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SUMMARY -

Presently available pneumatic Jjackhammers do not meet the long

-range Federal Noise Level Standards for 19Th. A definite need exists

for a long-term solution to decrease the noise poliuticn by such 8 i
device, This study examines a closea hydrcmechanical system to
alleviate the problem.

A dynamic dnalysis of the hydromechanical components is
performed with linear approximations adoﬁted for most‘parts.. The
resulting system is examined with spécial attention to the working
specifications of existing pneumatic jackhammer systems.

The non-linearity in the system due to the switching effect
of the valve is included.in.the dynamiec énalysis. Stability aspects
of thé non-iinear behavior are examined by the Describing Function
method, Computer simulations of the system are performed. It has
been shown that the proposed system.willtgﬁerate; but_great care must
be kept in assigning values to design parameters in order to assure
stability; alsc fluid momentum effects are present, due to the switch-
ing motion of the piston. A continued investigation in this latter
point was recommended, in order to measure the degree of pressure
éurge due to stoppage of fluid, and establish its direet effects on

the system performance,




CHAPTER I -
INTRODUCTION

1.1 The Prohlem of Ncise Reduétion

It has been established that ﬁSise and vibration does affect
the population in a number of ways and it may, if sufficiently loud
or intense, damage heering or health; interfere with work £&sks and
adversely affect speéch communication., It aiso can affect interroom
privacy, course general annoyance ana interrﬁﬁt sléep.

Noise reductién cén be achieved by eontrolling its source, its
path of propagation, or by the combination of the two.

_ The first method is the most effective measure for products
still in thé design stage and also the least expensive in the long.
run. The second is a corrective measure for an eéisting noise control
problem utilizing changes in the peth of sound propagation by diverting
or absorbing sound, The third method is employed when a complete
redesign of the existing product is too expensive to accommOdate.

The slternative is to make minor inéxpensive changes or additions to
the actuél design in conjuncticn with manipulation of the sound

propagstion path;' Important considerations in adopting the specific
scheme for nolse reduction are the demands of the receiver, which are

subject to individuals, and their reasons for reducing noise in a

“particular environment.

In the case of the pneumatic jack hammer, it is at best

questionable if noise levels emanating from this tool ‘used presently,




does comply with the curreqt government regulaticns. Readings taken
on typical jackhammers used for road construction in the metropolitan
Atlanta* area and data from other documents [13] show that the exhaust
sound level doés exceed government standards and although public
.opinion would call for its'silencing? but as the jackhammer is not a
consumer product, companies could held back on redesigning expenses.
Currently available jackhammer designs have bheen modified both from
the point of view of controlling the amount of noise propagation as
well as ‘some control at the source level via modified designs. This
study concentrates on & ﬁoré fundamental éhange at the source of the

noise generation from such a tool.'

1.2 A Review of Previous Work

There does not exist a large volume of informetion on a valve-
piston combination used as an impact device.. In fact, an extensive
literature search revealed no significant snalytical or experimental

woerk on the sublect matter., On the other hand not much can bhe added

~ to the vast literature available on servovalves in particular and

hydreulic fluid power control te;hnology, in general, 8o a short
account of what has been done to reduce noise caused by a conventional
pneumatic Jackhammer will perhaps be of help in establishing the
need. for this work.

In the late 1950's, people were already concerned about noise
pollution by such devices ag pneumatic Jackhammers; this, as mentioned

before, not being a consumer product, little attention was given to the

o b

~¥ee Appendix A,




problem, Pneumatic ccntractor's tools were mentioned by the Wilson
Committee [T] noise report in 1963. Later on the Building-Reseafch
station of the Ministry of Technology of the United XKingdom concluded
that noise by these devices was unnecessary, It was thought then
that this wbuld entice legislatiocn restricting the use of unsilenced
breaker and other similar annoying pneumatic tqols. A report éarried
out by the Building Research Station [T] shows a comparative analysis
of noise, work, output and performance of unsilended and mated
breakers. Currently in effect, nqise is restricted as set forth by

the U.8. Government Occupational Safety snd Health Act of 19T70. It

.is a foregone ccneclusion that regulations against noise pollution will

get progressively stiffer and, consegquently, permissible noise levels
will be lowered, whereby.manufacturers will have to comply with new
regulations.,

The Environmental Protection Agency is at presenf preparing
a8 report regulating every apparatus, vehicle and device on the market
as well aé those already in use. This report will be copcluded soon
and is expected to be enforced by the latter part of 19Tk,

The Building Research Station of the Ministry of Technology
performed their tests employing four different technigues to bring
down the noise level in current pneumatie <oncrete breakers. These
are:

l. Use of strap-on mufflers,

2. Redesigning of the pneumatic jackhammer body to integrate '

muffling,

s —m




3, Diverting exhaust.through.existing compressor mufflers, and

4, Putting an acoustic screen éround the breaker.

The strap-on muffler has been applied by several manufactﬁre%s,
Ingersol-Rand being one of them. Several makes of mufflers are
currently available, A typical design-is a lighﬁ;;aﬁ}éﬁlé;*inexpen-
sive (average cost $30.00) device that fits over the body of the tool.
Excessive loss of working efficiency can result from a badly designed
muifler, -For example, the base 6f the muffler has to be designed to
release the exhaust air, but inevitably the muffler sets up some
degree of back pressure and it is thus which is more than likely to
impeir performance. Typicai nolise reduction with the use of a strap
on muffler is moderate at seven-decibels; and power loss is approxi-
mately between 20 pércent and 45 peréeﬁt. It seems that any further
government restrictions would necessitate a complete redesigning of
the pneumatic tool at a2 considerable expense.

Thé integrated muffler design tried out by several manufacturers
achieves a sound reduction of ahout 25 decibels, but is more expenéive
(average 25 percent more over total cost) and power lossés fluctuate
between 30 percent and 40 percent,

Diverting the exhaﬁst alr hack to the compressor muffler has
an advantage in that it &ses a larger muffler, but also at considerable
power loss.

| In other words, muffling has brough® down sound levels. In
general terms, the best mufflers can offer a 50 percent total sound

reduction but Pprovide only an adequate short-range solution to the

problem.




The fourth and last method employed for noise reduction is the
acoustic scfeen around the tool and compressor. Clearly this detrdcets
in no way the efficiency of the bresker. .The only drawhack of this
method, (apart from the cost of the screen material which includes:
.a three sided light weight structure, with two inch thick internal
liging of polyurethane foam) is that it has to be porfable to follow
the job progress. The combined effect of the m&ffler ang enclosure
can reduce the sound level by as much as 20 decibels, or 75 percent
total noise redudtion with the corresponding trade-off in power loss
due ﬁo silencer. There is also the ineonvénience of moving the
enclosure,

Back pressure.created by the muffler ceuses extra loading on
‘the compressor for a specific work output which increases compressor
noise levels and which have been established to be as significant as
20 percent over normal use.

.The actual breaking of concrete.cbntributes approximately C.1
percent¥ to the total nocise ¢reated by the tool and compressor. It
is thus gquite important to consider a complete redesign of the jack-
hammer,

Ingersol Rand has at présent on the market their new "Hobgoblin"
impulse-breaker which mounts on a back-hoe or fork 1lift. This

blockbuéter employs hydraulic fluid to move the hammer and piston of the

!

Yool which’ in. turn compresses nitrogen gas at a high pressure, _ﬁm_a

' pre-gset hydraulic pressure the energy stored in the compressed gas is’

¥Bee Appendix A, Figure A.1.




released causing the hammer to strike the tool., The work-blow

delivered by the tool can be varied between 135 (ft-1b) to 1200 (£t-1b).

1.3 Statement of the Problem

The object of the present study is to examine a closed hydro-
mechanical system employing a hydraulic pump to supply energy to an '
impact breaker., It is proposed to incorpofate'the conventional
comﬁination of & servo valve and piston respectivelyaemployed as the
oscillating device and hydréulic powér element.

Hydraulic losses due to friction, valving'ahd leakage from the
pump to the power piston must be determined in order to evaluate their
influence on the:éverall design. The basic approach will be to
assume a constant.supply pressure and to develop governing equations
for each component. Solutions of such equations.will render the
dynamic characteristics of the system. Also pressure~flow curves
will be obtained. Due to the mathematical complexity of the problem,
it 1s anticipated that linearization must be adopted for most parts.

The two most important.characteristics of employing hydraulic
fluid as a measure of energy transmission: "Stiffness and pressure”
will be exploited to best advantage.

Temperature rises occurring due.to friction and shearing updn
the 0il can be as high as 120° to 180° F. for large véiocities.

Since one of the characteristics of a hydraulic fluid power system is
to_dissipate excessive heat from the power source by the fluid stream
itself; inclusion of an adeguate heat exchanger in the sump or in

another appropriate location keeps the oil at a reasonable working




temperature. Hence temperature rises will not be considered in this
work.

-Finally, stability which probably is the most importan%
performance characteristic of a servo system, will be analysed by
comparing various methods for determining absolute stability of a
gystem., The non-linearity present in the system due to the switching
effect of the valve will be examined by the ﬂescribing Function

technique and by graphical methods.




CHAPTER II
SYSTEM CONFIGURATION

'ihl Basic Considerations

Conventional demolition tools, such as concrete bréaker
utilize compreséed air to displace é-piston, which aets as a hammer,
to strike a tool or chisel with a.high impact energy. This impact is
transmitted through the tool to the concrete., It has been established
by manufecturers that the energy per impact for small portable type
pneumatic concrete bfeakers is between 100 - 200 Ft-1b [1,2,14]. The
total energy output can be varied by controlling the frequency of
impact.

This analysis_adopts some of the working specifications such as
blows per minute and power outpult per stroke of the existing pneumstic
system. 'waever, the physical parsmeters, specifically; piston weight,
piston gtroke and cylinder bore of the power element, need to be
modified to 'suit bydraulic system design criteria. In a pneumatic
system part of the stroke is used to compress the air, whereas in s
hydraulic system the entire piston stroke goes into moving the piston.
As & result the hydraulic system needs a considerably shorter piston
stroke to attain a specified maximum veloc{ty for the piston. -This’
can be further supported by using thé continuity equation to write
expressions of wvelocity of the piston in the hydraulic and pneumatic

cage, These are:




Liguid: v R _ (2.1.1)
and
ap  Tpfap
Gas: Vb =3 t P 3 °© - (2.1.2)
where:
Vb‘ = velocity of piston,
X = displacement of plston,

P = Tluid density,

fluid density Qt zero pressure,

e
[
i

B = bulk modulus of elasticity, and,

P = fluid pressure

It may be noted that the iscthermal bulk modulus of elasticity
of a perfect gas eguals its pressure, wheresas for liquids it is
independent of pressure. Therefore plston velocities as given by
Equation 2,1.1 are reached at & much faster;éate than the correspond-
ing values from Equation 2.12. The gas behaves like a ﬁonlinear
spring compared to the linear spring characteristic of a liguid.

This can also be seen in Figure 1. Appendix B contains details of
development of the equations for piston velocities,

Inherently, the shorter stroke considered in this analysis
cuts down the volumetrie flow rate. This is of considerable impor-
tance since it directly affects the choice of the hydraulic pump.:

which provides the power element with the necessary fluid energy.

3o far as the power element is concerned, several configurations




velocity, /%
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| 3 4 5
displacement, x/x,

Figure L. Maximum Velocity of Piston.
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are possible. Basieally, it consists of a méin body which encloses
the cylinder where the piston is displaced up and down, striking the
tool when the piston reaches its lowest position. .It is necessary

to have a controlling element to switch the fluid flow from one end'
of the cylinder to the other to produce the oscillatory pistoﬂ motion.
Several schemes of achieving this neéd to be considered to find the

most appropriate one.

