 - * B.2HTAE=N01 1.4210E=01 T«5182E~04
. 8.7000F 00 =2+ 0H0RE~D]  m=mmmm—- - Teb490E=0] 1.46R5E=-01 T.2573E=-04
9.0000E 00 =1.9945E-0)] meem=mweea -—— T+0386E=01 9.3080E~02 6.8299E-04
e 9,30Nn0E 00 =149106Ex0] ==emcemeeaa * 64452RE=01 1.0115E=01 6,585%9E~04
: 9.A00N0E 00 ~1.8276E-01 - 5.H922E=01 1.0711E=01 6.3421E-04
9,9000E 00 =1.7471E=-D1 e 5,3561E-01 1.1064E=01 &,0973E=04
l1.0200F 01 =1.66B83F=01 e - 4,8438E=01 1.127T6E-01 5.8548E=04
1.0500E 01 =1.5%11E=01 e + 4,3550E=01 141335E=-01 S.6145E~04
1.0800E 01 =1,5176E=0]  =—~cmee—ee—- + 3.488RE=01 1.1463E~01 S5,3783E~04
_ 1.1180F D1 =1.4469FE=0] e m-—— - s 7 Jat44PE=N1 141335E=01 5,137T7€E=-04
l.1400E 01 =143780E=0]  ==we=== ot e 3.020AE=01 1.1PH7E~01 4.9104E-04
; 1.1700€ D1 =1.3113E=-01 et e 2e61T3E-01 1e17260E~0)1 4.6960E-04
O 1.2000E 01 =1.2467E=01 e e 2.2337E~01 1.124%E=-01 4,4918E-04
: l1.2309€F 01 =141BATE=(]  =vmemcmcec———a- -+ 1.B6RBE«01 1.]1438E=01 4.304B8E£-04
: l.?600F 01 =141289E=0]  =ecemmcccccaa= + 1,5215E=01 1.1710E=01 4,1298E-04
i J 1.7900F 01} ~1.072%E~01 - - + 1.1913E=01 1.1974E=01 3,9644E=04
! 1.2986E 01 =1,0572£=0]  ~=mem————— - 1.0997E=01 1.1968BE-01 - 3.9224E=04
| -
)
S C .
_ ‘ g.-m DIAHIC Jaclim é "
S ‘ . . . k%%“‘p [ ery

-



HAUL AGE LDADED WITH CHAIN PAGE 1
MINIMUM Pl VERSUS TIME MAXTIMUM
8.8103E 05 8,6)190E 06

TIME Pl 1 1
0.0 6.2349E 06 e AR e mmeesceccccccenerm . ——————

3.0000E-01 6.5647TE 06 .- - +

6-0000E"01 6.922&5 06 - e v - - - -

9-00005’01 T.ETBGE 06 - - - - -
1.2000E 00 T.6332E 06 —-_—— —————— e e o
1.5000E 00 T.9862E 06 - ————— ke T o o
1.8000F 00 B43377E 06 -— e ———————— i e e e e e e

2.1000E 00 3.1409E 06 =

2+4000E 00 4,6303E 06 -——— ———— —————

2.7000E 00 4.4283E 06 - R ]

3.0000F 00 4,3]13¢2F 06  =cme- o mm——— ——rem————— +

3.3000E 00 4,7421E N6 —emm—————— ———— —————— +

3,6000€ 00 4,5558E D6 e e

3.9000E 00 4,3668E 06 et — e —————

4,2000F 00 4,1830E 06 e e m e ———————— -

4-‘30005 00 A.O{)BéE 06 T -

4.8000F DO 3.8245E 06 e +

5.1000F 00 3.6608E 06 memme— A ———

S.4000F 00 344979 06 W =m=—e e —————— -

5.7000E 00 3.3232E 06 e m e —————— —

6,0000E 00 3.1731E ©A e ———— -

6.3000E 00 3.02R80E 06  rmwecmmmeceea- *

6.6000E 00 2.BBA1E 06 e m e —————

6.5000F 00 2.75067E 06 - —————

T.2000E 00 2.6174E 06 ——————————— +

750006 00 2.4BB3E 06 —————— +

T«RO000E 00 2.3635F N6 ——m——————

B.1000E 00 2.2431F 06 ————————

B.4000E 00 2.126BE 06 m—m—————

8.7000F 00 2.0148E 06 —————

Q.0n0NE 00 1.9027E 06 -

9.,3000F 00 1.8131€ 06 —————

G.,6000F 00 1.7209E 06 ——

9.9000E 00 1.627T8E 06 ———

l.0200E 01 1.5362F 06 ————

1.0500E 01 1.44T4E 06 ——— "

1.0800E 01} 1.365%AE 06 m——

1.1100E 01 1.2894E 06 -——

l+1400F 01 1.2173E 06 ——

1.1700E 01 1.1471E 06 -

1.2000E 01 1.0781E 06 -

1.2300E 01 1.0178E 0A +

1.2600E 01 9.5813E 05 +

1.2900E 01 B.9903E 05 +

1.2986E 01 8,8103E 05 +

™
1.,7895F
1.9095¢€
2.0258E
2.1417E
2.2570E
2.3718E
2.4861€
8.12972E
1.9297€
1.8461E
1.7980F
1.9764E
1.8989¢
1.8203F
1.7438E
1.6GBTE
1.5959F
1.5263E
1.4587E
l.4210F
1.3573€
1.2958¢
1.2361F
1,1797E
1.125RE
1.0740E
1.0243E
9., T673E
9.3124€
B.BT66FE
B.1863E
7.8040F
7.4 296F
T«062NE
6.T045E
64+3566F

6,0282E .

5.7033€
S.3967E
S5.1066E
4,8307E
4.5781E
4.3417€
4.1173E
4. 0513E

TcH
1. 7855E
1.9017E
2.0174E
2e1325E
2e24T3E
2.3616E
2.6753E
2.5822E
2+0999E
2.0796E
2.0252E
1.9455E
1 +BABA4E
1.7TBT4E
1.7116E
1+6380€
1.5665F
1.4970E
1.4294E
1e3640E
1+3005E
1.2391E
1.1796E
l.1222E
1.0667E
1.0131E
S.6161E
9,1207E
B.6445E
AL)AT3E
T.T48BBE
T.3287E
6.9265E
6+5419E
6a1745E
5,8239E
Sa4H895E
S5.1706E
4o BOEHTE
4.5TT4E
4s3022E
44 0405E
3.7914E
3.5545E
A, 4888E

QQOOOOOOQOOQQQQQODOOOGODGDOQDOGGD‘O

® % & 8 " B e P 82 s e oA AR ¥ FF TR E ST YE TP o

FPUMP
1.9320E=-03
1.9320E=03
1.9320E=-03
1.9320E=03
1.9320E-03
1,9320E-03
1.9320E=-03
1.8190E-03
1.2394E-03
6.59TBE~04
8.0180E=05

COO0OO0OO0OOOOO0OO000D0O00OO0OCOOQOODODOOCODS



HAULAGE LOADED WITH CHAIN

TIME

0.0

3.0000E-0)
6.0000E-01
9.0000E=01
1.2000E 00
1.5000F 00
1.H4000F 0O
2«1000F 00
2+4000E 00
247000E 00
J.0000F 00
3,3000E DO
J.600NE OO
3.9000F 00
4.,2000F 00
4.5000FE 0O
44.RODDE 00
5.1000€ 00
5.,40008 00
5.7000E 00
6.0000E 00
6,3000E 00
6.6000€E 00
6.%000E 00
7.2000E 00
T«S00DE 00
T.68000E 00
8,1000E 0O
8.4000E OO0
8.,7000E 00
9.0000E 00
9.3000FE 00
9.6000E 00
9,9000E 0O
1.,0200E 01
1.0%00E 01
1.0800E 01
1.1100E 01
I.1400E 01
l.1700E 01
1.2000€ @1
1.2300E 01
1.26008 01
1.2900E 01
1.2986E 01

PA
T.0320E
T4541E
T.0742E€
B.2924F
8,T70BRE
9 1234FE
9,5361E
9.B6TTE
9. 002RF
8.,9222F
B.T121F
8.4131E
8.103%E
T.8023F
T.5095F
T.225%0E
&, 94HSE
6.6T99E
8.4190E
6.1669E
5,9218€
5.6H44E
S5.4547TE
5.2327E
5.0183E
4,08116E
4a612%F
4.u212E
4.,2373E
4,0607E
3,B004E
3.7282E
3.5729E
3.4244E
3,2825E
3.1470E
3.017HE
2.8946EF
2. TTT2E
2.6654F
2.5591E
2., 4580F
2.3618E
2.2703E
2.2449E

PAGE 1

MAX IMUM
2.9259E 06
1 R

- e 0

MINIMUM PA VERSUS TIME
2.2449E 06
I

06 e it it

06 e ————— Dttt et 4

41 A D A A

)3 e e e e e T —ee s es———}

06 e L L L ]
L I e e L L LT TS L S
06 mm——————— e mem—me—cea—————
06  memmem e e A e e T A — e ——
L B R L e e T T
06 s mmme e ————— Dt il bt
06 e e D et i —eemmmm——ea———t
06 mmmmeem—————- m———————— el 4
06  =memreccc——a- cmmmm——e- R
06  =recamm——aeo- ————————— mmemmm—eem—e——y
06  =—mc—cmcm——-- e LU LT LY
[ ——————— ———
06 me————— rem———————— ———————— ————
NG ==———-- m——————— —msemsamim——— ———
06 e m—————— T——————— —————
06 M E LA —————— -t ———
06  =—eeccccccccccc—e——————
06 e e - ——
06  =====- s ——e————— ——
06 ettt -+
06 e mmemes—————— ~——
06 e emmmmme————— ———
06 mmmem s ————
06  =~——ceme——eaa -
06 Semmmsemaaoet
06 e e m————— +
06 —m——mm———— .
06 e m—— -t
06 fmm————— +
06 re—————
06 me————
06 —————4+
06 m————
06 ——— )
06 —

06 -
06 -
06 -+

06 +
06 +

06 +

AVOL
0,0
3.3978E=-04
6.T567E~D4
1.007TE=-03
1.3350E~03
1.6603E=023
1.9809E-023
2r2T65E=03
2.231272E-03
2.094KE=03
1.,8355FE=03
1.4867E-03
1.1376E~03
T.9797E=04
4,6TTS5E~04
l1.4679E=04
=1+.6520F~04
=4 ,6854E=04
=7.63PRE=04
=1.0493€~03
=1.3267E-03
=1.5957E=-03
~]1.8563E=-03
~2.1085E=03
=2.,3519E=03
=2.586TE~03
=2.412RE~03
~3.0304E=-03
=3.2396E~03
~3.4406E=03
-3.6335E=-03
=3.8186E=-023
=3.9956E-03
-4 ,1649E-03
=4 4,32T0E=-03
-4, 4819E=03
-4 ,6299E=03
=4,7T13E-03
=4 ,9064E-03
=5,0354E-013
=-5,1585€-03
-5,2758E-03
=5,3879E=-03
=5.494T7E~03
=5.5243E=-03

TA
1.7855E
1.9018E
2.0175E
2.1327E
2.2474E
243616E
2.4753E
2+5667E
2.0984E

P+OTTHE .

2+0232E
1.%458E
1.8A5TE
1.78TTE
1.7119E
1.63A3E
1.5667E
1.4972E
1.4297E
143645E
1.3010E
1.2396E
1.1801E
1.1227E
1«0672E
1.0137E
9,6216F
Q.}263E
B+6504E
Bael934E
T«7527E
7.332BE
6.9309E
6£.5465E
6.17T91E
S48285E
544942E
5.1752€E
4.8713E
445R820E
4«3069E
4. 0452E
3.7962E
3.5595E
2A,4938F
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HAULAGE LOADED WITH HYDROSTATIC ABSORBER AND ACCUMULATOR BANK

TIME
0.0

3.0000E~
&.0000E-
9+0000E~

1.2000E
1.5000€
1.8000E
2+1000E
2e40N0E
2.7009E
3.0000E
3.3000E
3+6000E
3.90N0E
4.2000E
4.5000E
4 H000E
5.1000E
5.4000E
5.7000F
6.0000E
6.3000E
6.60NNE
6.9000E
T.2000E
T+5000E
7.8000€
H.,1000E
B.4000F
8.7000€F
9.00N0E
9.3000F
9.4000E
3.9000E
l.0200F
1.0500E
1.0R800E
1.1100F
1.1400E
1.1706GE
1.2000E
1.2300F
1.2472F

01
01
01
a0
0o
00
00
00
00
[+1+]
00
oo
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
0o
00
00
00
00
og
01
01
01
0l
01
01
ol
01
01

THD

5.0892E-01 -
5.072TE=01
5.05T4E=01
S.0429E-0]
S.027TE=-01
5.0116E-01
4 ,994TE=01
=5, 5P3LE=-04
=3, 0RH0E=02
-2, 4849E-01
~3,71272E~01 +
=3,6603E~01 +
=3.5621E=01 *
=3.4703E=-01
~3.3693E-01
=3.2699E=01
-3.1781E=-01
=3.0915FE=-01
~3.0070E~01
~2,9058F=01
-2+ROTZE-01
=2, TISYE=01
=2.6308E-01
-2.5912€=~01
=2,466%E=01
~2.3645E=01
-2 .26R%E=01}
-2.1810£-01
=24099KE-D]
-2,0252E-01
=1.9557E=01
=1.8857E=-01
=-1,7894E=01
«1,6991£-01
«146169E=01
=1.5433E-01
=la4772E-01
~1,416%E~01
-1,3611E£=-01
=1.3096E-0]
-1.2617E=-01
=1.,217T0E~01
=1.1960E-01

MINIMUM
=3.7249€~01
I

THD

VERSUS TIME

PAGE 1

MAX&MUM
5.0898E-01
I

P Lttt -~

*

-

TH
1.5000E €0
1.6522€ 00
1.8041E 00
1.9555E 00
2.1064E On
2.2560E 00
?.,40R8E 0O
2.4851FE 00
2+4THEE 00
2.,4254E 0N
2.3288E 00
2.2176E 00
2.1091E 00
2.0035E oo
1.900KE 60
1.8011E 00
1.7043E 0O
1.6101E 00
1.5185F 0n
1.4297E 00
1.3439€ 00
1.2610E 00
1.,18607E 0D
1,102RE 00
1.0274E 00
2.548RE=-01
B.8540E-01
B.1B&TE~0]
T.5448E-01
6.9262E=-01
6,3293E-01
5.7526E-01
5.2013€E-01
4.,67TR3E=01
4,1811E-01
3.7073E=-01
3.2545E~01
2.8205E-01
2.4040E=-01
2.003%E-01
le617GE~01
1.2461E=01
1.0989E-01

TH2D
8.4622E=-03
1.7542E=02
1.36T2E=-02
2+0260E=02
2.0850E=-02
2.1532E-02
2.2226E=-02
T«3938E=-01

~4861TE=01
=4 4R504E=01
=1.7096E=-02
T«0090E=02
6+730BE=02
6.#981E‘02
6. TY29E=02
6.254TE~-02
6.07TT4E=02
5.B994E~02
1.1911€E=-01
1.2302E-01
1.2062E=-01
1+1ROIE=0]
1.1620E=-01
1.1934E=01
1.30786=01
1.34R0E=-01
1,3A93E=-01
1.3916E~01
1.4155€=~01
9.2186E=-02
1.2723E=-01
1-4029E‘01
1.1304€=01
1.1379E=01
1.1287E=01
1.1208E=-01
1.1066E-01
1.0874E=01
1,0732€-01
10846E=0]
1.0587E=-01
1.087T7E~01
1.1132E-01

"

coOooooold
U

COODDOOoO
LI T T TR R )

1.4069E-03
1.1770E=-03
1.1562E~03
1.2152E-03
1.1993E=-03
1.1686E=03
1.1398E-03
1.1070E-023
1.0763E-02
1.0478E~03
1.0207€=-03
1.0074E=03
9,7587E~04
9.4513E=-04
F.1635E-04
8,9061E-04
B.6661E~04
8.4107E=04
R.1043E~04
T.8180E=~04
T7.5556E=04
Te314GE-04
6.9380E=-04
6.8265E-04
6.,6225E-04
€.,2273E=-04
5.9494E=04
5.6954E=04
5.462TE=-04
S+2405E~04
S,0379E-04
4.8554E~04
4,6906E=04
4.5400E-04
4.3984E=-04
4,3333E-04

%]
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HAULAGE LOADED WITH HYDROSTATIC ABSORBER AND ACCUMULATOR RANK PAGE 1