2.2 Possible Configurations

A Qualitative a3 well as a-Quantiiative analysis must be per-
formed for a number of possible schemes as éandidate configurations
to achieve oscillatofy pistoﬁ motion. This leads to a eriterion to
select the appropriate method ccmmatible with the specifications
desired per impact. Special attention must'bé paid to the kinetic
energy of impact with a minimum of power consumption and adequate
response time. |

-The_frimary difference hetween the basic configurations shown
in Pigure 2, is that in Figure 2.1 the piston is displaced down by
the supply pressﬁre PS and is returned by & spring force, whereas in
FPigures 2.2 and 2,3 the piston is driven by the supply pressure in

both directicns. The energy stored in the spring at the end of the .

=8f configuration 2.1 would have to meet the

gpecifications at impact.
The following mathemstical analysis will consist of obtaining
the equations of motion for the total cycle for each of configurations

2.1, 2.2, and 2.3. It will further consist of finding suitable

T T T S e et T




(3)

Figure 2, Possible Conf’igﬁrations.
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expressions which relate these dynamié equations to the total kinetic
energy delivered at impact. Next;éa power consumption equation,
togethef with expressions for potentiazl and kinetic energies, all in
terms of a nondimensionalized time, will be obtained., Through the
aid of adequate substitutions these expressions will bé combined to
form a canoni@al relation describing the response of the system.
Haturally such a relation ﬁill be in terms of the potential energy
the nondimensional time and tﬁe work done during the cy&le. Work
being_thé Tfunction to be minim;zed, the Hamiltonian principle of
dynemics cen be applied, and a ﬁondimensionalized plot can be con-
structed containing the minimum nondimensional work values correspond-
ing to different values of the nondimensicnalized time, Such & plot
will yield a criteria For minimum work consumption per impact, to be
used toward optimization of candidate configurations.

It may be noted that as far as power consumption ;% concerned,
Gonfigurations 2.2 and 2.3 are identical. The only diffe?éﬁce between
configurations.2.2 and 2.3 con¢ern the switching tiﬁe, whiéhﬁwill be
examined later!

2.2.1 Power Consumption Analysis for Configuration of Figure 2.1.

The preliminary analysis comsists of obteining a simplified for-
ward and return dynamic equations for configuration 2,1.

For small piston motion, i.e., with IAPXfI << VD, where VO is
the volume of forward chamber, AP the piston cross sectional ares
and xp the piston diéplacement; and for negligible leakage, the load

flow rate may be written as




b | (2.1)

where

9q, = load flow

By = load pressure; the dot indicates the time rate of change

In Laplace transformed notation thus becomes
Q. =A 58X +—=s5P_ , (2.2)

where s, is the Laplace operator. .
For a spring-mess system, the simplified equation of piston

motion is

2 8 . .
AP =MsX = A X + kX 2.
s + o sX + 5 (2.3)

p L D PS

where,

‘M = total piston masrs,
PS = supply pressure,
Qs = supply flow, and
K = spr-iné; constant.

If the pressure output is assumed linear and if line dyﬁémics

as well as delay due to length of line are neglected, then

SR P (2.4)
LT sl A -

ik
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It has been shown in Appendix B that pressure losses due to

frietion snd changes in cross sectional aresa of lines in this systems

are very small end added tc the fact that the length of the lines” 7 7

connecting the valve and ram are very short, (three to five inches) it
is justifiable to use Eguation 2.k
Combination of Equations 2.2, 2.3 and 2.4 gives the forward

stroke dynamic €quation of the system as

o Ps /2 \
A =
MsZX +Q ( XP+_EB VP)s+KxP AR, (2.5)

For very large bulk modulus, B, of the fluid, ApVb/B /~ O, which

simplifies Equation 2.5 to

AP
X = (2.6)
P P P 5 o s

sk s +-a; o s + Kj

At the instant of impact of the piston with the tool, i.e. at

t =T, Xp = Xb, the positioﬂ of' the piston is fed back either mechani-

_ cally or by electrical impulses to the actuating servovalve which in

turn connects the drain port-ﬁo the cylinder chamber, which releases

the pressure on the pistonf%h&-returns it to its original position by

the energy stored in the compressed spring.

‘The return motion is described by

Msgxp + KX =0, x(T)

P
t=2m

i
L]

(2.7)
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Since the duration ¢f the impact is very short it is reasonable
to assume an inelastic impact.

The constraint requiring a specified energy of impact cé; he
described relating the potential energy an kinetic energy at impact
1o the dynamié equations of the forwerd and return motion of the
piston,

The kinetie energy KE and the potential energy FE at t =T are

respectively given by

l .
I{E = é‘ BW? » (2.8)
L2
FE =3 Kx.p . (2.9)
From Equation 2.8
- i -
V2KE = /r:ﬂcp = z(t) , (2.10)
where z(t) is a function of time.
Equation 2.10 in Laplace transformed notation is
X = Xs) _ (2.11)
Poosm
Substitution of Equation 2.11 into Equation 2,6 yields
_ APPS /M
Z(E:) = ' P - » (2.12)

Ms2 +—§A£s + K-
QS D




1y

The inverse Laplace Transform of Equation 2,12 evaluated at

t =T, for the case of complex roots gives [See Appendix D for deteils]

P A2

- QgﬁgE

- . QSM
AP e

122
E_(s52 _
et e

vhere T is the time for the forward strcke. .Equation.é.l2 can also be

evaluated at t = T for the case of real and equal roots, by first
noting that critical damping occurs when

PSAe .ﬁ;
-—JP-QSM =2 [ (2.14)
Use of Equation 2.1% into 2.12 yields
AP
~E
: Vi
Z(s) = (2.15)
2 K K
5 + gdﬁ% 8 +'ﬁ
Inverse transform of Equaticon 2,15 yields at + = T, for critical
damping
PSA T =y
2(T) = —E— . & (2.16)

For the case of real and unequal rcots of Equation 2.12, the
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following conditions mast hold
. 3
sAz . LK
: QM:‘ )'M— . (2.17)
S .

The Inverse Laplace Transform of Equation 2.12 with condition

2.17 gives the overdamped response evaluated at t =T, as

' PSA2 . =
' .-'( QSM K ’Psﬂg ?f | '
2(T) =PA e B L-QSM')- T (2.18)

Equations 2.13, 2.16 and 2.18 are piston responses for the for-

ward stroke evaluated at t =T. These equations can be exemined more

conveniently in terms of a total response time, or can be expressed in
terms of a nondimensionalized time, ¢ which is the ratio of the total

cycle response time T, to the forward stroke response time, T. This

T

4ﬁaﬁﬁﬁdfication can be achieved by several straight forward substitu-

tions as outlined in the procedure that follows:

, Define | T, =Tp-T, (2.19)
where
TS = return stroke time,:
TT = total time per cycle, and
T = forward stroke time,

Obtain the solution to the return stroke equation as -

xp(tfg-) = xP(T)cos@ t. | (2.20)
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where ts 1s the instantaneous return stroke time, T <« ts < TT.

Tet b, =t - T and evaluate Equation 2.20 at .t = T, to give

= K (p_ |

XP(_TT-T) = XP(T)COS & (TT ) . (2.21)

Note that t = TT’ XP(TT) = 0. Equation 2.21 will admit this only when
m_ JE (Tp-T) . o (2.22)
2 " 4M

Equation 2.22 can be expressed as

o [Me ' .
where
1T =T, . (2.24)

Before.Equations 2,13, 2.16 and 2.18 can be expressed in terms
of the dimensionless time, T, it is necessary to expreés the cycle
work ih terms of 1, since it is:ﬂésired to minimize the energy con-
sumptipn at the gsame time delivering a specified energy per impact.

The power supplied to the piston is

HP =P Q k, | (2.25)

where k is & conversion factor to express lb-in/gee in horsepower, HP.

2

For cne complete cycle the work d&%ﬁ, W, is

W =-:1’_5:'i QT (2.26)
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Use of Eguation 2.24 into Equatioﬁ 2,26 yields

W=P_ Q Tr (2.27)

At this point it needs to be pointed out that Bquation B:27
must be optimized subject to-a fixed energy described by Equation
2,8, as well as the fesponse dynamics of the forﬁard stroﬁe gi%&n by.
Equation§2.12 and that of the return stroke given by & suitably
modified form of Equation 2.20.

To perform this optimization the forward:stroke response,
Equations 2.13, 2.16 must be mesnipulated to incorporate the cycle
work, W, and the dimensidﬁless time, 1. This is attained through the

use of Equation 2.27 in the response equation, resulting in the expres-

sions
2

: :SAE) W

i e QA M/ P BT 22

' K 5 p W

2(r) = 25— sin f= - (P (2.28)

i mAE?’fQ : M EQBM) PSAST
1K _ (8D

(2.29)

for the critically damped case, and
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PA e S o b
2 = 2P , - siah = P ' 2.
(T) == .s / (P ) o (230

for the ovérdamped case,

These expressions for the response must be further manipulated
to incorporate the potential energy, PE, and the kinetic energy, KE,
This is attained by substituting suitable modified combinstion of
Equations 2.8, 2.9, 2.?3 and 2.27 into the-%ésponse Equations.
Development of such a combinaﬁion proceeds as follows: |

The force upon a spring is given by
"F=XK . : (2.31)
b
This same force, P, in terms of-pfessure and area yields

PA =XK . 2,32
o - (2.32)

By substituting Xp from Bquation 2.32 into Equation 2.9, an

expression for potential energy is obtained as

2P =5 | (2.33)

The kinetic energy given by Equation 2.8 can be written intro-

ducing the substitutions,

QS
XP =K— » (2.3J4)
P
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which combined into Equation 2.8 results in

. (2.35)

o _
i mlm%m

Equations.2.23, 2.27, 2.33 and 2.35 can be combined to give

KE = -J—)—QWZ -1 (2.36)

n FE T

Equation 2.36 is a very useful relation in that it shows the
functional relationship betwegﬁ kinetic and potential energies, the
work done per cycle and the ratlo of total timé Tor one cycle to its
forward stroke time. Substitution of Equation 2.36 into Eguation 2.28

gives for the underdamped case

- (LW(T-l;EJ o 2

: ST sm[g(;"—ﬂ( 8W2(-|--l) ] (2.37)

Equatiqn'2;37 is a func¢tion of three variables W, PE and +, s0

2.37 can be rewritten as follows

1
2 _
F(W,PE, 1) =:££%l— eV sin 5%?§Ij - z2(1) (2.38)
where
2
FE .
N=l—0 - (2.39)
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and

s “ £ A (2.10)
) 8‘»!2("}'-1.):2 . |

Similar analysis can be performed on Equations 2.29 and 2.30
for the critically damped and overdamped-cases respectively.

For the critically dsmped case this gives
_2W
F] PET

F(W,PE,7) = — 2 ¢ -z(n) . (2.41)
(PE)2r :

1 1 .
where the relation (PE)Z = 2(KE)Z for relating potential and kinetic
energies at critical damping has been utilized.

For the overdamped case

L
. , 2 : \
P(W,PE,T) = fEH)— e ¥ sinh’ E(:fﬂl)—] ~ z(y) , (2,42)

where

= 'ﬂ%igglflé -1 < . 2.4
: - (8W2(¢-l)2 ) ( 3)

Equations 2.38, 2.41 and 2.42 represent expressions for work
and potential energy and it can be sesn from these equaticns, that W
is a function of PE for specific values ¢of the nondimensional time 7.

To find the minimum for the function W for a specific value of KE, the

criteris

aw : '
= S =0 | (2.44)
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must be applied to Equations 2,38, 2.41 and 2.42. In other words, for

miniﬁmm work,

'(%=O ,_OI‘

aFI- N

3E = O
and

dF

ﬁ:u »

where U is a finite positive wvalue different from zero.

(2.45)

(2.46)

(2.47)

Differentiation as indicated by-‘thuations 2.46 and 2.47 can be

performed on Equations 2.38, 2,41 and 2;&2. After suitable rear-

rangement this gives, respectively, for af/aFE = O

tan ns 1
2lr-l) " 16P(r-1)38 _ Wi(r-0)8 | 2(r-1)
113(PE)21'2 PEnT ms
representing the underdsmped case,
hw
EETT- = 1
for the critically damped case, and
TH 1
tanh =
a(r-1) YW(r-1)H 16W2(1--l)3H + 2(r-1)
] - TH

PE—”"' n3(PE )2 1'2

_' for the overdamped condition.