MINIMUM P1 VERSUS TIME MAXTMUM
446551E 05 T«8195E 06
TIME 8} 1 I ™ TCH FPUMP
0.0 6.,2349E 06 e e e LD kbl S Lt 4 1.7895E 04 1.78S4E 04 1.9320E=-03
3.0000E~01} 6.4810E 06 ittt D nintd etk 4 1.882PE 04 1.B739E 04 1.9320E-03
6.0000E=-01 6.72%1E 06 ————— —————— R il e i 1.9629E 04 1.9536E 04 1.9320E-03
G.0000FE~01 6,9515E 06 Bl e e e b b Lttt mmm————— 2.0385E 04 2.0289E 04 1.9320E-03
1.2000E 0C T.2062E 06 - . eSS eSS —— e ———-——— 2.1181E 04 P,1082E 04 1,9320€E-03
1.5000E 00 T.4641E 05 2.2020E 04 2.1918€E 04 ).9320€-03
1+H000F 00 T.7360E 06 2.2904E 04 2.,2799E 04 1.,9320E-03
2.1000F 00 5. 8590 06 2.43R5F 04 2.0R9BE 04 1.5253E~03
2.4000E 00 4.,4056E 06 1.8364F Q& 2.,006%E 04 9.4571E-04
2.7000FE QO 4.2840E 06 1.7858E 04 2,0163E 04 3.6611€E-04
3.0000E 00 4,6324F 06 1,9310€ 04 1.9391E 04 0.0
3.3000E 0O 4,537THE 06 1.8914FE 04 1.85K2E 04 0.0
3.6000F DO 4.3564E 06 1.8159f 04 1.78B40E 04 0.0
3.9000E 00 4.1891E 06  ====we==r Gl m— s — e ——— loT464E 04 1.7156E 04 0.0
4,2000FE 00 4.0061FE 056 “mmemsscman=e m—m——e——— ~— 1.6699E 04 1.6377€ 06 0.0
4,50008 00 3.R218E 06 e ————— —————————— + 1.5931F 04 1.5633E 04 0.0
4.RNNNDE QO 3.6565E 06 et e itk 1.9245E 04 1.49578 04 0,0
5.1000F 00 3.505%E 06 P ——————————— - ————— + 1.4619E 04 1.4339E 04 0.0
5.,4000E 00 3.34H%€ 06 e —————————— -—————— + 1.4318E 04 1.3754E 0¢ 0.0
5.7000E 00 3.1859E 06 e s e ————— m———— 1.3527E 04 1.3043E 04 0.0
6.0ND00E 00 1,0318E 0A memmmeemee———— ———— 1.2974E 04 1.2402E 04 0.0
5.300CE 00 2.B932E 06 e ———————————— 1,2342F 04 1,1823E 04 0.0
6,6000E 00 2. T6B5E 06 mermmeseesmn——— 1.185R8E 04 1.1297E 04 0,0
6,9000E 0O 2.6488E 06 mmm———— v 1.1385%E 04 1,0819E 04 0,0
T.2000E 00 2.5282E 06 mn————— - 1.0899E 04 1.0281E 04 0.0
T.5000E 00 2.3871E 06 B + ' 1.033AF 04 G.6968E 03 0.0
TLROOOE 00 2.25B5E 06 meem————————t 9.827T8E 03 9S.1785E 03 0.0
B,1000E OD 2.1430E 06 rem—rem———— + 9.,3758E 03 B.T160E 03 0.0
G.4000E 00 2,03B8E 06 mmesmm———— + B.8T04F 03 B.2993E 03 0.0
B.7C000E 00 1.95148€ 06 e mmmm——— 8.3583E 03 7.9213E 03 0.0
9.0000E 00 1,877T0E 06 m————————— B,.180AE 03 T.STT6E 03 0.0
9.3000E 0O 1.7935E 66 ——meme———y 7.8609E 03 T.1957E 03 0.0
F.6000E 00 1.67T4E 06 “————— —-—— T.2565E 03 6.7205E 03 0.0
9.9000F 00 1.5722E 06  ===—=== + 6.8431FE 03 6,3D36E 03 0.0
1.0700F 01 l.4768E 06 mmme———+ 6,4T30E D3 5.9379E 03 0.0
1.0500E 01 ]1+3940E 06 m—em——t 6.1423E 03 5.6109E 03 0.0
1.0800E O} 1.,3218E 0&  ===== + 5.8421E N3 S5.3174E 03 0.0
1.1100E 01 1.25H0E 06 m——— v S5.5684F 03 S5.05P8E 03 0.0
1.1400E 01 1.1995E 06 m——— S.IZ19E 03 4.,8131E 03 0.0
1.1700E 01 1.1452€ 06 m——— S+0993E 03 4.5945E 03 0.0
1.2800E 01 1.0942E 06 ——— 4.895AE 03 4.3939E 03 0.0
1.2300E 01 1.0484E 06 ——— 4,TO4SE 03 4.1B88E 03 0,0
1.2422E 01 1.0272€ 06 ——— 4.6166E 03 4.0888E 03 0.0

A



HAULAGE LOADED WITH

TIMF

0.0

BOOOOOE-OI
6.0000E=01
2.0000E-01
1.2000E 00
1.5000F 00
1.8000FE 00
2.1000F GO
244000E OO0
2.7000E 00
3,0000F 0O
3.3000F 00
3.6000E 00
3.9000FE 00
4.2000F 00
4.,5000E 00
4.ROD0E 00
S5.1000E 00
5.4000F 00
S.7000E 00
6.0000E 00
6.3000F 00
G.a00NE DN
6.9000F 00
TerPOONE 0O
T.5000F 00
T«AO0NOF 00
H.1000NF 00
8.4000FE 00
8,70008 00
2.0000€ 00
9.3000E O
Y+6000E 00
9.9000E 00O
1.0P00E 01
1.0500E 01
l.08n0F 01
l.1100E 01
1.1400E 01
1.1700E €1
1.2000E 01

" 1.2300E 01

1.2422E 01

RPA
T.0319€
T.3531€
T+6423F
T.9156F
8.2035F
B.50ABF
B B2HTE
8.9697¢
8.HH11E
B.6854F
8,38T2E
R.OT4SE
T.78H0E
T.5235EF
T.2279E
6.9351E
6.6T41E
f.435%3E
6.2091E
5.9346E
5.6870¢
5.4631F
5,.,r600F
5.0754E
4 ,R6TSE
4,6416F
4 444 ]4E
4 ,2626F
4.1016E
33,9556
3.822HE
3.6T53E
3.4916E
3.3306E
3.1892E
3.0629E
249495
2.8473E
2. TS54TE
Z2eBTORE
2.5927F
2.5134E
244 T4HE

HYOROSYATIC ARSORBER AND ACCUMULATOR RANK PAGE 1

06
06
06
06
06
06
06
06
06
06
06
06
06

MINIMUM /P A
2.4T48E 06
1

I

- - - -

—mGme-——
- i

e

- o - - - -

- - -

-

- - - - o -
o o S e ey 2 - - -

o S . i e ol

ey T o, -

- - - -

-

- e -

-
- e o i

a0 e e

-
- oy -

Y v

———————
———————
o
-
——
-

-

-+

.

-

*

VERSUS TIME MAXIMUM
8,9836E 06

RVM
6.0025E~03
6.3427E-03
6.,6T90E=03
7.0133E-03
T.3451E-03
Teb6T41E~03
A.0003E-03
B.139AE-03
8.0537E~03
T.858AE=03
TJS546TE=~03
7.193°E‘03
6.8595E=03
6£,5290E-03
6.,20772E=-03
5.8949E-03
5.,5914E=013
5.296NE~03
5.0085E-03
4,T294E~03
444595E=03
441987E=-03
3.9449E=03
3.699RE-03
J.4624E-03
3.2341E-03
3.0151F-03
2.804RE=03
2.6023E-03
2.4070E-03
Pe2lB4E-03
2.0360E-03

- 1.8615€=-03

1.6957E-03
1.5377E=-03
1+386RE~(3
1.2422E=-073
1.1033€E=-03
9.69T4E~D4
BL,409T7E=04
T.166R8E~04
5.9652E=04
B.4889E=-04

RLL
T+2053E
7+5034E
T« 7990E
R, 0923E
R.3835E
B.6722E
8.9584F
9. D806E
9+0053E
A.8341F
8.5604E
A.2552E
T«9574E
T66TSE
T+ 3850F
T.1109E
foB4LEE
A SROAE
6.333°E
6+ 0RBRE
5.8514E
Se6221F
%,3998E
S+1847E
4.9764E
4o T76H1E
4.5840FE
44.39954E
4.2217E
4,0503E
3.RA4BE
3.T748E
3.5717F
3.4262E
3.28B75E
3.1551E
3.0282E
2+9064E
2+TRILE
2.6TH2E
256TI1E
2406LTE
2+4199E

06
06
06
06
té
06
06
06
06
o0&
06
06
06
06
06
06
06

06

06
05
06
06

‘06

06
06
D&
06
06
06
e
06
06
06
06
06
0é
06
06
06
0k

06



ELEMENTS OF ARRAY BVOL

0.0 0.859E-05 0,173F=04 0.259Em04 0,366E~04 0,436E=04 0,521E=04 0.610E-04 0,698E-04 0.787E-04 [g.