(2.48)

(2.49)

(2.50)

[
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For af/aw = U, the corresponding results are

-N 2,...3/2_ ~ .
OF _e m(PE) "7 [, ~_m8 PEr S
Y E in - gin

PEqm ™ '
+ Zwlr-1)s °°°F 217-15]'“ v (2.51)

for the underdamped solution,'

= a - ‘ e )—#W | ] =U 2

oo T A (2.52)
for the critically damped case, and

-N _2 3/2
3F e " w (PE)VTr [ TH PET_ . TH
W = H 8W2(7-1)2 ginh 5(r-1) + 2H2w sinh 5(;:i7

PETn m 7
" BW(r-1)R O 2(T-li]'"'U : (2.53)

for the overdamped case,

Numeriecal wvalues for the underdamped and overdamped cases are
obtained by a combined numericel and graphical procedure. Both sides
of Equations 2.48 and 2.50 are functions of PE/W.  Values for PE/W
that satisfy Egquations 2.48 and 2.50 for different vai%es of T are
found graphically.\.Table 2.1, for different values of 7 and corre-
sponding values for PE/W, is constructed from this graph. The values

from this table are subsequently substituted into Equations 2.39,

. s
o LT Em T e LY

R T
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2.40 and 2.43 to obtain solution for N, 8 andﬁH,.respectively.
Consequently these values of N, S and H are substituted into Eguations

2,38 and 2.42 to obtain PE for the underdamped and the overdamped case

as & Punction of ¢. By use of Table 2.1 the values for-WGﬁigﬁ

different values of T are obtained as a function of z(t), and plotted
in Figure 3. The expression for minimum work for the critically damped

W(ain) = [2(1) T e-r (2.55)

This equation has been-obﬁained by éom%ining Equations 2.27,.2.33 and
2.35 and substituting into Equation 2.16 together with the expression
of Equation .2.49. -Detailé of development of Equation-é.SE are pro-
vided in Appendix D.

The £enm T in.Eqﬁation 2,55 can be found bty combining Eguations

2.23.and 2,27, which yields

1-=n_—P,%—I+l . ' (2.56)
By substituting Eqﬁation 2,49 into Equation 2.56, T becomes

T=mw+ 1l (2.57)

Finally Equation 2.57 1s substituted into Equation 2,55, to

give
W(min) = 11.256 [z(ﬂ:)]2 (2.58)

for critical damping.

It is quite simple to demonstrate that Equation 2,47 is




T

satisfied, Substitution of Equations 2.49 and 2.57 into Bquation 2.52

yields the expression

OF _ 146
M VEE

FE is always a finite rumber conseé@éntly, Equation 2.47 is
satisfied, When similar manipulations are performed on Equations
2.51 and 2,53 it is easy to shoﬁ that the basic Bquation 2.47 is again
satisfied. |

The results of kguaticns 2.48, 2,50 and 2,58 are plotted in
Figure 3, where it can be observed that there is a minimum value
for W at a corresponding T = 2.3. This indicates an underdamped
region. No real values are obtained from Equations 2.48 and 2.50 in
the range‘3.6 < T <5, which indicates a transition range hetween the
two extreme values of daﬁping. |

The values plotted in Figure 3 are nondimensional and can be

employed for any configuration similar to Figure 2 :LT"Bhtain the

dimensional value of work, W, say in lb-in, the corresponding valugi
of dimensionless W(min) Zrom the plot of Figure 3 must be multiplied
by [z(t)]e, which, in turn is obtained from Equation 2.10.

2.2,2 Power Consumption Analysis for Configurations 2.2 and 2.3,

Similar analysis as performed on configuration 1 is developed
in order to optimize the work consumption per impact.

Neglecting friction, flow coefficients and fluid compressibil-
ity, an equation of motion for configuration represented in Figure 2.2

is




Tabléfé;l. Underdamped Case,

r PE/W (pE/W)°
1.6 .36 . 1296
1.8 .23 . 0529
- 2,0 .33 . 1089
2.2 .53 .2809
2 5T 3249
2.6 .59 3481
2.8 .75 .5625
3.0 .80 L6400
Table 2.2 Underdamped Case,
1
T S N (PE)Z
1.6 36T 1.96 Lot
1.8 .913 .79 2.06
2.0 855 .81 2.27
2.2 646 .99 2,33
2.4 bl ,855 2.29
2.6 .660 .732 2.27
2.8 o9 .79 2.h3
3.0 .3 . 738 2,75

28
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2

P A
M“ —E—B' =71 A 2.
T Ta, p TPy (2.59)

with initial conditions

0

x(0)

¥(0) =0 ' (2.60)

This case reflects the fact that the piston is driven in both
directions by P(s), from which is concluded that for a full cyele

T = 2 and from Equation 2,27
W.= 2PS QS T , ' . (2'61)

which is the function to be minimized solution of Equation 2.59 gives

p A°
g . 7 gﬁn T -
z(T) ='/I‘@A—S (l_..-'. e ® ), (2.62)
b ' .
where
2(T) = /M 5p(T) (2.63)

Substitution of 2.61 and 2,35 into Equation 2.62 yields
W
: 2
#(T) =R -Re -8 (2.64)

where

R =féI'EE' (2.65)
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From Fquation 2.6% it can be shown that

W R
g? =.'f.n R-Z(T) (2.66)

Due to simplicity of Equation 2.66. Minimizing W with respect to the

function R, %g =0, 2.67 gives

1 1 | .
2 fn [1_ Z‘(T)/R] = 1 - Z(T);fR -1, | (2.68)

From which a value for z(T)/R can very easily be obtained with

the aid of Numerical ealculations, and results in

AT) - 655 (2.60)

R

Substituting 2.69 into Eguation 2.66, s nondimensional solution

as a function of [z('I')]2 is obtained for the minimum value of W for

configurations of Figures 2.2 and 2.3 as

Wata) = .ok (P IR 'S

This corresponds to a value which is 61 percent of that for

configuration 2.1.

2,3 -Belection of Configurétions

It is apparent from Figure 3 that from minimum power require-
ments point of view, configurations of Figures. 2.2 and 2.3 are
superior to that of Figure 2.1, the former resulting in an approximate

saving of 39 percent energy consumption over the latter, For
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Configuration of Figure 2.1, r is varied, which implies varying'the
return stroke time for =a giv%n forward stroke time, - In Configuration
2.2, v is a constant as it is assumed that forward stroke time is
equal to the return stroke time, This corresponds to a singular
point at 7 = 2,

Qther considerations such as dynamic performance of Configura-
tion 2.1 versus that fof Configurations 2.2 ahd'2.3 should also be
taken into account. ' ;

The spring effect in Configuration 2.1 will undoﬁbtedly intro-
duce fregquency lagé whicin will =slow. down . the s:y;stems regponse. -This
aspect will be further examined in the next chapter.

The only difference between configurations shown in Figures 2,2
and 2.3 is in the number of lands of tThe spool value. It can be seen
that in the three land configuration.flow fo the piston will be
reversed as the spool moves half way between the extremes. -For theﬁﬁff
scheme shown in Figure 2;3 flow reversal occurs at the end of each
~ stroke of the spool. It ma& be noted parenthetically that the prac-
tical convenience of Configuration 2.3 over Configuration 2.2 will
become apparent later when the type of feedback to perform the switch-
ing on the spool valve displaceﬁent is.considered. Therefore, fof
the p&fpose of performing the dynamic analysis either, Configuration

2.2 or 2.3 might be egquivalently employed.

2.4 Selection of Switching Configuration

Selection of an appropriate scheme For feedback from the piston

to the servovalve ito reverse the displacement of the pision itself,

J—
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Figure 4. Switching Configurations.
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must be bésed on such practical considerations as that it be of simple
construction and inexpensive. Four different configﬁrations are shown
in Figure 4. Cases "a" and "b" with kineitmatic linkages as feedback
elements provide & weak design against fatigue failure. This p&i@i@u—
lariy g0, due to the high frequency at which the system\oscillates.
Following McAdams [16], a quesntitative estimate of the fatigue strength
of the pins can be cbtained. McAdams [16] performed various tests on |
carbon and alloy steels to determine the felation-between energy per
blow and number of blows necesséry:to canse fracture, ‘He used a modi~-
fied Charpy method supporting speciinens of diff‘efent diameters as

beams fixed at the ends. He then subjectéd these to repeated impacts
by a falling hammer, Using various hammers at different heights of
drop the number of blows necessary to cause fracture could ve varied

from about 500 to several millions, He thus plotted curves of"Tnergy;ﬁ%??\':

per blow” {ft-1b) égainst the number of blows to fracture. Some.bf his
results using a 0.5 inch diameter high carbon Qhoﬁéd that at impact of
200 ft-1b., one blow was suffieient for rupture; at an impact of 10
ft-1b. rupture occurred approximately after 100 blows. At an impact
of 0,1 ft-1b, for a similar specimen, fracture was evident after
approximately 10,000;000 blows. These results can be related to the
pins supporting the commecting arm between the piston and spool valve
of Figires k.a gnd 4.b. If the pins are subjected to an impact force
of_0;98 ft-1b, at tﬁe end of e¢ach piston stroke. Referring to
McAdams graph; again for an 0.5 inch diameter pin, this corresponds
to approximately 100,000 bloés at rupture, which means the pins sup-

porting the feedback arms would have o be replaced every 69 minutes.
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Case C employs limit switches or sclenoids activated by the
piston at its extreme positions. The resulting pulse is fed to an
amplifier activating an actustor to displace the servovalve to the
left or to the right.

By keeping in mind that the hydraulic jeckhammer fof which
this analysis is performed demands a highly abrasive fieldguse, such
a precise and expensive scheme %0 generate its ¢scillations appears
to be very insppropriate.

-Finally, Case d appealed mostly becguse of the ample possi~
bilities of design using the same fluid medis as-a feedback from the
piston to the spool, This last case where Eimplicity of construction
and low cost are at a great adv&nt&geiﬁheﬁ comparing it to Case C;

seems to be the likeliest candidate'tb'be considered. However,

several design changes need to he made to make if{ suitable for thei:?vw_

g

present application and the final configuratianf

2.5. Operation of Selected Configuration

Referring to Figure 5, when main spool 9 is ported to 1, supply

Pressure PS ﬁ&%places piston 11 to the top of the cylinder. As piston
reaches the end of its top stroke, the feedback access 15 ports supply
pressure Ps6 to 8. Thus displacing sﬁﬁpl 9 to right (positive direc-

tion) which closes port P -{'ib;_PS and opens it to drain port P At

1 D

the ssme time port P, is oﬁened to PS and closed to drain port PDQ'

2

As mein spool is being displaced in positive direction by P_c enter-

ing 8; .0il from space 7 is drained. When piston ll;'seven is con-

nected through shaft drain passway four to PD3 3
>

ﬁ be seen in Figure 5.
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With Ps ported to chamber 2 and piston in top stroke position.
The flow into chamber 2 displaces piston to bottom of cylinder. When
-feedback shaft 17 is moving down, both chamber 8 and 7 are sealed
off to pressures_Ps5,.PS6 and drain PD3; Thus the main spool main-
tains a fixed position until reaches opposite end stroke and con-
nects through the corresponding ports., As piston reaches botiom,
stroke position, hammer 12 strikes the tcol 10. Juét priof to the
impact, feedback shaft 1T poris PSS’ five through 1% tc chamber 7,
displecing msin spool 9 to left (negative direction). At the seme
time feedback-shaft 17 ports chambef 8 which must drain by connecting
-From.here_the.process described is %7 2

3° i
repeated producing an oscillating action.

eight through four to PD

Not considered in this analysis, a three way spool valve
-manually operated valve located before the main spool, series to divert
flow of oil back to sump when system is not in use,

All connecting lines are sufficiently short allowing friction

losses, log to be considered negligible,

2.6. Hydromechanical Components

A brief summary of the details of the hydromechanibal compon- -
ents of the optimized configuration for the oscillator is provided
here.for ready reference.

With reference to Figure 5 a four way - four land spool valve
hydraulically operated 9, with the following specifications: A
maximun displacement of 1.0 in. + 0.001 inch in either direction,

ninimum flow of 38 G.P.M. and rectangular ports of area equal to
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. 785 iﬁz. The pressure-flow characteristics are as in Figure C.2,
Appendix C. It may be noted that symmetry is most important as it

. improvessthe linearity characteristics of the spool valﬁe.

2

The piston is a reversible ram with an effective area of 3 in ,

ram length 1 in., and a one inch stroke.
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CHAPTER III
DYNAMIC ANALYSIS AND PERFORMANCE OF THE SYSTEM

3.1, Scope of the Analysis

A dynamic analysis of the valve-piston cenfiguration arrived
at in Chaptér IT can be performed by considering the continuity equa-
ticn, Newton's second law of motioﬁ, and the PreséureaFlow?Relation
for the valvé. In what follows, a linearized, lumpéd parameter
deseription of thé system is obtained., Variocus system parameters as
well as valve coefficients are deﬁéfmiﬁed, together with a brief
analysis of the rgtionale for a linearized analysis. Preééure transi-
ents aue to_sudden stoppage of fluid masses are aléo'analyzed.

The latter part of this chapter is devoted to the dynamic sta-

"bility analysis of the valve-pistor configuration based on the Bode

and Nyquist eriteria for stability of linear systems. The stability
analﬁsis aleo incorporates the Describing Punction analysis for non-

linear components.

3.2, BSystem Governing Equations

A two-land, four-way, critical-center valvelis considered in
this analysis on account of its linear flow gain characteristics ae
shown in the sketch, |

The high precision employed in the manufacture of spool valves,
with optimized performances and minimal losses with reference to the

oversll volumetric flow and working pressure, sllows the following
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Xy

Two-land, Four Way Critical Center
Valve Characteristics

gimplifying aésumptions commonly'adopﬁed in hydreulic analyses [h]:

a. Radial clearance between the spool valve'and wvalve body is
taken to be zero, and metering edges are taken to be perfectly sharp
and oriented. | |

b. The flow through'each orifice is assﬁme&ito be based on
steady state value of valve coefficients, and all flow changes are
assumed to take place instantaneously with variations in either
orifice area or in pressure drop across-the orifice,

¢. -Comnnecting lines are considered short'enough in length and
lsrge enough in diameter to result in negligible inertiél effects.

d. TFriction losses in connecting lines are conéidered neg-
ligible.

e, Leskage flow past the piston is assumed to be laminar.

f. Bupply pressure and fluid bulk modulus are assumed constant

throughout.

g. System discharge is considered to be at atmospheric pressure,
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3.2.1 Dynamic Analysis for the Piston

Consider FPigure 6, which is & simplified medification of the
piston-cylinder configuration of Figure 5 for the purpose of identi-
fying the different variables in this analysis. Tﬁe continuity of
floﬁ through chambers 1 and 2 may be expressed respectively, as, [h]

. aav dﬁq;-
: . N 1 1 99 -
4q, - Cipﬂ(pl-pe) - 5er£pl =% *t B at ’ (3-;)

and

aav,, Ave asp, _

where Cip and Cep are, respectively, internal and external leakage:
‘coefficients, P and ¢, respectively, represent pressure and flow, the
subsciipt; 1 and.2, respectively refer to the forward and return
chember and the A indicates a change of the vafiable it precedes, It

is seen that

AV

1= Vo + qp ﬂxp, and | (3.3)

&y =V, - A, o (3.4)

where ¥V is the vclume and the subscript O represents the volume of

either chamber at will. ' ' ;

Equations 3.1 and 3.2 can be combined with help of the relatiocn

LdAx
dav _ e P
dt -Ap dt 2 (305)




and

to obiain,

Aql + Aqe - ecipﬂ(Pl-pE) = Cepﬂ(pl':pe)

ddv, dav, v, ddp, ddpy,

E S

s Apdxp.(dﬁpl . dﬂp2) >
B dt dt *

Since the lcad flow and pressure are given by

fay + 49,

and
ﬁPL = ﬁpl - ﬂPQ 3
Eguation 3.8 may written as

el anx, adp
— ao Zepy L
AqL‘“PL(cip'* A )+Ap at *23 [ ]

’ -0
A &x dﬂpl“__dﬂp"

= "™ re e w)

Lk

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

S (3.11)

]
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Since

d&pl dﬂpe
Toan !

—

dt

the last term in 3.1l1 vanishes.

The Laplace transform of Equation 3.ll.is

| c . v
- 4 &p\ .- 0 '
0a, = 8Py (C; + —2R)H A s 8K+ 32 o &P

The upper case variable indicating Laplace transformed.

Substitution of Equation 3.6 inte Equation 3.13 yields

v,
. T
aQL = APL cTP +'AP{§ i) Kﬁ +»ﬂ§ 8 A PL s
where
. ) ce '
CTP = Cip +‘——B e
Next, a force balence cn the piston gives
L d2Axp dAxp .
also,
£ =K A
) g ' Pr

The Laplace transform of Equation 3.16 gives

an = Mngaxp +B S aXp + KAXP + AFL »

45

(3.12)

(3.'13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)




where

= force on piston,

= total mass of piston and shaft,

Ea

viscous damping cbefficient,.

B =
K = spring constant, and
FL = external loéd.

Equaticn 3.1 relates the load pressure with load flow through
pertinenf parameters. EquatiOn:3.18,'ﬁhiéh-représents a force balance
on the piston, together with Equafion 3.14 form the basic dynamic
model for the piston.

3.2.2, Iinearized Analysis for the Spool Valve

In order to complete the hasie dynamic model of the piston-valve
arrangement, linearized equations.desbribing the pressure-fiow curves
for the spool valve must be developed. - In steédy-state, the load
Tlow to the valve is a function of the load pressure and the valve

position. In other words

Q = (X, P) . (3.19)

A linearized version of equation 3.19 about the operating point is

oea,  Ba | |
&QL = 52; M + S§£ aP. (3.20)

ar

AQp =Kq &%, - K AP, (3.21)
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where
aQL )
Kg = 5= is the flow gain, ' (3.22)
v
and
-1
N ?
K=, R

is the flow pressure ccefficient.

For any valve configuration BQL/BPL is negative. This can be
shown by differentiating the orifice equation, which describes the
flow through orifices with respect to the load ﬁfessure'PL.

A combination of dynamic Equations 3.14 and 3.18 for the

Ppiston, and Equation 3.23 for the valve yields,

K e%, Ll + EBK BK D)ﬂFL . eh)
X, K’

T m
Tt 3 ce t t
KsAPS”f[KAp +1+BA}9 [E *‘1@ “’*] A._p

I =
4 b

vhere K =X  + Cip + cep/2’ total losses coefficients,

For the ﬁurpose of simplifying notation the A of Equatidn 3.2k
is dropped from here on. It_must be kept in mind though, that in
linear dynamic system analysés, it is a standard procedure to analyze
& system with reépect to deviations of ite variables from an equi-

librium point or null position of its components. Eguation 3.24 is

the dynamic eguation for piston position for variable valve positions

IS B S [ R




and load force functions for predominantly inertia type load. The
first term in the mumerator is related tq the no load.speed and the
second term to the speed reduction due to leoad. Since the load does
not include.a mechanical spring, the quantity (KVT/hBAP) in Equation

3.24 venishes, .Furthermore, it also mway be noted that

1 =0{A ),
<< (p)

. : !
With these assumpfions, Equation 3.24 can be reduced to the form, !

K ¥
ce . T__ )
Rax, - 71— _(l - S Py
X =3 P S (3.25) j
P Vrlp 3 [KceM'I' TJSE" A s | | !
BA, & TLTA; TWAF Ty |

or,

(3.26)

Considering the inelasticity of the piston impact against the
tool without rebound, and that the switching of the piston takes place

at the instant of impact, it is reasongble for the purpose of dynamic

‘stability analysis of the system, to disregard the influencefof the

_load disturbance on the piston displacement., -Thus the effective equa-

tion for further analysis and design i1s




kg

X S |
== N | (3.27)
v e

where
(3.28)
and
g = g2 . (3.29)
B

It may be noted that w is the undamped natural frequency, and §

is the damping ratio.

3.3 Valve and Piston Coefficients

S i) Exﬁféggiens.for Null Value of Valve Coefficients

It must he pointed out that most critical values of various

valve coefficlents from the stability standpoint are defined at Null.

-It is, therefore, appropriate to analyze the system dynamics iIn terms

of null values of Kq and KC, namely qu and Kco’ respectively.

Earliér the flow gain, Kg, was defined as

Kg = z— . (3.22)

BQL/BKV is obtained by differentiating the genersl pressure-flow =: =+




[

v
valve. This yields, for Tﬁ—T =1,
X .

* gain coefficient as,
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equation [Equation C.2, Appendix C] for a four way critically centered
X

v

Kq =Cy W / 3 (p_-P) . (3.30)

Evaluating at null position~tQL = PL = xv = 0] yields the null flow- 5

XKq =C, W/ -— , (3.31)

where

(o]
"

discharge coefficient,
W = area gradient, and

p = means density

The O subscript indicates value at valve null positiecn.
it may be noted that leakage flow in the general pressure-flow
equation has been neglected in order %o simplify the analysis., This

does not alter Equation C-1 as QL/Q >> 1, Q leakage being of the

3

leak

order of 10-~ units, PFurthermore, the leakage at null position of

the spool valve is constant beczuse P=3 is constant and PL =0, Its
partial derivative with respect to xv is zero which makes Egquation

3.31 accurate.

The flow-pressure coefficient, Kc’ was earlier defined as
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(a)

. Figure 7. Valve and Piston Configuration.
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K, =-3 - (3.23)

By differentiating Egquation C.2 {Appendix C)} and evaluating at
null yields, KCO = O which is an unacceptable value. It may be noted
that since QL is zero at null position of a critically centered spool
valve, the leskage flow becomes quite significant.

-Thus, the null expressioﬁ fOr'the flow-pfessure coefficient
can be obtained after the leskage flow is specified. An expression for
leakagé flow can be obtained bylconsidering laminér flow through a
sharp-edged rectangular orifice.

With reference to Figure T.A and T.B, the leakage flow equation

is given by
Qc nriw PS .
T 3T (3.32)
where
r, << 1,
and
AW >c»rc .

Equation 3.32 describes the flow through a sharpﬁedged orifice
Tormed by the radial clearance, rg, when the spool valve ié at null
position. -The pressure.drop and leakage flow in a four way spdol
valve configuration are PS/2 and QC/Q, respectively, for each crifice,

where Qc is the leakage flow when the spool valve is at null position.
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Differentiation of Equation 3,32 with respect to PS and use of

the definition, aQS/aPS =K, yields

2
mW %&

Kco =38 (3.33)

" where

Kco = null pressure-flow coefficient, and

W = area gradieht.

= dT
¥

The pressure senslitivity at null is the.ratio of the null
flow-gain'coeffiéieh% over the nul; flow-pressure coefficient, A
numerical estimﬁte of the value of pressurc sensibility can be mede
by agsigning typical numbers to %arious parameters. For petroleum

base fluids, the fluid density snd viscosity are [h], spproximately,

p =0.78 - 10'h 1b seczfinh, and

w=18 - 1076 1 sec/in” .