0.877F=06 0,966£-06 0.106E-03 0.1156=03 0,124E-03 0,133E=03 0.142€~03 0.151E-03 0.160E-03 0,170E-03 £wakﬂa3 4 ek
0.179E-03 0.18RE-03 0.198F=03 0.207E~03 0,217€=03 0,226E=03 0.236E=03 0,2456-03 0.2556-03 0.264E-03
0.274F=03 0.284£-03 0.293F-03 0.3036-03 0.313E-03 0,323E-03 0,3336-03 0.343E-03 0,353F-03 0.353E-03 %ﬁn B TeRemaL
0.373F=03 0.383E-03 0.393£-03 0,603E-03 0,413E=03 0,423E=03 0.434E-03 0,444E~03 0,454F=03 0.465E-03

0.4T5F=03 0.486F=03 0.496E-03 0,507¢-03 0,51RE=03 0,526E=03 0,539E-03 0.550F=03 0.560E-03 0.571E-03 |adion

045H2F=03 0.593K=03 0.604E=03 0.615%E=03 0.626E~03 0,637E-03 0,648E-03 0.659E-03 0,871F~03 0,682E~03
0.693F=03 0,704FE~03 0.T16F~03 0.727E-03 0.739€~03 0,750£-03 0,762E=03 0.773E-03 0,785E-03 0,T97E-03
0.808F=03 0F20F=-03 0.8326-03 0.864E~03 0,856E=-03 0,86RE=03 O0,B8H0E=03 0,892E=-03 0,904F-03 0.916E-03
0.92RE=03 0.941E=-03 (.953E=03 0.965FE=-03 0.,97HE=-03 0,990E-03 0,100E-02 0.,101E-02 0.103E-02 .0.104E-02
0.1056-02 0107E-~02 (0.108F=02 O0.109E=-02 0.110€-02 0.1126=02 0,213E=02 O0.)114E-02 0,.114E-02 O0,117E~02
0.118F=02 0.,120€=02 0N.121F=02 0.1226=02 0.124E=02 0,12%5=02 ©0,126E=02 0.128E=02 0.129€-02 0.130E-02
0.1325=02 0.133F=02 0.134F=02 0.136F=-02 0,137E-02 0,}39F=02 0,140E=02 O.141E~02 0.143F-02 0N.144E-02
0.146F=02 0,147TE-02 0,148E-02 0.150E-02 0.1%1E~02 0,153E-02 0,15%4E=02 0.156E~02 0,157F-02 0,159E-02
0.160F=07 0.1616-02 N.163E=02 0.164E=02 O0,166E~02 0,167€~02 0,169E=02 0.)T0E=02 0.177E=-02 O0.173E-02
0.175F=02 0,177E-02 0.174F=02 04180E-02 0.181E~02 0,183F-02 0,184FE=~02 0.]186E-02 0,1A7E-02 0,189E=02
0.191F=02 0.197E-08 0.194E=-02 O0.,195E=02 O0,197E-02 0,199E=02 0,200E~02 0,202E~02 0,207F-02 0,205E-02
0.207F=02 0,208E=02 0,21N0E~02 De212E-02 0.213E-02 0,215F=02 0,217E~-02 OQ.21BE=-02 (,220E=-02 0.222E~02
0.223F=02 (.PP5F=02 (.227F=02 0.2P2HE=02 0,230E=-02 0,232E-02 0.234E~02 0.235-02 0,237E-02 0,239E-02
0.26]1E=02 04Z42F~U2 (a244F=02 0.246E=02 0.248E<02 0,249E=02 0,251E£=02 0.253E=~02 (0.255F=02 0.25TE=-02
0.258F=02 0.,260F=02 0.262F=02 0.266E=02 0.268E=02 0.267E~02 0,269E=02 0.271F=02 0,273F=02 0.275E=02
0.2776=02 0.279E=02 0.280E=02 0+782E=02 0.284E-02 0,286E~02 0,288E~02 0.290E-02 0.29PE=02 0.294E=02
0.296F=N2 0,298E~02 0.300E=-02 04301£=02 0.,303E~02 0,305E~02 0.307€=02 0.309E-02 0,311E~-02 0.,313E=-02
0.315F=02 0.317E=02 0.319F=02 0.321E=-02 0.323E-02 0,325F=02 0.327E-02 0.329€=-02 0,331F-02 0,333E=-02
0.335F=02 0.I37E=02 (0a340F=02 0.342E=02 0,344E=02 0.,346E-02 0,348E-02 0.350E=02 0.,357E=02 0.354E-02
0.354F =02 0,3586-02 0.360F=07 0.363E-02 0,365E=02 0,367F=02 0,369E=02 0.371E-02 0.373F-02 0.375E=-02
0.378F =02 0.3B0E=02 0.382E=-U2 0.3H4E-02 0.386E-02 0,389E~02 0,391E-02 0.393E-02 0,395E-02 0.3%7E-~02
0.400F=02 0.40PE=-02 0a404E=02 0+406F=02 0.409E=-02 0,411E-02 0,413F=-02 0.415%E-02 0.418F-02 0.420E-02
0.422F=02 0,424E=02 04427E=-02 0.429E~02 0.431£=02 0,434E=02 0,436E=02 0.43HE-02 0,441FE=02 0.443E=02
04445F =02 0,44RE-02 0.450E-02 0452F-02 0Q.455E=02 0,457F=02 0.459F=07 0.462E=02 0,464F-02 0.467E=02
0.469F=02 0.471F=N2 0.4T4E~02 0.476E=02 0.479F=02 0,481F=02 0,484F~02 0.486E-02 0,4RBE-02 0,491E-02
D.4G3F=02 0.496FE=02 0L498F=02 0.,501E£=02 0.503E«02 0,506E~02 0,508F=02 0.511E~02 0,513E~02 0©.516E-02
051HF =02 Q.521E=-02 0.923F=02 D.926E=-02 0.52RE=02 0,531E€~02 0,534E-07 0,536E~02 0.539F=02 0.541E~02
04544F =02 0.54AE=02 0.549E=02 0.552E~02 0.554E-02 0,557E~02 0,559E«02 0.131E-01

ELEMENTS OF ARRAY BFA

0.225€ 07 0.226E 07 0.227FE 07 0.227€ 07 0.228E 07 0,229 07 0,230FE 07 0.230E 07 0.231E 07 0,.232E 07
0.233F 07 0.233FE 07 0.234F 07 0.,235%F 07 0.236E 07 0,237€ 07 0,237F 07 0.238E 07 0.239FE 07 0.,240E 07
0u241F 07 0,241FE 07 0.242E 07 02438 07 0.244E 07 0.245E 07 0,245€ 07 0.246FE 07 0.247¢ 0T 0,248E 07
0e243E 07 0.250E 07 (0.250E 07 D0.25)E 07 0.,252E 07 0,.253E 07 0,254E 07 0.255E 07 0.25%F 07 0.256E 07
0.257F 07 0.25BE 07 0.259F 07 0.260E 07 0.261€ 07 00,2025 07 0,263E 07 0.263E 07 0.264F 07 0.265E 07
0.28AF 07 0.267E 07 0.26KF 0T 0.269€ 07 "0,270E 07 0,271E 07 0,272E 07 0.273E 07 0,273 07 0.274E 07
0.275F 07 0.276E 07 0.277E 07 0.27BF 07 0.279E 07 O0,280E 07 0.28lE 07 .0.282E 07 0.2B3F 07 0.284E 07
0.2R5F 07 0.280FE 07 0.287E 07 (.2RRE 07 0.289E 07 0,290E 07 0.291E 07 0.292E 07 0.293F 07 0.294E 07
0.298E 07 0,296E 0T 0.297F 07 0.298€ 07 0,299 07 0,300E 07 0.301FE 07 0,302E 07 10,3036 07 0,304 07
0.305F 07 0.307€ 07 0.30RE 07 0.309E 07 0.3I0E 07 0,311E 07 0,312 07 0.,313E 07 0.314E 07 0.315E 07
0e31AF 07 0.317E 07 0.319F 07 04320E 07 0.321E 07 0.322€ 07 0.323F 07 0.324E 07 0,325 07 0.326E 07
0e37HE 07 0.329€ 07 0.330F 07 0.331£ 07 03326 07 ©0.333F 07 0,335E 07 0.336E 07 0.337E 67 0,33BE 07
0.339F 07 0,341F 07 0.3427F 07 04343F 07 0,.344E 07 0.345E 07 0.347E 07 0.348BE 07 0.349E 07 0,.350E 07
03525 07 0435%3E 67 04324€ 07 0.3%5F 07 0,357E 07 0.358F 07 0,359E 07 0.360E 07 0.36PF 07 0.363E 07
0.364F 07 0.366F 07 0.3687E 07 0.368F 07 0.370E 07 0,371E 07 0,372E 07 0.373€ 07 0,375 07 0,376E 07
0.377F 07 0.379E 07 0.380F 07 0.382€ 07 0.3B3E 07 0,334E 07 0,386E 07 0.387E 07 0,3R82F 07 0,3%90E 07
0.391F 07 043926 07 0.394F 07 043956 07 0.397E 07 0.394F 07 0,399E 07 0.401E 07 0,40°E 07 0,404E 07
Qe 405F 07 0.407E U7 0.408E 07 04410F 07 Q.411€ 07 00,4136 07 0,414E 07" 0.415E 07 0,417E 07 O0.418E 07
0.420F 07 DL,421F 07 0.423F 07 0.424F 07 0.426E 07 0.427F 07 0,429 07 0.430FE 07 0,432F 07 0,433 07
0,435F 07 04436 07 04434 07 04440F 07 0.441E 07 0,443F 07 0,444E 07 0G.446E 07T 0,447F 0T 0.449E 07
0,451F 07 0,452 07 0.454F 07 04455FE 07 D0.457E 07 0,45%9€ 07 0,460 07 0.662E 07 0,464F 0T 0,465E 07