For sharp-edged crifices, regardless of the specific geometry,

the discharge coefficient [4] is, approximstely, 0.60. A typical

value for radisl clearsnce in hydraulic. spool velves is about 2. 1074
inches.
Thus
K9
= 2 = = 3 \/‘_
Koo =K 31,800 vP_ . (_3.3h)
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For a supply pressure of 1000 Psi, it isn't unusual to
obtain pressure sensitivities of the or&er of 106 psi/in. 'This is an
important coefficient, as it indicates the ability of a particular
value to overcome STICTION forces. The higher the pressufe sensitiv-
ity, the quicker the response. It may be noted, parenthetically,
that the null pressure sensitivity is independent'of value aréa
gradient, and, therefore, indépéndént of valve size.

ii) Expression for Leakage Coefficients for Piston (C i and cep)

The leakage coefficients are obtained by assuming leakage flow
linesrly proportional to pressure drop across the piston. With

reference to Figure TC the flow through an aﬁﬁﬁiﬁs:is

1D, h3
a
f or
la].LIJ ' E
B s 3 (3.5
ip ' ™ Dh

Note that Cip is the annulus internal leakage coefficient.
Equivalently, with reference to the Figure Te, external annulus..

leakage through the shaft and ﬁalls is given by

a1 12ud
T =y (3.36)
P ﬂdhc_
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iii) The'yiscous Damping Coefficient for the Piston

By definition,

A .
F - :
B, =5 =wE, (3.38)
P P '
where
I = wiscous force,

BP = viscous damping coefficient,
V_ and AP are the piston velocity and cross sectional area,

respectively, and
TEu o (3.39)
where

17 = shear stress, and

viscous strain rate.

% .
n

The viscous strain rate is defined as

N
\b =_ET§- ﬁ% . (3.J-|-0)

Note that h is the radial clearance of the piston. By com-
bining Equations 3.38, 3.39, and 3.40 an expression for viscous

damping is obtained as

where DP = piston diameter.
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Similarly, for the shaft

By =k md, (3.%2)
where
BS = viscous damping coefficient of the shaft,
and
d = shaft diameter.

Referring to Figure Te. the total damping coefficient for the piston

and shaft is

B=3 +B {3.143)

3.4, Numerical Estimates for Values
of Various Systems Parameters

In order to perform a frequency response analysisg of the

dynamic transfer function,

X : '
L - P__ _
%, = ;, 7 o Iy 1) (3.27)

it is necesgsary to assign numerical wvalues to ¢ and §, respectively
defined by Equation_3.28 and 3.29. ©Since it is intended to compare
the performance of the present hydraulic oscillator with the more
commonly available pneumatic device, tTypical values of the physigal
dimensions of the pneumatic piston cylinder arrangement are taken

from reference [lh]. It may be observed from Equations 3.28 and 3.29
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that in order to obtain numerical velues of these expressions it is
necessary to have the physical values of various parameters of the
system, including varicus valve and piston coefficients and fluid
properties,

From Reference.[lh], some of the dimensions chosen are {See
Pigure Tc) the area of the pistonm, Ap = 3 inches, length of the piston
LO = 2 inches, mass of the piston MT = 4 1bin., diameter of the shaft,
d = 1 inch, and length of the shaft passage, { = 2 inches.

The fluid properties foraa typical hydraulic fluid are taken
from Reference [4], and in addition to the values for mess density, p,
and ‘absolute viscosify, py quoted prévioﬁsiy, it is necessary to
include the bulk modulus, g, a fluid“property'that affects both @ and
§ in Equations 3.28'and 3.29. A typical velue of B for hydraulic
fluids including entrapped air is, B ='-105 lb/ine. The discharge
coefficient, Cd’ is appréximately 0.60 and the area gfadient, W, is
taken as 0.785 1n2/in because this particular value multiplied by the
full displacement of the value (xv = 1 in.) yields a cross gectional
area of 0,785 in2, which is consistent %ith that used in Reference [lh}

Substituting these numerical values, into Equations 3.31, 3.33,

3.35, 3.36 and 3.43 yields

Kq, = 3,765 in3/sec/in;

i, 3 sec -3
— * /-——- — * 5
Koo = 68:10°  in”/=—— [with Vo =2:10 ~ in],
.3
= L1073 AnT 4o
ip = .159-10 Sec/psl,

.3
1a-3 in
ep .073-10 EEE/psi,

L]
]

W T T AT
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and

18.1.107° lb-sec/in.

w
il

Purthermore, use of the definition

.Kce =K, + Cip + Cep s | {3.44)

gives the total value coefficient as

3
_ in”/see . e mi1am3
K. o = 0.007 =—%— [with r, = 210 .in]

Determination of the hydraulié.natﬁfal frequency (w) and the
dimensionless damping ratic is performed. by simply substituting the
preceding numerical values into Equétions 3.28 and 3.29; respéctively.

From Equation 3.33 .it can be seen that K, 1s directly propor-
tional to the square of the radial clearance‘rc.  An ineresse in rc
increases the damping ratio, sinée Kce is 1inearly_relates.to.Kc€ as
seen from Equation 3.44. Furthermore, Kce is directly proporticnal
to § {Equation 3.29).

Variation of § as a fUnctioﬁ of Ty is plotted in Figure 6a.
and these values will be détermining ‘the solution df Equation 3.27 as
a fUncﬁion of 8§.

The hydraulic natural frequency thus obtained is
@ = 10,766 rad/sec,

The demping ratio varies as a funciion of the parameter- Toe

This is seen in Figure 8. Discussion of the use of Figure 8 in . =
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Figure 8, Variation of § &s a Function of Radial Clearance, o
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Effects of Parsmeter Variations on the Characteristic Transfer
Function. :

T 4 T Ky

INncreasing

b
by
Xp 1"“ .
l I
1

Kee | —
where
T =1l/w,
b =Ko /hy (BVOYR kg sk A
“and . .
T, = vt/h_BKce.
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~chart, for example, that as the total volume, 'V,
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calculating system response is postponed until & later section.

3.5. Effects of Variation of Parameters on the
Characteristic Egquation

It is of considerable interest to determine how different
parameters affect the system characteristic eguation. This is

explained via a scheme illustrated in Chart 1. It is seen from this

T is increased, the =

period of oscillation, T, increases and the damping ratio, §, decresases,

Also coefficient T. in Equation 3.26 increases, whereas there is no

1

influence on coefficient-Kﬁf

the influence of variation of other system parameters on the system

of BEquation 3.26. 1In a similar fashion

characteristic function may be ascertained from the chart.

3.6 Validéty of Linearization
Up to this point the analysis of the servovalve and piston com-
bination has been made assuming very small displacement of the valve.
Also the valve cogfficients Kg and Kc are evaluated at null as this
is the operating.point &ﬁ which stﬁyility is most critical, The

validity of such a linearization remains to be established. This

may be accomplished by first deriving the more accurate equation of

motion for the valve-piston system.
A simple lumped mass load representation of the piston motion
as in Equation 2.3 thus neglecting the spring motion term gives

d2x

o M. —L
P Ap = Mn, 2 (3.44)

Combination of Equations 3.14 and C.2 (Appendix C) and
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substitution of P. from 3.4h4 yields

L
c /2 My a%x_ (1/2
oy (P_) ( T_f FA "‘E)
Cope P vl Tetp at
3 2
VTMT a x X Cy M%) , & (3.15)
3 2 2 dt _ )
hBAp dt Apdt

This is a noﬁlinear differenfial equation describing the valﬁe_
piston system.,  The ﬁressure flow equation for the valve piston system
[Bquation C.1T] is derived in Appendix C and is also plotted in Figt;;re
C.2, A first look at this figure indicates that theselcharacteristics
are highly noniinear.' However, a closer lock at Figure C2 indicates
a linear operating range which corresponds to PL/PS-S 2/3. This is
in fact, the design condition for maximum power transfer (Réference |

[4]). If it is assumed that PL/PS_ < 1 then

x, Pp l/2

(1 - T 15"- = 0[1 - (3.46)
v : S

where O[ ], indicates of the order of.
Subsequently, Equation 3.45 becomes

Ca (Ps 1/2 a 1 dgx 25_2

—___W—) X =—-.[-_-— + =2 + l:| (3.47)

AP \ P v dt .mz dt2 w

In Equation 3.47, w remains the same as that defined for the linear
model by Equations 3.27 and 3.28, whereas the dsmping ratio is

redefined as
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C Wlx | 3
_ I d v 5 . ‘M
L ""'-.-.-.[___EPS' > 4 ctp]-——%z . (3.48)
P

This is the equation of motion wvalid for the opefating range of
| the valve-piston system, namely PL = % PS'
It can be observed from Equation 3.28 that the hydraulic
- natural frequency is.fixed by four.ﬁgrameters,.namely B, Ap, Vt, and
MT; and is in no way affected by the operating point of the valve,

Thﬁs @ 15 independent of the operating point defined by the valve

position. This is not the case for the démping ratio, which depends

strongly on x_. In order to simplify the nonlinear Equation 3.47 it is

necessary to obtain an effective value for Kv' Toward this end, first

consider a sinusoidal motion of the valve, defined by

X, =A sin at . (3.49)
The effective displacement of the motion is defined as

’ . (3.50)

where the overline indicates the time average. Since the time

average of the squared sine wave is %, Bquation (3.50) simplifies to

X, eff = A, ' | (3.51)

V2

Equation 3.52 can be used to replace val in Equation 3.u47.

This modifies Equation 3.47 to yield
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dx dx, --'“-.v.
A 1 - 28 T )
B LS RelRia], (3.52)
/Z at
P
where
S 1/2
¥q = WCd@j;) ; 88 defined earlier,
The Laplace Transform of Equation 3.52 for zero initial condi-
tions is

v
P

Kq
A
- = ——F )
A2 ?(EE + %f g 4+ l)

(3.53)

Concluding, the quadfatié-representationgof the hydraulie power system
may be used ovér & large range of operatibn which validates the pre-~
viously performed approximate linear analysis. The hydraulic netural.
frequency is independént of valve piston motion, but the dambing ratio
varies with valve position. Thus the validity of linearization is
Justifiable. -Fufthermore, thé system stability analysis shows that the
linearized model satisfies more stringeﬁt stability criteria than the
actual nonlinear system.

3.7. -Dynamic Response of Three-way Vis-a-vis
Four-way Valves

As has been pointed out earlier in section 2.2, the four way
valve cdnfiguration offers a better switching design characteristic

for the present system. A simple compariscn of the natural frequency
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and damping fatio for & three-way valve with those for the four-way
valve must be considered to confirm this observation. -

The undamped natural frequency and the damping ratio of a
three-way valve controlled piston for c.onstant supply i:ressuré can be
derived by consgidering the velve flow equation develcoped in section
3.2.2. For the three-way'vélve PL &= Pﬁ = head pressure on Piston,

giving,

q =KgX, - KB . (3.54%)

Use of the continuity equation'to the control volume of

Figure 9, yields

- dAv.. - Id&pH '
Agqp, +Ci d(bs?gﬁ) =35 + &y 3T (3.55)

where

2
[}

leakage coefficient, and

V., = head chamber volume,

The head chamber volume is given by

Vg =V, + Apc’.\.xp s (3.56)

where

Vo = initial head chamber volume, and

AP = head side area,

Combination of Equation 3.55 and 3.56 with ]APxpl <<V, gives after




N = 10)

)

-.Figﬁre- 9. ‘Three-way Valve Cbnfiguration.
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Laplace transformation and dr@pping the A before thie variahles,

- v
5 fe)
Q + CPg = AP gixp + CiPy 3 © Py - (3.57)
The force balance on the piston gives
P =PA =M X (3.58)
H&p he = ¥ p 7 ’

where
AS = area on shaft side of piston.

Combination of Equation 3.54, 3.57 and 3.58 results in the system model,

Kg
= (3.59)
73 25 2
R N
oy

where

§ = and (3.60)
P o
8 & | 6
W= . 3.61
Y My

The corresponding expressions for a four-way valve controlled

piston, respectively given by Equaticns 3.28 and 3.29, are:

i
e
g2

» and
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N

Lga
VAT

[:D

It can be seen that both w_and § for the three-way valve
controlled piston are lowered by a factor of ﬁgsas against those for
the four-way valve, This.is becausé-in a'threé;way'valve only one
line is controlled, leading to & single volume and oil spring. -This
is vis-a-vis two lines in a four-way valve. The four way valve also
controls two volumes and oil springs. Keeping éll other parameters
constant, the dynamie¢ response of a four-way valve controlled piston

is superior, because the g of four-way valve is greater, which in

turn makes the period, T, shorter.

3.8. Stebility of the Linesrized System

The lineayxized system.stability may be examined through the
dynamicrﬂquaﬁion 3.27._ This equation was solved on.a digital computer
for a damping ratio varying bétween 0.04 and 1.2 with the valve near
the null position. -These results are shown in Figure 13 as Nyquist’s
plots, Figure 15 shows the same resultis in the form of Bode plots.

It can be seen that for & = 0.0} numerator dynamics has a pro-
nounced effect on the resulting Nyquilst plot 1eading to a. very
unstable system., As the damping ratlo is increﬁsed the effect of
numerator dynamics. decreases and the system stabilizes, This caﬁ be
geen from the curve for § = 0.6.

The same conclusion may be made from the Bode diagram of

Figure 15, For a damping ratio of § = 0.04 it can be seen that the

magnitude ratio decreases from + 80 db at @ = 0.1 rad/sec to - 10 db
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at @ = 5,000 rad/sec, At an g = 10,500 there is a pronounced peak.
At the same time the phase angle drops sharply from - 900 to - 2700.
It can also be seen that the phase sngle curve crosses the magnitude
ratio curve at an angle:less than - 180° and at thé magnitude ratio
gréater than O dbh. Thus indicates that the system is unstable, This
point also correspondé to the - 1 <« - 180° critical point_of the
Nyquist diagram as expected. It is.ééen from the Bodé diagram that
the crossover frequéncy W, is approximately equal tc the veldcity

constant, that is

W, s:qu/AP“ . ' (3.62)

Furthermore, it is alsc noted that the resonant peak of the guadratic
occurs at approximately 10.500 rad/sec., which corresponds to the
hydraulic natursl frequency w. Ey definition, the gain level of the
agymptotic curve is ub/“b or using Equation 3.62 the gain level is
Kq/Ap/w at the frequency w. Also by definition, the amplificetion

factor for the guadratic, st resonance is é% .

Ka/A,
This means that the gain level at resonant peak is “éﬁw R
which mist be less than unity for stability. This yields
Kq/&
<28 ' (3.63)

This result can aiéo be cobtained by taking the equation

1+ G(jw) =0 , (3.64)

and performing the Routh test for stability.

——— e

e ——————— a3 UL BT Ll Pt LEceaeme mr L eezomee = ==
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Equation 3.62 sets a rule for a permissible crossover
frequency, It can alsc be noted from.this, that large veloecity con-
stants, Kq/Ap, require large hydraulic natural frequencies_and'also
large damping ratics., It is worth noting that values of thus computed
damping ratios are only slightly lower than those measured experi-
mentally. i |

The Bode dlagrams of Figure lS:wefe constructed with the vari-
ous damping ratics. As mentioned pfeviously, the effects of numera-
tor dynamics disappear completely for_a'g 0.6, but is still noticeable
for § = 0.k, |

It 1s definitely not desired to choose damping ratios higher

“than § = 0.6 as these values correspond to operating points close to

null position of the valve. At full displacement of the valve the
damping ratio is larger, and since it 15 not desired to have a slow
responding system, damping ratios in the range 0.4 <« § < 0.6 are

appropriate for this system. The value § = 0.6 will be used in the

. subsequent text.

The damping ratio in this analysis was varied by changing the
values of the leakage through the valve. This ensured no changes in
other system parameters, as wduld be the case if lapping of the servo-
valve lands had been varied to adjust the demping ratio (see Figure 8
and section 3.4). It was also noticed in section 3.3, that use of
different viscosity and density values (different oils), had little
or no effect on the systems damping ratio.

-The system stability at off-null position is automatically'

guaranteed if the system is stablé at Null position. This igs due to
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the fact that the damping ratio at an operating point away from the
null position is higher in proportion to the distance of valve move-
ment. For example, in Figure 14, a § = 1.0 at null, corresponds %o a
§ = 4.8k at x, = 0.5 in. This renders the system very stable but-too.
stiff to be useful. Therefore, if the éystem is stable for very
small valve displacements from null, the system will be stable for
all other opérating positidﬁ.

-The magnitude of the.system's open loop gain constant Kq/AP,
for which this system is eritically stable, is readily found by con-

sidering the system transfer function

Kg
A

6(s) = —5> . (3.27)
sG§§ + Eéwns + l)'

%

Separation -of the imaginary and real parts gives

Kg
_ A
G’(jw) = z 5 3 o L - . (3-65)
. () )
[(-200F + (w-%5) T
%
The phase angle 15_
].-_\ . B I.
a _

§ = - tan" o2 2,5%w] (3.66)

For marginal stability ¢ = - 180° and w = w,- Thus Equation 3.66

becomes




T2

o
1 :
- 180 = - tan [—26uhw1 » (3.67) }
s.
!
or 1
UJ2.
- C
1- -uE
=" Faw (3.68)
n
with
§ = 0.6, and
W = 10. 766 rad/sec.
Equation 3.68 yields
mc = 10.766
For marginal stability GO =1
Xq
A
i.e, G ]= r=1 (3.69)
2.2 2.2.%
7 [2sg )" + (urws/uh) F
By substitution of the value @, = 10,766 for g in Equation
3.69 yields
~
%ﬂ =1.2 - 10%° . (3.70)
P

Therefore, it can be concluded that the system is stable for
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Kq/AP < 1.2 - 1012. \

3.9. Describing Functicn Analysis
"A canonical transformation of the system block diasgram of
Figure 10 is shown in Pigure 1l. This may be represented in mathe-

matical form as

clje) _ N(a) * 6lig)
R .j:: T 1+ N(a)¥ E}l(jw) . _ (3.71)

For the present problem this may be written as
% _Na olja) -
s ey (3.72)

where the linear.frequency dependent G(jw) is of the form described by
Equation 3.27. The nonlinear part of the transfer function may be
represented by a relay with hysteresis of the form N(a) Z=_@. Note
that the latter is, of course, amplitﬁde dependent and has a phase lag
due hysteresis;

| Stability of this system is examined by coneidering different
methods, Stability from the Nyquist plot is hased on the character-
istic equation which is obtained by equating the denominstor of Equa-

tion 3.71 to zero. Thus

14 (Ma)ed) ¢ (Juw) =0 . | (3.73)

A polar plot of G{Jw) N(a)ea @ must be examined with reference

to the critical point -1 + jo. Rearrangement of Equation 3.73 in the
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form
Glaw) = - greye=f > (3.74)

separaté;.the linear-transfer.function Tactor from the non-linear
fector. G(jw) and - 1/N(a) 4= ¢ are plotted on the same plot obtein- o
ing a freguency locus and an amplitude locus. If these loci inter- ;;
sect, there exists a.sﬁstained oscillation in the Syétem described as {
a limit eycle, It can be added that a stable limit eycle is one which é
after being subject to a disturbance will return to its original E
frequency of sustained c¢scilliations., On the'othef hand, an unstable g
limit cycle 1s one which after an applied disturbance, will either
increase its freguency of oscillation to infinity or decrease and
eventually die out. The nature of this systems limit cycle will be
examined through a gain-phase describing function plot.

From Figure 12 the relay characteristic may be represented by

- ¢ =- sin § s a>h ,
(3.75)
N(a) = % = sin T g R

where
Lo=a sin wt .

The Describing Function Equation 3.T74 becomes

- ﬁlgi = L],'T{ e sin'lg , (3.76)
T .
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or
= E% (cos ¢ - i sin 8) . | (3.77)
Substitution of'-'Equ.atio'n 3.75 into 3.77 ;ields
ﬁ(l;y = )fLM |:/ ée - ne + ih-]... | (3.78)
Equation 3.78 can bé.divided into the real and imeginary parts
as

Re = Eﬁ a - h | ; ' (3.79)

From here the soluticn 1s obtained by graphical methods.“iFrom
physical characteristics of the systems variables maximum displsce-

ment xﬁ and X5 The relay is defined by h = 0.5 and M = 1. Thus gives

-3 -Eh = - i 0.3927 . (3.80)

A line drawn parallel to the real axis at a distance on the

negative imaginary axis of 0.392T units intersects with the Nyquist

" diagram at 0.1 units from the negative real axis for § = 0,6 (See

Figure 13.A),

Thus,

P JeE -n =039 | (3.81)
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or
a =0.5159 5 (3.82)
and
. rad |
w = 4350 sec (3.83)

The range at which the imput amplitude "a" varies with respect 77"

to §, is found to be .5159 =< = S-.6782, which happen to be very small.
In summary, from the describing funﬁtion analysis, it can he mentioned
that the System willIoscil1ate'at an amplitude of & = 0.52 and a
frequency of w = 4350 rad/sec. h

' Figure 18 shdws a gain-phase plot as well as the relay charac-
teristics drawn to the same scale. The gain phase curve is obtained
directly from the Bode diagram (Figure-15) and the deseribing function
curve for the relay charécteristic_is obtained from Pigure 17, which
‘has ‘been reproduced from Reference [10]. The intersection of .both
curves yields the amplitude and frequency of oscillation of the
systems limit cycle, which corresponds approximately to the amplitude
range and frequency obtained by the describiqg funcetion method. - It

¢can be seen from this figure that as the damping ratio is increased,

the amplitude is also increagsed. The direction of the arrows\indicate v

increasing values of M/a and g, respectively. At the intersection of
the two curves, the arrows are pointing in the same direcﬁion, thus,

indicating a stable limit cycle (Reference [11]}.

T = s -




amplitud, db

A
O

e

o5 10 15 20
o Y =:PV1IEE-.- |

Figure 17. Sinusoidal Describing Function.

87




amplitud, db 4
o o

.
n
o

88

-40

-180°

Figure 18,

TI60° -140°  -120°  -100°  -80°

phase 4

Phase-Gain, Describing Function.




89

CHAPTER IV

ANAT.OG CMPUTER SIMULATIONS

4,1 Introduction

Computer simulations of the'system described by the block
diagram of Figure 1l to verify the validity of thé linear part with
respect to stability and to reproduce the complete systems output
were performed on & Systron Downer 85D 10/20 An@log Computer. The
simulafions regponse Lo step disturbances and'the complete system
output was displayed on an oscilloscope; additicnally, for permanent
record, an xX-y plotter was hooked up to the computer's output.

It is often necessafy to time and magnit&de scale; the real
system variables before programming-into the analog computer, Becaﬁse
the real time solution of this partﬁcular systemIWOuld be toc fast for
the computer output display wits to respond adequately, it is neces-
sary to slow down the computer solution. Also, it is necessdry to
magnitude scale this configuration to increase the value;éf the
small voltages that represent the sysiem real variablgs, to levels
where computer noise and error are minimized, The amplifiers for the

SD 10/20 admit voltages within the range of + 100 volts.:

4.2 Dynamic Stability

The system described by the block diagram in Figure 11 was
taken as the model for the compvter simulation. The general form

for the closed loop linear block is




<5utput

A
2O

Figure 19. - Analog Computer Set-up.
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K
- *u » - — N
8, Xy +ag® e, ko +agx = —g&p xv(t) (4.1)

where aD, al, a2 and a3 are the systems coefficients znd the dot over

the variable xp denotes the'order of the derivative of the varisble

‘with respect to time (i.e. i% third order, EP second, ete,)., Rear-
rangement for analog computer programming, together with the

corresponding time and magnitude scaling yields

a a
. e 4a 2.
x._=-[-‘llOT X +-—-2—10-T X +-3~10T3x
P a T T¢ep a c p = c p
o o 0 .
I_{&Tc3 . |
T4 Xa xv(tc) ’ (4.2}
P o :
where Tc = time scale coﬁstant,
-X = Magnitude scale constant, and,
.tc = computer time.