0.4067F
Ne4R4FE
0.501F
0.51AF
DaS37F
0.554AE
0.575F,
0.595F
0.615F
0.636F
0.658F
0.680E
0.702E

o7
07
07
07
07
o7
07
07
07
07
07
07
o7

0+344F=02

19348211

0a194F
04294F
Da394F
0e494F
0.594F
0. 694F
0. TG4E
0.894F
0.994F
0.109F
0.115F
0.129F
D« 13%F
Del4BE

De373F=
Gel23F~
0e23AF~

07

07
o7
oY
o7
07
o7
07
0s
08
08
08
08

08
02
02

0.353F=~02

Deé4T3F=
0.590F=
0.T04F =
0.811F=
e BOQFE~
0.9T4F=
0el104FE=
0.109F~-

02
0z
o2
62
02
o2
0l
0i

0.,214E=01

0.118E-

OellaE=

o1

i7

0.4hB8E 0T 0,4T0E 07 0.,472E 07 0447T3E 07 0.475€ 07
0.485E 07 0.487F 07 0.489E 07 0.490E 07 D0.492E 07
0.502E 07 0,504 07 0Q.506E 07 0.508€ 07 O0.510E 07
04520E 07 0,522F 07 0.S24E 07 0.525E 07 0.5248F 07
0.539E 07 0.541E 07 0.S42E 07 0.544E 07 0,546E 07
0.55HE 07 D.%A0F 07 0.5k1E 07 0.563E 07 0,56%E 07
0.57T7E 07 0.S79€ 07 O0.SA1E 07 O0.,%B3E 07 0.585F 07
0.597€ 07 0,599 07 0.601E 07 0,603E 07 0,605E 07
0.617E 07 0.620E 07 0.622E 07 0.624E 07 0,626E 07
0.63%E 07 0.640E 07 0.643E 07 D.645E 07 0.647E 07
0.660E 07 0.h62E 07 0.864E 07 0.667E 07 0,669€ 07
0.A82E 07 0.684E 07 0.6BTE 07 0.689E 07 0,691E 07
0.705€ 07 0Q.TOTE 07 0.709E 07 0,7T12E 07 0Q.7T14E 07
ACCUMULATOR VOLUME ARRAY
0344E=02 0.344E-02 0.344E=-02 O0.344E-02 0,344E=-02
ACCUMULATOR CHARGE PRESSURES ARRAY KPA
2492349 3738524 4984698 5230873 7477050
ELEMENTS OF ARRAY AP i
0.204E 07 0.214FE 07 0.224E 07 0.234E 07 0.244E 07
0,304 07 0,314F 07 0,.324E 07 0,.334E 07 0.344F 07
04,404E 07 NL424F 07 0.424E 07 0.434FE 07 0.444E 07
0.,504E 07 N.S514E 07 0.524E 07 0,534E 07 0,544EFE 07
0.h04E 07 0.614F 07T 04624E 07 0,634E 07 0,644E 07
0.704FE 0T 0.T714E 07 0.724E 07 04734E 07 0,744E 07
0.804E 07 0.Bl4E 07 04B24E 07 0.834E 07 0,844E 07
0.904E 0T N.914E 07 0,924€ 07 0.934E 07 0,944E 07
0.100E 08B 0,101€ 08 0.102E 08 0.103E 0B 0,.,104F 0B
0.110E 08 Q,111E 08 0.112E 08B 0,113 08 0,114E 08
0.120E 08 (0.121€ 08 0.122€ 08 0.123£ 08 0.124E 08
04130E 08 0.131F 08 0.132E 08 0.133£ 0B 0,134€ 08
0.140E 08 0.141F 08 0.142E 08 0.143E 08 0.144E 08
ELEMENTS OF ARRAY AV
0.117E=03 0,225E=03 0.325%-03 0.,418E=-03 0.504E-03
0.136FE=02 0.148E~02 0.159E=-02 Q.17T0E~-02 0,181E~02
0.252E=02 0.265F~02 0.274E=-02 0.290E~02 O0,.301E=02
0.365E=02 0.379E~02 (.392E~02 0.404E=02 0,417E-02
0.484F=02 0,494F=02 0,504E=-02 O0,517E~02 0.530F=02
0,601E-02 D0,612F=-02 0.622E~02 0,633E=-02 0,.643E-02
0.7T16E=02 0.727E-G2 0.738E=02 0.749E=-02 0.760E~-02
0.H21E-02 (.830E~02 0.839E=02 0.84RE~02 0,857E-02
0.907E=02 0.915E=02 0.923E-02 0.931E~02 0.938E-02
0.981E~02 0.987E-02 0.994E=-02 0.100€-01 O0,10LlE~-G]
0.104E=01 0.105FE=01 0.106E-01 0.106E-01 0,107E~01
0.110E-01 0.110€~01 OC.111E-01 O0.111E-01 ©O.112E-01
0,115€=-01 0,115E-01 0.116E=-01 0,116E=-01 O0,116E~-01
ELEMENTS OF ARRAY AL -
0e114E~03 0.22BE=03 0.342E-03 0.456E~03 .3,570E~03

0.477E
0.494€
0.511E
0.529E
0.548E

0,867E

0.9R7E
0,607E
0.628E
0,649E
0,671E
0,693E
0.716E

0.254E
0,354¢€
0,454E
0.554E
0.654E
0.7954E
0.854E
0.954E
0.105E
0,115E
04125E
0.135€
0.145€

0.627E~=
0.191FE~-
0.,312E-
0.42YE=~
0.543E~
0.655E=
0.771E=
0.866E-
0.946E~
0,101~
0,107€~
0.112E~-
0.117E=

07
07
07

0
07
07
or
07
07
07
07
07

03
02
0z
62
0z
02
02
02
e
01
¢l
01
o1

0.684E-03

0.4 T8E
0o 496E
eS13E
0.531E
0.550E
0.569E
0.589E
0.609E
0«630E
0«651EF
0.673E
04696E
0.13BE

0.264E
0De364E
[P XYY
04564E
0.664E
0.764E
0.864E
0+964EF
Dal106E
0.1164E
0s126E
0el136E
Gel46E

0e792E~
0.200E=-
0.323€E~
DebaDE=
0+555E~
0667E=
Qe 78TE~-
(e8T4E=-
0.953E~
0.102E=~
0u108E~-
Gell3E~

07
07
07
07
07
07
07

T

07
07
07
07
08

o7

07
o7
o7
o7
07
07
08
08
08
08
08

03
0e
02
02
02
02
02
02
oz
01
01
01

0.117E~01

(e TIBE~

b i gy T ey A 5 a

03

0 4R0F
0.497€
0.,918E
0.533F
0.557€
0.571E
0+591F
0.h11E
0.632¢
0.653E
0.67SE
0.69RE

0.274E
0,374
0.4 T4E
0.5T4E
0.6T4E
0.774E
N.AT4E
D.974E
0.107€
0.117E
0.127€
0.137F
0.147E

. 0.94AE-
0,200E~
0.333E-
0.452E=
0.567E=
0.680E=
0.791E~-
0.883E=-
04960E=~
" 0.103E-
0.10RE=-
NDe113E~
0.118E=

0,912E=~

o7
a7
o7
07
07
o7
07
07
07
o7
07
o7

07

o7
ov
07
o7
o7
07
o8
08
oe
08
08

03
4
02
0e
o2
62
02
02
02
01
01
01
01

03

0 4HZE
0.499E
0.517E
0.535E
0.554E
0.573E
0.593E
0.613E
0.634E
0,.656E
0.678E
0.700E

0.2R4E
0.3R4E
0.484E
0.584E
0.684E
0.TBAE
0.RR4E
0.984E
0.108E
0.118£
0.128E
0.138E
0.148E

0,10%E~
0.274E-
0.343E~-
0.463E'
0.5THE=

07
07
07
07
07
07
07
07
o7
o7
07
07

o7
07

a7
07
a7
07
07
08
08
08
08
08

02
o2
02
o2
02

0.6%2E~02

0.B01E-
0.891E-
d.9ATE~

02
oz
te

0.103E-01

0.109E~
0.114E-

01
01

0.118E~01

0,103E~02

2

2 D

.:)-



I

~

Dell4F=02
0.22RFE=02
Qe342F=02
0.456F=02
0.570F~02
0.6H4F=02

" 0.79RE=02

D.912F=02

T 0.103E=-01

0.114F=-01
0,125€-01
0.137FE=01
OQIARE-UI

COMPENSATED HAULAGE TRIPPING PRESSURE PCOMP=

ACCUMULATOR INCREMENT FACTOR YI=

Cel2BE~02
0,239E=02
0.353E=-02
0.467E=0¢
0.581€~02
0.695E=02
0.809€=-02
0.923E~-02
0.104E=-01
0,115E=01
0.126E~01
0.138€=-01