In order to determine a suitable Tc.' The following twe criterias are
employed.

a)

T, = (Ko ;9)' i : (4.3)




where

KO = gain constant
and
12K, <100 and SEE)
bj A sinusoidal forcing function of frequency w (Rad/sec) is
x (t,) = a sin w('i.ctc) S (4.5)
For
wT =1, and w = 4356 Eﬂ, _ (4.6)
C | sec
this gives
T, = .23 - 1073 | (4.7)

This wvalue of Tc should also be consistent with the criterion

described by Equation 4.3,

Since
a = 86.10"1°
e}
a; = aab/'mb
(L4.8)
&2 =1

wm
]
e
+
N
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Substituting the corresponding values into equations 4,3 and taking

KO = T7. This yields

a _3
K, % = .539 + 207°, for § = 0.6
o 172
jk.'—Q) = .24 - 1073, ana (k.9)
s N 7 |
a3 3
(Kb g‘) = .363 . 107",

The smhllest value is .2k6 - 10-3, from the second equality of
Equations 49, The variation 6f the variation of the damping ratio, 4§,

in the first equality of Equations 4.9, which is included in the term
a

al; between 0.1 < & < 1.4 yields values of KO 59 that fluctuate between

1

3 fora b =0.1, gradually decreasing to 0.231 - 1073

3.24 + 107 'for_a
value of § = 1.4, Therefore it is acceptable to use Tc = 0.23 » lO-3
sec,

The final scaled equation becomes

¥ =- [U9.76b X+ 61.6 x_ + 17.5 x_ - 1.75 x (% b,
[49.760 %, + 61.6 &, + 17.5 %, - 1.7 %, ()] (4.9}
The first term to the right of the equality sign of Eguation 4,9
contains the damping ratic which can be varied conveniently via a
potenticmeter on the computer,

Substituting numerical values in Bquation 4.5 yields

xv(tc) =.5 sin te - ' (4.10)
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This forcing functicn eguation needs to be scaled for reason

e
already mentioned. A convenient magnitude scale factor is X = 3%.58 °

This yields

p = 30 sin tc R
= 30cos t,, and, (4.11)
¢ =~ 30 sin'tc =- -

The anaiog computer setup for Bquation 4.9 and the'generation
of the sinusoidal forcing function is shown in'Figure 19, Eguation
4.9 set up is subjected to a step disturbance in order to determine
the closed loop stability conditions. The results are plotted in
Figures 20 through 2L for various damﬁing.ratios. The experimental
results séem to substantiate the response obtained by the analytiecal
methods in Chapter III. From these figures s plot of percent overshoot

versus damping ratio, §, is consgtructed and can be seen in Figure 25.

h,2 System Simulation

A relay is incofpbrated tc the system as originally described

in Figure 11 in order to examlne the switching effect of the piston.

A forcing sinusoidal signal with amplitude a = 0.5, and freguency of
w = h,356;%%%; réspectively, is fed into the system. This sinusoidal
signal is integrated as it passes thrcugh the system and activates the
relay which in turn switches the direction of the voltage.

It may be noted that the systems response to switching is

highly dependent on the mechanical characteristics of the relay belng
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employed, In this case it was noted that the relay was slow in
reacting to changing in voltage, probably due the physical gap beitween
the relay contacts, The output desired was displayed on the oscil-
loscope, |
With adeguate scaling, it was recorded via the x-y plotter.
The original recording can be seen in Figure 26. The demping ratio used
for this display was, § = 0.6, One inth displacement of the plotter
marker in xp direction correspdnds to 0.5[in] of the real magnitude;
éimilarly, one ihch displacement in the tc'direction corresponds to
1.6 real seconds. From this sarie figure it can be seen that switch-
ing oceurs within approximately 0.02228 real seconds., Considering
that maximum return transient pesk pressure due to sudden stopping of
piston, occurs approximﬁtely at n/Ew[sec] after the valve is closed

[M], or in this system Q0,15 - 10-3(3ec); it is evident that peak

?ffféﬁgfeat pressure would present_in the system. The peaks that can

be seen at the end of the vertical strokes of the plotter marker are
attributed plotters mass inertia and in no way should be confused
with pressure surges, as the plot represent xp displacement only.

In order to avoid transient pressuresiin the ¢ylinder, the

valve should reverse the flow in the lines at
t < o (4.12)

Controlling deceleration to reduce the peak pressure is not
practical. The only other solution, if switching time requirements

¢an not bhe met, would be to install a relief #alve_between lines.

.
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This would operate just above the supply pressure, .PS. The relief
valve can serve to by-pass the fiow back to the drain port in the
event of a sudden pressure surge, and at the same time prevent

cavitation on the opposite side of the piston.
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CHAPTER V
CONCIUSIONS AND RECOMMENDATIONS

An extensive literature search turned up little or no

Anformation on any study on hydraulically powered oscillator systems

to drive construction egquipment or even to drive light weight tools.
On the basis of this study, however, it is found ﬁo be quite feasible to
implement such a device using hydraulic fluid to drive the tool. In
the meantime, it has been ‘established that the need to design quieter
tools has never been greater,

_The conclusions drawn from this analytical iﬁvestigation are:

1. A hydraulically 6perated Jackﬁammer system can attain
higher evergies per impact and thus increase the overall performanée
of the device.

2. The overall physical size of such a device can be decréésed
by at least 30 percent due to the shorter stroke needed by the piston
to sttain a maximum velocity.

3. The pneumetic systeﬁ employs the potential energy stored

in a spring for the return stroke of the piston, whereas the proposed

hydraulic configuration uses the supply pressure, Ps for the forward

and the return stroke of the piston. It is shown that the latter,

controlling two oil lines to the cylinder employed only 61 percent

of the work energy used to perform the same cycle by the one line

sPring-feturn system.
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L, Résponse time in the hydraulic system is increased by a

factor of /2 over the conventional pneumatic system,

!

o

perameter in this hydraulic system as it directly controls stability
characteristic of the hydraulic device. This must be kept in mind in
the design of any hydraulic valve piston éonfiguration. Iﬁ'is shown
that other parameters affect the system stability té iesser degree
since very'large gain constants are neéessary to Jeopardigze the
system stability. |

6. The system stability apalysis shows thet the linearized

'approximation satisfies more rigid stability criteria than the actual

nonlinear model,

On the basis of the study carried out in this investigation it
is recomménded that further work be conducted along the following
lines:

1. A scaled laboratory model of the system analysed needs to
be tested for purposes of verifying the analysis, as well as to develop
parametric design criteria.

2. This paper increased the leakage through the valve in order
to stabilize the system by'varyiﬁg the damping ratio. Investigation
towards other methods of optimizing the system performance should be
developed, such as valve design, or even an entirely'different methed
of producing the oscillating effect desired. Leakages should be kept
small %o prevent unnecessary power losses,

3. The computation of transient response due to load was

omitted, because in system design it is not critical and of particular

Pt

5. The dampingﬁfatio,\a is the most significant and important ;'™
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interest, as it cannot be modified.appreciably by design. Furthermore
it does not.affect éystem stability. Pressure transients due to sudden
stoppages of fluid by the pisteon might be an interesting topic to
develop. The alternate occurrence of high pressure on one side of

the piston and cavitation on the other, leading to deterioration on the
corregponding componentis, can be examined. The analysis of ﬁhese peak
pressure transients can be anslysed on an Analog Computer, by solving
the pressure-flow equations f0¥ edéh line %o the piston. In reference
[6] a superficial analysis of these pressure transients are performed,
and may be ofihéfp as comparison data.

Lk, It may be of interest t§ examine ﬁhe ﬁdaptability of this
type of hydraulic servo-valve and piston combination to other present
pneumatic toocls, such as nail driver, tool stripper, ete.

5. There is.no doubt that the éound pressure level emanéting
Trom the hydraulic version of a ﬂackhammer will be considerably lower.
It would he interesting to determine jJjust how much indefinite figures,
and compare with actual figures. {(Appendix A)

6. A different mathematical model to represent the switching:?
effect of system might be used and exemined, such as the reiay'used in
this paper, but including a deadband characteristic. Saturation might
also be another alternative.

T. TFinally, adding to recommendation 1, the laboratory model
subjected to different loads (aéﬁhalt, concrete, ete,) would enable
to determine how these loads affect the frequency of oscillation of
the system. Presence of subharmonics could also be determined.and

analysed as to its effects on the systems performance.
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APPENDIX A

FIFLD DATA OF SCUND PRESSURE LEVELS ON
EXISTING PNEUMATIC JACKHAMMERS

In taking the necesgsary SPL measurements on the pneumatic
Jackhammey, the codes set fourth by Reference 1 were followed, The
instrument used was a portable sound-level meter (Brilel and Kjaer)
with octave-band filter set. Readings in db-A were taken in the
:;ear field, at approximéfély 3.5 feet from the source. Two different
measurements were taken, one with.the jackhammer actually bréaking
¢concrete, and the other with tool held in suspense..-The measurements
were recorded in Tables 1 and 2, resﬁectively, and all plotted in
Figure A.1. It may be noted that no corrections were performed on
the original readings to account for background sound or environmental

considerations.

The jackhammer was located in an unobgtructive gpace area
setting aside any possibility of the meter picking up reflected sound
waves, There is little or no difference in 3.P.L. noted between the
jackhammer'breaking concrete and just in suspense. This goes to show
that the main source of noise emanates from the air exhaust from the

tool,
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Table A.1. .Typical SPL of Pneumatic Jackhammer
Breaking Concrete, :

HZ OBSPL CORRECTIVE RESPONGE

A - -
31.5 _ 90 - 39.4 ' 51.6
63 oL - - 26 72
125 95 . - 16,1 79.9
250 95 - 8.6 82,4
500 - 100 - 3.2 . 98.8
1000 | 101 0" ' | 101
2000 o8 + 12 . 105
4000 102 B T S 103
8000 o7 - 11 | 75.9

~ Total 10949 dBA,

Maximum Exposure to this SPL approximately 45 minutes.




Table A.2. Typical SPL of Pneumatic Jackhammer
Yo lLoead, )
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HZ oﬁSPL CORRECTIVE - RESPONSE
31.5 -89 - 39.4 50.5
63 92 - 26 66.0
125 o - 16.1 7.9
250 96 - 8.6 87.4
j 500 or - 3.2 93.8
- 1000 97 0 97.0
2000 100 s L2 101.2
4000 10k 1 105.0
8000 103 - 1.1 101.9

Total 108.7 dba.
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APPENDIX B
ESTIMATE OF SUPPLY PRESSURE REQUIREMENTS

The Flow Reynolds Nﬁmber

For a total volume, V}, of the cylinder with N blows per minute,

the volumetric flow rate, Q, is

Q=V, - ¥ (B.1)

For the present configuration V, = 6 in3 and there are 1,450

T
blows per minute; this gives a flow rate of 3766 gal/min. The mean
veloecity in the hose is given by
¥ = 0.408 -Q—é , (B.2)
¢
where @ is the.hESe diameter in inches and @ is in gpm,
Thus, the average velocity in the one inch diameter hose is

15.38 ft/sec. This gives the flow Reynolds number (@90F°) of
Re = 8,000 , (B.3)

indicating turbulent flow.
The supply pressure at the pump exit must provide'fo} the
- losses in the system. The total pressure at the pump, referring to

Figure B.1l, is given by

By = P, + &P+ 6P+ 4P, (B.4)




Ao, —]
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Pigure B-1. Overall System and 'C_orre'sponding Pressure Requirements,
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where PlII = total required supply pressure at pump,

AP

p = Pressure drop due to frietional losses,

ﬁPv = pressure drop across the valve,
APP = pressure drop acrcoss the piston, and

A7y,

At the Re of 8000 in the smooth hose, the friction factor, f,

= pressure drop across the load.

from the Moody chart is 0.034%., For a hose of 50 feet length this

gives a pressure drdp of

4P =5 = 27.1 psi (B.5)

The pressufe drop due to the wal#e arrangement is estimated by
.considering a sudden expansion from a hose diameter ¢ of one inch to
the wvalve diametér dv of two inc¢h, and a contraction back to the hose
diameter,

2-.

k vi

g
AP'V' = pLIJ 2g 2 (3.6)

where the loss coefficient Ks for expansion - is given by

K_ exp. =.<l - j§2)2 . ' (B.7)