0.1376=02
N.251E=02
0.365E=02
N.479FE=02
0.593F=~02
G.70TE-02
0.821E=02
0.934E=02
0.105E=01
0.116£-01
(tel28E=01
0.139E~01

Del14BFE=02
0.262E=-02
0a376E-02
0.490E-02
0.604E=-02
0.71BE=-02
0.832E~02
0:946E=02
0.106E~01
G.117E~-01
0.129£=01
0.140E=-01

0.6430

O0u.160E~02
0.27T4E=02
0.387E=-G2
0.501E=02
0,615E~02
0.729E=02
0.R43E=02
0.957E=-02
0.107E-01
0.119E~01
0,130E=-01
0.141E-01

0.171E-02

0,245E=-02
0,399E=02
0,513E=02
0.627TE~02

0,741E=-02

G,B855E~02
0,969E=-02
0.108E~01
0.120E-01]
0,131E=-01
0,142E=01

7819873.0

0,182E~=G2
0,296E=-02
0.41CE=02
0.524E-02
0.638E-02
0.752E=-02
0.866E~02
0.%80E-02
0,10%E~01
0.,121E-01
0.132E-01
0.144E=01

0s1%4F~02
0.308E=-02
0.422€-02
0.536E~02
0.650E=-02
0. T64E~0DZ
0.878E=02
Ue891E=-02

0.111E-01,

OOIEEE-GI
De133E=-01
0.145E=-01

0.205E=-02
0.319F=02
0.433F=02
0.547F=n2
0.661E-02
0.7715E=~02
D.889E=02
0.100E~01
0.,112E-01
0.123E=-01
0.134E-01
0.146E-01

0.217E=-02
04330E=-02
QetltE=02
0.558E£=-02
0.6T2E=-02
0. THOE=D2
0.900E=-02
0.101E~01
0.113E-01
f0el24E=01
0.136E~01
Gel4TE=0L



APPENDIX II

A Conversational Programme for Setting the Pre-Charge
Pressures of a Bank of Accumulators to enable a
Hydrostatic Power Absorber to.Simulate Chain
Elasticity Effects on Power Loader Haulage Units



13.

11.
12.
1z,
1111

1s5. .

15.
17.

18. .

19.
20.
21.
22.
23.

24. .
25. .

26
27,
28,
29.

30. .

31.
32.

33.
3o .

35,
36

37. .

38

39. .

4Lo.

4l. .

1;2.

L3. .

ll.'.;o
45.
L5

47. .

8.
L.
5.
51.
52«
53.
She.
.55

Nt

PUT LIST('Tils programme Calculates the pre-cilarge pressures of a bank of acCumulators to');

PUT LIST('enable 4 Nydrostatic power absorver to simulate chaln elastisity effects on');

PUT LIST('power loader naulase units');
PUT LIST('Tnis programme uses ®nelish units');

UEeCLARE pda(20);
nigh,ret,rt,1=99;
pa=1l;

pi=3- 1“2;

PUT LIST('what are the sprocket detalls spt=urive sprocket teeth idt=idler teeth');

GET LIST(spt,idt);
mu--s

PUT LlST(lwhat dre the davsorber Cldracteristics ad= d!sptabemunt cup.in/rev abeffuefflsiencvl),
PUT LIST('agufac=1cakage factor
PUT LIST('for Hauilunds 6185 motor au=905 aweff=.075 abfac=1. 1s bp=100'); .
PUT LIST('for Staffa 82701 with 2/1 o/b ad=526 abeff=.9 abfac=1.08 bp= 100');
PUT LIST('for Staffa 2700 with 4/1 s/w <au=1056 abeff=.9 avfac=1.04 bp=100*');

GeT LlST(ad aueff avfac,bp);
PUT LIST('what is the mdxlmum sprocket torque tmm lbs ft');

weT LIST{tmm);

PUT LIST('wd «ac pe
PUT LIST('22 26 3000
PUT LIST('22 17 In00
PUT LIST('18 33.5 2400
PUT LIST('Ig 25 2400
PUT LIST('1n 17 2400
PUT LIST('18 n 2500
PUT LIST('12 33 72n0
PUT LIiST('18 2k ag8aon
GET LIST{(wu,ac,pc,fc);

IF wd=18 ki pitch=6H;
wd=18 TueN sc=.35;
wd=22 TdcN pitch=8¢;
wd=22 ThuN sc=.49;
wd=26 THeEN plech=92;
wd=26 TicN sc=.47;
tl=pi/spt*2xpi/iut;
s=(fc-p<c)/2240/ac;
klt=mu=xwd*atl/2/plteh;
kat=1+kle;

k3t=1-klt:
pcr=spt*plitch/25.4/p1/12;
tmax=tmm/pcr/k2t/2240;
tml=tmax*k2t-pexk3t/2240;
tpl=tmax+k3t-pC#k2t/2240;

M T T

|
IF
IF
|
I
a

et );
9300
93007');:
5500');
SE00);
5500');
12000
72n1
9801

Repomms R

vp=voost pressure lbhs/sq.in');

PUT LIST('LHafn tensioners availablet);
PUT LIST('cidin size (wd)mm avaltavie Compression (db)in pre-compression (pc)lbs full compresslon

spring type');

geechdale'); :
MRUE also Tor 22mm c<haln! ),
oolton also tor 22mm chain');

(fcyibs M,



56. . Ciig T=sCxk3t¥gek2t;

. 57. . tp2=tpl-dcCx*Cligl;

58. . IF tp2<=0 TacN tp2=0;

59. tav=tpl/aveff/abeff;

60. pClpr=tau+100/tmax;

6l. - pchpr=floor(pcipr); X )

62, . PUT LIST('adjust nayldse trippins Pressure to',pchipr,' 2 to Compensate Tor efficlency dilfference');

63. . PUT LIST('rememuer this % does not Include the effuct of nauylase Woost pressure');

8h pa(l)=bp*ttp2*2240x2+pixpCr/ad/aueff; _

65 ‘ IF tp2<=0 TncN pa(l)=p; '

66, . IF tp2<=0 TneN zmax=tpl/chsl; ELSE zmax=ac;

67 rot=zmax/12/pcr/2/pl;

68. Prtn=tmax-zmax*s¢;

69. PUT IMAat(pren)(Iml7);

70. Iml7: IHAue; ,
the vaiue of pre tension In the cnain system is -~e== tons

71. IF prtn<5 THEN w0 TO skp; .

72. . PUT LIST{'tlie value of pre-tension is abave Stons put Hish=1l to try a tensloner with more ');

73. PUT LIST('avallevie compréssion or Increase the vatue of ac wy up to');

74 PUT LIST('S chaln piches thus introducine the equivalant of slack cnain');

75. , etT LIsT(high);

76 IF nigh=1 THEN <0 TO Ng}

77, skp: pamax=9p+tp1*22h0*2h*pi*DCr/aU/aueff:

78, pamax=t 1oor (pemex); . .