This gives for an oll density of 0.0301 lbin/in3, a pressure

loss cf

AP = 0.748 psi , (B.8)
V1

i . 1
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for a sudden expansion, and

AP = 0,32 psi , (8.9)
v,
2
for a sudden contraction, where the expression for the loss coefficient

KB for a sudden contraction is given by

\

-:0-8%) (5-10

Ks cont

In addition to the losses due to sudden area changes, there is
.a pressure drop across the valve due toiflgjé' forces., .Let this be

| dencted by ﬁPﬁ3" This can be examined with reference to the follow-
5 .

ing sketch

A
K

A balance of forces yields

F, = g CdCVAO(Pl—PE)cos 9, | (B.11)

where

¢, = discharge coefficient, and
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Cv = velocity coefficient.
The force Fl is also given by

F, =- Fj cos 8 , (_B.12)

where Fj.is the jet force, which acts normal to the plane of fluid at

the venalcontracta. .This force can also be written as

.QE
Fj =p E_-A_— ) (B.lB)
¢ o
where
Al =w.x_ , . (B.14)

and w is the area gradient of the rectangular port of the valve,

VIV

port

g

N

7777777
B xV

TOSSS SRS

‘V\ﬁx\\00<<£!‘\

By substituting Eguation B.13 into B.12 and combining with
Eguation B.11 yields | .
2
q

- (p,~-P,) = —+F2—or | (B.15)
1727 "6 A%
co d4dav
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where

C, _
C, =g (B.16)
v
Assigning the values
Cy = 0.611 and C, = 0.98 (B.17)
gives
c,=0.62. . {B.18)

Equation (B.15) thus becomes

.78 - 107" 5o

: ;b
- (P-Ry) = S - = 3.64 == (B.19)
0.62 ¢+ 40,7857 2 « 0.61+0.98 wn
Thus APV3 =_3.6h psi, and, hence
AP = 4P+ 4P+ gF = L.708 psi . (B.20)

1 2 3

Pressure drop due to leakage through valve is negligible as it
is of the order 0(0.1} and does not affect 4P significantly.
Simular calculations of pressure drops due to sudden changes in

cross sectional area in the piston yields

AP = 0.843 psi , (B.21})
Py

for sudden expansion from connecting hose of diameter, ¢ = 1" to the
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cylinder diameter D = 232", Also for contraction from the cylinder to
~ the hosg
AP = 0.328 psi . (B.22)
Pp

Losses due to 1eakaée flow through piston and eylinder mst
be considered. The flow configuration is similar to a fully developed
laminar flow between two parallel plates, the bottom plate moving at
& uhiform velocity while the top plate remains stationary, as shown

by the sketeh.

P(P+dP)

For B/D_ <« 1,

the equation of motion is

4B L | (B.23)
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integrating with respect to y and sssuming veloecity of £luid at the

boundary equal to the velocity of the moving plate, the conditions

v = V.@ y

h, and
- (B.2k)

v=0@& ¥ =0.

The velocity profile is obtained as a function of dP/dx as

VY :
=P L1 - 2 '
Ve T T Enax (W Y) - (B.25)

where Tluid viscosity,

: =
[l

x = distence along passage,

h = Leight of passage,

L0 = passage length,
V, = velocity of piston, and
Vx = velocity of fluid.

The flow rate through the passage is

h ' 3
= - vph = h” 4P -
Q = IO Vxdy = =% Top 3x (B.26)

The instantaneous velocity of the piston, Vb, is determined approxi-
mately assuming no losses in velocity due to friction. This yields
Vﬁ = Q/AP = 48.3 in/sec. Assuming a working pressure of 2000 psi,

Lo = 2 inches, and piston circumference

¢ =m =6.9 in, , _ (B.27)

———
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Equation B.26 yields

_ .3 \
Q = 0.148 22 (B.28)

It is now necessary teo determine the pressure drop through the

clearance. Use of Equation

ap 1208 | - (B.29)

" w1 ]

which describes a steady flow in annulus between circular piston and
cylinder. Assuming, e, the eccentricity to be zero, Equation B.29

becomes by the use of Equation B.28 for @,

’ 4aFr ]:'tl \
s R A (3.30)
11

The shearing stress between tﬁo moving plates separated by a

small clearance is given hy

v
- T =H—hB.|..

sl
Q1Q
Tl L]

, (B.31)

Taking %% from Equation B;30'and.substituting into Bquation B.31 and

taking numerical values gives
- 7, =0.318 psi (B.32)

Thus 4P ; = 0.318 psi, and hence

3

APP = &Ppl + “Ppe + 4 . = 1,489 pst (B.33)

Pp3

_
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To calculate the pressure reqﬁirement at the load, it is
.neéessary to estimate the enefgy per impact.

The numerical values for the following calculation are taken
from Reference 2. For an impact energy of 200 ft-1b, with, a piston
displacement of xp = 1 inch, and piston area of AP =3 in2. The load

pressure is

_E.12
PL =%=a

——= 800 psi . (B.34)
Ay

To- determine the maximum ?ower transfer to the load with a
servovelve controlled actuator, consider a ecritically centered valve,

where the flow rate is given by
1 ' 1/2 _
Qp, = Cd v x, [E (P - PL)] . (B.35)
The horsepower delivered at the load is

" I ]l/2 P
hP = PLQL = Cdva[-.p- (PS - .PL)_ "Pop o (B.36)

tn

the maximum of which is found by taking the ﬂeriﬁative of Equation

B.36 with respect to PL and setting it equal to zero, This yields

PL =

o

Py : (B.37)

provided that the load is rélatively'constant over the complete
cycle, Although it is possible that high acceleration rates during

sudden transients can cause PL to exceed 2/3 PS these conditions are




most likely for short duration and need not be taken info considera-

tion.

Therefore, the required supply pressure is obtained by come

- bining Equations B,.'.'3T and B.34 to yield

P, = 1200 12 - (B.38)
3 2
in
- 1b
In summary the major losses in pressure are APf = 27,15 —%
' in
the miner losses, or losses in valving, APV =4.7 !'-13-2—“‘, and losses in
.. in*
piston, APp = 1.49 l—g— The total regquired supply pressure at the
in .
pump exit is, therefore
p = 1200 + 27.15 + b.7 + 149 = 1233.% & . (B.39)
8 pump 7. . . 5 .

in
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APPENDIX C
DEVELOPMENT OF PRESSURE-FLOW CURVES FOR THE SERVO-VALVE

Pressure-Flow Curves

The general form for the orifice eguation is obtained by

ébhbiﬁing;Bernoulli's and continuity'equation to yield

- (c.1)

where

9]
n

discharge coefficient,

d
AO = vena contracta area,
P = pregsure upstrean,
PO = pressure downstream, and,

p = mass density.

Referring to Figure C.1 and applying Equation C.1, the general
eguation for the pressure-flow curves of 'a four way ideal critieal
center valve with matched, symmetrical orifices and rectangular

ports is:

. 1/ v ¥
QL = Cd va /E (PS - Tq PL) » (c.2)

where w = area gradient for each port.
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-Figure C-1. Piston-valve Configaration. |
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In order to dévelop a more suitaﬁle nondimensicnalized
equation for the pressure-flow relationship and plot in a coordinate

system, the following analysis need to be perfoimed. From Figure C.1

P =P, - P

L 1 , > and, | (C.3) .

P

g =P +P, . | (c.b)

Solving Equations C.3 and C.4% simultaneously to yield

P.+ P
=] L
P)=—3% > (c.5).
P, - P
] L
=g (c.6)
and expressing PL in terms of PS and P2 to yield
_:PL =Py - 2P, , ' | | (c.7)

i
which is the expression sought. In order to express Equation C.7

e

terms of Py and a flow through the valve orifice, the followimg - =" ~+

 édﬁations are obtained referring to Figure C.1,

’ (08)

Q, = Ch, ;-”(PS - Pl) s | (c.9)

(C.10)
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Q, =CaA, "/EZ(PQ - Po) , and, {C.11)

usually the drain pressure PO is zero.

By multiplying and dividing the second term to the right of

the equality sign in Equation C.T7 by &hcd_ﬂ/%?x, and rearranging to

yield
T2
(Alrc-d x/g ‘Jbe) S
P. =P, -2 SN OV e 4 o . ' (c.12)
L S ?\2 o
(Ah'-*d «/ 'E) '
Substituting the expression of Equation C.1l into Equation C.12
to get
2 -
hy .
P. =P, = ~—— . (c.13)
L S 2 7
(o)
where
¥
Gy = CA \/3 . (c.1v)

(c.15)
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(c.16)

R
T

Substituting EquationS'C.lSIand C.16 into Equation C.13 %o

obtain
293 |
G;L =1l - 7 (C-lT)
. Y ’
where
A . wxv _
Y= = - (0.18)
o max

Eguation C.17 represents a family of pasrabolas., A computer
program for solutions to Equation C.lT is written up, and the results

can be seen plotted on Figure C.2.
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Figure C-2,

0. +.5
pressure, @

Pressure Flow Curves, -

+ |
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APPENDIX D

DEVELOFPMENT OF EQUATIONS

-%ﬂ Details of Derivation of Equations 2.13, 2.16 and 2.55,

Equation 2.12 gives the Laplace transform of the piston

Rt

(6) =28 1 (p.1)
s = - D.1
/i . -

This may be rearranged as

PSAE | 1 ' |
2(s) = =2 ———p - - (n2)

.PTA2 2 ?
(ord) + - G2D))

and further rearrangement

(D.3)

This equation can be transformed by use of the Laplace transform

tables according to the form

e —
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k

—F— ., Ft) = &Y ginkt . (D.4)
(s42)" 4+ K

f(g) =

or

PQA
z(t) = ¥ — (D.5)
: | (Psﬁp‘e '
K- M{z5)
s
ii. ‘Derivation of Equation 2,16 taking Equation 2.15 |
| Appg/fﬁ
2(s) = 5 , - (D.6)
2 K K
S HEYH S th
rearranging
A. P ) s
8 1 b2
7(s) = 2= . 5 . (B.7)
' /ﬁ ' K ¢
s o JKY
( +N[;)'
Taking the Laplace transform according to the form
£(s) = —RL _ ; p(1) =7 2F (p.8)
B_a)n-;-l .

where n = i;2,3..;.

P
This yields
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_ K :
AP - (=T - :
PSS, pe ,\/M . (D.9)
/_M .

2(T) =

iii. Development of Equation 2.55.
A combination of Equations 2.27, 2,33, 2.35 in terms of the

time T at impact yields,

et (p.10)

J/PESRE t/%%

Substituting Equation D.10 and 2.33 into Equation D.9, and

sgquaring yields

| oW
[2(T)F = 22 — e JFEZKET . (D.11)
T 2KE

Using the fact; that for critical damping the expression

» . (D.12)

and by further combining with Equation 2,49 to simply Equation D.11

to yield

umne—g . ~'wa
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APPENDIX E
COMPUTER PRINTOUT

Computer Print Outs and Programs are available upon request

to Dr. P. V. Desai, Room 204, Space Science Technology Building #1.
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REFERENCE VAIUE OF PARAMETERS

. 785
3.

1450
6 .

6
6

1274k 107
5.66 ¥ 10°
18.1 ¥ 10~
2.2

200
variable
Varisble
1.1 % 1076
3,766

2.

N

1.200
37.66

3

386.4
1073
0.0002 (standard)
.T85

1

[1n°]

[in°]

tlb-sec/in]

[1b-sec/in]

‘[1b-sec/in]

[in]
[ft-1b]

[psi/in]

[in3/sec/in]

[in]

1b.in
[1b/in°]
GPM
[in®]
[in/sec®]
[in]

[in]
[in"]
[in]
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= 100.000 . [lb/in2.]
=0.78 - 10'_1‘ . [lb-sec2/in4]
=1.8.10°% |  [lb-sec/in°]
= 10,766 : ' : | ~ [Rad/sec]

#*Values taken from Reference 4, Petroleum base fluids.