74. IF pamex>3000 TuaN PUT LIST('avsorber pressuré abopve 3000 lbs/sq-in. };

20, [F pamax>3000 THEN PUT LIST('re-xeq to input alternative absorbert);

81, slopﬂ=12*22110*hR*Chsl*DCr*DCr*pi*Dlléd/au/d“eff/d“faQ

82, PUT LIST('what is the dCCuTu16tor In;tidl ;;%cvg1gme'%?t a=g0cubeTn. ')

.. UT LIST(taccumulators avallavle ledll vas= ub.in. 1lgt va=60cub.in."J;
gz__ ;U$ Llsrginote thege can we used In Ccombination le.210%60=270 or 650+60=120"%);
g5, - 4cC: 15=9;
1. 8A. utT LIST{(ve);

27, palt: ]F_rt=2 TieN aET LIST (pa(1)); T '

88, accrot=(zmax=~((pa(l)-up)*adsaveff/2200/2L/pl/per-tp2)/chs1)/12/pcr/2/pi;

89, {F ret=1 TneN PUT iMAuc(pd(l), rot,accrot)(iml5);"

89, imls: HAuC ;
pa(l) Lrmana rot S 8CCrot =eem--

91, . usl=slopexva/pa(l);

92, yl=.08%.369%usl;

93, . _ IF yi<op THEN PUT IMAuc(yli,va)(imls):

94, . iml6:  IMAuc; .
vi(accumuiator Increment factor)=.-~ tihls is uvelow the l1inear ranew of the =wucub.in. accumulator

95. . IF yi<.6 TREN PUT LIST('try @ larger accumuldtor put lg=1 to input a larger size');

86. IF yi<.6 ToeN GwET LIST(1u): .

87. . IF 1a=1 THEN w0 TO acc;

98, PUT LIST('accumulator pre-charge pressures in lbs/sq«in.');

v .90, . U0 j=2 TO 10;



nd:

|
pa(id=pa(llwylxj;
END ;
Vo j=1 TO 10;
pa(iy=floor({pa(i)); -
PUT LIST('pa(',i,")', "=, pa(j))
IF pa{j+1)>=pamax THEN w0 TO nd
END ;
&=1;

e e

IF pa(j+1)>=pamax THcN PUT LIST(j,'acCs, dre requlired to reach max abgorber pressure',pamax,'1¥s/sq.in')

nv=tloor(pemdx/pall)/yi);

IF nb>10 TreN PUT LIST(nu,'accs. would we required to reach omax absorber pressure

IF ret=1 TrtN ©0 TO dz;
ret=1;

',pamax,'10s/sq.lne 'Y

PUT LIST('if more accumulators are requlred than are davailable or the number is lower than requlred');

- PUT LIST('to «ciileve a satisfactory simulation put rt=1 to try an dlternative slzv acc.');

PUT LIST('if a satisfactory mech cannot we achleyeu wy yse of dlternative aCcumulators adjust tiie valye'y;

PUT LIST('of pa(l) tils will a8lter the meéx sprocket rotation away from tive desiped value ,
PUT LIST('ls requlred put rt=2 Cnain rotatlon=rot dcCumulator rotation=accrot');
PUT LIST('adjustment mignt also we required if pa(l) is less than 20% of pemax');

GET LIST(rt);
IF re=1 TieN GO TO acc;
1F rt=2 THEN w0 TO pelt;

PUT LIST{'the followine Is @ list of prosramm lnputs'y;

PUT IMAuc(ac,pe, fC)(Im20);

lMAGt;
ne.  pe = =ese  lUs fc
PUT IMAuE(spt,ldt,wd)(im21);
I MAGE;
teeth idt £ -a teeth wa
PUT IMAGE (tmm) (Im22};
lMAuE;
Iﬂ.fto .
PUT IMAuc (abeff ,ad,aofac)(lm23);
IMAGE; .
tfactor ad Z me—— cuv.in, awfac
PUT | MAGE (va,bp)(Im2t);
{MAGE .
cuo. in. Lp Z —um 1bs/sq. in.,

PUT LIST('additlional programm outputs');
PUT IMAGE (tmax,pCilpr,pdmdx) (im25);

IMAut;

tons _  pChpr 3 rme-e= pemax
PUT IMAGE(rot,accrot) (Im26);

IMAGE ; .

revs. &Cirot B sema= FQOYS.,

1bsg.

Mm e

factor

1bs/sa«in

it adjustment');



xeq

Tnis programme cdlcytates the
enavle a llydrostatic power auvs

pover loader Nauldot units
Thls programme usvs english units

spt
10 8

what dre the avsorwer characteristics aus=uisplacement Cuv.in

abfacs=leakage factorp

up=boost pressure lbs/sasin ‘
for Maselunds 6185 motor ad=90g awveff=,975 aufac=1,15 wp=100

pre-chidarye pressures of a wvank of accumulators to
orver to simulate ciain elasgtislty effects on

what are the sprocket detalls spt=drive sprocket teeth idt=idler teuth \\
.&Mxﬁdc { @JM&xrm'

/rev au¢ff.uffiCqucy

for Staffa B270n with 2/1 &/b ad=526 abeff=.9 aufac=1.08 wp=100

au

1056 .9 1.0% 100

wnat is the maxImum sprocket torque tmm 1bs.¥t

tmm
200390

chalpn tensloners availavie '
cnain size (wu)mm availavle Compresslon (a@c)in pre-compression (pc)lbs full Compression (fc)lbs

wd
22
22
18
18
18
18
13
18
wd

18 17 24500 5500

adjust Naulas® trippine pressure to 102
rememuer this ; !
the value of pre tenslon In tile chaln system is

ac
26
17
33.5
25
17
24
53
24

Pc
3000
2009
2400
24,00
2L00
2400
72090
9800

fe
9300
9300
5500
5500
5500
12000
7201
9501

sprine type

geechdale .
MRUE 81so for 22mm cilaln
solton also Yor 22mm chain

for Staffa 82701 witn 4/1 o/v au=1056 aweff=.9 avfac=1,04 wp=100

% to Compensate for efflciency ulfference
Upes not Intlude the effect of ndylast voost pressure
6.45 tons

the value of pre-tenslon ls above Stons put nigh=1 to try & tensioner with more

availavle compression or inCredse the valuw of aC vy up to
5 cnaipn piches thus introducins tihe equivalant of slack chdin \\

nign

1

wd

18 25 2500 5500

adjust Ndulase trippins pressure to 102 % to Compensate for efficlency uifference

remember tiis % Goes not inc €
the value of pre tenslion In the Chain system Is

wihat lsg the accumylator lnitial «ds volume

acCumuldtors avaijavie 1ual1 vd=210cuv.in. 1lgt va=§0Cu

tude the effect of hdylasw Poost pressurs
3. 65 tons

note tnese can ve uysed In combination ie.210%60=270 or 60+60=120

va
‘60



yi (accumulator Increment factor)= «33 this Is welow tlie Vinear rdnse of the
try @ larser acCumulator put le=1 to input a lapger size
| F

i

vd

210
accumulator pre=chdrse pregsures In lus/sq.in.
pa( 1 ) = 185
pa( 2 ) = 352
pa( 3 ) = 52
pa( B ) = 705
pa( 5 ) = 882
pa( 6 ) = 1058
pa( 7 } = 1235

7 4cCs. dre required to reach max ausorver préssure 1321 1bs/sq.ln

§0Cuv. In. éCCqmu]ator

if more dccumuldtors dre required than dre dyaljadle op the numwer is lower than required

to achlivye o satisfactory simulation put rt=1 to try dn alternative sjzs dce.

if o satisfactory macn canpot ve achieved By use of alternative dccumulators «djust the valuye
of pa(l) tnis will alter the max sprocket rotation away from the deslred vajue , if adjustment

s required put rt=2 chalp rotation=rot acCumulator rotatlon=dcirot
adjustment misnt also o requirea If pa(l) Is less tnen 20% of pamex
rt

2

pa{l)

264

pa(l) = 26l rot =, 496 accrot =«462

accymuldtor pre-chédrge pressures In lbs/sq,in. -

pal 1 ) = 284

pa{ 2 ) = 3865

pa( 3 ) = 548

pa{ 4 ) = 730

pa( 5 ) = 913

pel{ 6 ) = 1096

pa{ 7 ) = 1278

7 accs, are requlyed to reach max absorber pressure 1321 lbs/sq-in

rt

29 .

the foltowing Is @ list of prosramm inputs o

ac = 25 In. pc = 2400 1bs fc = 5500

spt = 10 teeth lat = 8§ " teeth wd = 18

tmm = 20000 . 1b.ft. .

cDeff = 4900 factor ad = 1056 cub.in,  avfac = 1.0n
= 2190 Cuv,ine. . op = 100 1vs/sqgein.

aaditional Prooramm outputs ‘

tmdx = 12.40 tons pChpr = 102.0 % pamdax = 1321

rot = ,h956 = revs. 4cCrot = + 462 revs.,

lbs.

Mime

factor

1bs/sq-In



APPFNDIX IIT

A CSMP Model of a Mechanical Haulage Unit



#2#aCONTINUOUS SYSTEM MODELING

##2PROBLEM TMNPUT STATEMENTSH###

TITLE ReJeDe Bi14 MECHANICAL HAULAGE RUNRBACK

INITIAL

PARAMETER FRAC=.T5.TTRIP=2,65E44BT=1.5E4

PARAMETER KSTOP=0.5

PARAMETER HJ=1700.0

FUNCTION DTDG=0,96.4E394.494,F4

FUNCTION TDDG=6,4E3+0.94.FE444,.4

FUNCTION DTDN=O.92¢7E395|2’4UE4
XTH=AFGEN(TODGTTRIP)
XTHD=FRAC®#FS

DYNAMIC
RT=INSW({THDsRT+-BT)

PROGR At

qu=;6

TM= INQN(THD;AFGEN(DTDMsTH)qAFGEN(DTDGoTH))

TH=INTGRLU (XTH.THD)
THD=INTGRL (XTHD . THZ2D)

VTR==500 4 THD#THO/ ¢ 36%S1GN (1409 THN)

THZD=(RT+VTR=TM) /HJ
NOSORT

PRINT THD«THaTHR2DsTHIRT VTR
PREPARE THD
FINISH TH=,119XSTOP=0,.6

TIMER FINTIM=4,0 +DFLT=,005+0UTNEL=.01 +PRDEL=,05
END
PARAMETER HJ=4T0040 |
PARAMETER KSTOP=0.5 Mac & €N ke
END
PARAMETER KST0P=0.5 \ J?g m»&b&&& oy
PARAMETER HJ=7700.0 . .
END |
PARAMETER KSTOP=0.5
PARAMETER HJ=10700.0
END -
STOP
JUTPUT VARIABLE SEOUENCE :
(TH XTHD  TH ™ VTR RT TH2D  THD KSTOP
OUTPUTS INPUTS  PARAMS INTEGS + MEM BLKS FORTRAN DATA CDS
- 10(600) 21

13(500) 39(1400) 13(400) 2+ 0= 2(300)

ENDJOR



Redella 114 MFCHANTCAL HAULABE RUNBACK

TIMFE
N0
S.0000F~07
1.00008-01
3.0000F=01
3.5000F=01
440000F=-01
4,5000F~01
5.0000F~01
5.50005-01
6.0000F=01
6.5000R=01
7.0000F=01
7.5000F=-01
B.0000E~-01
B«5000F~-01
9,0000E=01
9.5000E=01
1.00006 00
1.0500F 00
1.1000E 00
1.15006 00
120008 00
1.25008 00
1.3000E 00
1.3500F 00
1.,4000FE 00

~1.4500F 00
1.5000E
1455007
1.6000F

0o
oo

0o

THD
~1.2330E-01
=3.14228=01
-4;9?06?"01
-6,6753E~01
-8,2214E-01
-9,5836E-01
=-1.0747E 0O
-1,.,2456E 00
-1.3380E 00
-1.3578E 00
-1.,3619E 00
~1.,3%20E 00
-1,37296E 00
~1.2963F 00
-1,2533FE 00
-1.2020F
~1+1434E
=1,0785£ 00
~1.0081E 00
-9.3316£=01
'8.542?&'"‘01
-7.718%E-01
-6.8670E-01
~5,9911E=-01
-5.0954E-01
-4,1835E=01

00

-3,2589E~01

~2+3246E-01
-1.,3836E-01
~4,3869E~02

#2#SIMULATION HALTED®##4

1.6200E 00

-6,0205E~03

00 -

TH TH20
2.A321E 00 -2.4577E 01
2.6343E 00 ~3.,8676E 00
P.6233F 00 =3.7531€ 00
2.6030F 00 =3,5461F 00
2.5738E N0 ~3.,2608E 00
2.5365E 00 =2.,9152E 00
2.4919E 00 -2.5288F 00
2.46410E 00 =2.1208E 00
P?.3848E 00 -1,7081F 00
2.3243€ 00 =1,3044E 00
?.26056F 00 =-9,1986F=01
2.1945FE 00 ~5.6156E-01
2.1270E 00 =2.3340E-01
2.0590F 00 6,2914E~02
1.9911F 00 3,2750F=01
1.9240E 00 5.6162€E-01
1.8583E 00 7.6729E~01
1.7946F 00 9,4693E-01.
1.7331€ 00 1,1031E 0O
146744E 00 1.23R3F 00
1.6188F 00 1,3550F 00
1.5666F 00 1,4553F 00
1.5181F€ 00 1,5413F 00
1.47T34FE 00 1,6146E 00
1.4327E 00 1.6768E 00
1.3962E 00 1.7292E 00
"1e3641E 00 1,7729%9E 00
1.3363F 00 1.8088E 00
1.3131E 00 1.8376E 00

"1.2945E 00 1.8599E 00
1.2806E 00 1.8762E 00
1.2713E 00 1.8868E 00
1.2667FE 00 1.8920F 00
KSTOP = 1,0000E 0O

- 1.2662E 00 1.8926E 00

™
2.6500E
2+1596E
2e1517E
2,1371F
2+1162E
2+0895E
2.0575E
2,0209E
1.9806€
1.9372E
1.8915E
1.8441F
1.7957E
1.7469E
1.6982E
1.6501E
1.6029E

1,55728
1.5131E

l.4711E
1.4312E
1.3938E
1.3589E
1326098
1.2977E
1.2715E
1.2485E
1.2286€

. 142119E

1.1986E
1.18AR5K
1.1B19E
1.1786E

1.1783F

04
04
04
N4
04
04
04
04
04
04
04
04
04
04
04
04
04
04
N4
04
04
04
04
N4
04
04

04

04
04
04
N&
04
04

N4 -

RT
-1.5000F
1.5000€
1.5000E
1.5000E
1.5000F
1.5000E
1.5000F
1,5000F
1.5000€
1,5000€
1.5000E
1.5000E
1.5000F
1,5000E
1.5000F
1.5000F
1.5000F
1.5000€
1.5000€
1.5000E
1.5000F
1.5000F
1.5000F
1.5000€
1,5000E
1.5000F
1.5000F
1.5000E
1.5000F
1.5000F
1.5000E
1.5000E
1,5000F

1.5000E

04
04
04
04
04
04
04
04

04

04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04

04

04

04

04
04

04

RKS

VTR
~2.8125F 02
2.1115€ 01

1.,3713E 02
3.4316E 02
6.,1888E 07
9.,3876E 02
1.2756E 03
1.6040E 03
1.5024E
2.1549E
2.3513E
2.4865€
2.5604E
2.5760E
2.538TE
‘2.4555E
2.3339E
2.1817E
2.0066E
1.8157€
1,6154E
1.4116E
1.2094E
1,0135E
8.,2751t
6.5493E"
4,9852E
3.6059E
2.,4308E
1.4750FK 02
7.5053E 01
2.6589E 01
2.6729E

03
03
03
03
03
03
03
03
03
03
03
03
03
G3
03
02
02
ge
02
02

5,0342E=02

03

00

INTEGRATION

~ One PRINT output only shown

PREPARE data plotted on

Fig. 13.2
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Instrumentation



INSTRUMENTATION

Sprocket Torque External

British Hovercraft Corporation Ltd

Torqué Transducer Type FC O — 20.3 kN m (0 - 15,000 1b f%)
Strain gauged shaft with slip riﬁé‘cénnections

Output 1.5 mV/V at full rated load

Used with British Hovercraft TM6 indicator

fearbox Torgue Internal

Strain gauge bridge bonded to first reduction wheel shaft in
BI-D Ltd B14 Haulage Unit
Strain gauges Philips 600 Type PR 9832K/10FE

External connections via IIM Eﬂectronics'Ltd slip ring assembly

Haulage Speed Measurement

Racal Electronics Ltd Tachometer Type No MA 38

Output 60 pulses per revolution

Pressure Measurement

Bell and Howell Ltd, Consolidated Eleétrodynamics'Division
Pressure Transducer Type 4-326
Pressure range O — 24.13 MPa (0 - 3,500 1bf/in2)

Qutput 4 mV/V at full rated pressure

Displacement

Penney and Giles Ltd
Potentiometer Model No RP 25/15 100 ohm 10 turn

5 cm drive wheel with foam strip

Chain Tension

British Hovercraft Corporation Ltd

Strain Gauge Tensometer. Load range O — 500 kN (0 - 50 tons)

Output 1.5 m?/V at full load



X - Y Plotter

Bryans Southern Instruments Ltd

Model No 26000 (metric axis)

Max writizg speed Y axis 125 om/sec (two channel), X axis 66 cm/sec
Pre-amplifiers 26102/26116

Max sensitivity 0.05 mV/cm

Curve follower attachment Model No 26236

Max following speed 40 cm/sec

Accuracy 0.8 mm

Signal Conditioning Fguipment

Bretby Modular Instrumentation System (MRDE Internal Report 71/72)

Acitve, Passive and Frequency to Analogue Modules feeding X - Y Recorder






