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ABSTKACT 

R~~~~~~~ of a sip& mounted system to time varying i~ansient~r like rounded 
and di.yp[acement,y cqy,plied at the foundation is  i n l ' ~ ~ / i g ~ ~ / e d .  T/IF S))StCm 

employs a dua&phase damping chnracleristic defined h~ u . S d  of.foW' 1mI'ameter.S. 
.variutjons of the peak nccelerutiu~z o,7d ~li,iplarenzenf with thcso firw purometerh 
are computed. Optipzum ~'alues of the pnrameters a! li~hich the nziwi1i7urw 
occe[eratio7t or minimum peak displacernent occurs are then sotlght. The main 

in xsing. a dual-phuve dumping over. singlo phusc constunt dumping is  the 
facility of minimising the pmk accrler.ation or dis~luccmcnt. 
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1 .  INTRODUCTION 

This papcr presents an investigation of the responsc of a simple n~ounted 
system (Fig. 1 .  1 a and b) having nonlinear dual-phase damping lo  a transient 
time varying input impressed on the foundation. The peak acceleration 
and displacement of the mass M are particularly considered here in bringing 
out the variations of their respective magnitudes with ditrerent damping 
parameters of the dual-phase damping. Optimum values of the parameters 
are found in order to achieve either minimum acceleration or displacernent, 
one subject to the constraint of the other. 

The purpose of the shock absorber is to reduce the acceleration and 
displaceinent of the mass M. The components of M arc less affected if 
they experience less acceleration and displacement. This paper considers 
the effect of the dual-phase damping instead of collstant dampiIlg on the 
peak acceleration and displacement, as the effect of the former is found to 
be better tl~an that of constant damping. 

The damping system may be represented by a linear spring and a now 
hear dashpot (Fig. 1.  1 a and b) along with the dual-phase damping 
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characteristic defined by the four paraineters l,, 5,. A and 6. Realisation 
of the dual-phnsc damping ~ I ~ ; ~ r ; t ~ t ~ r i s t i c s  is C V ~ ~ C I I ~  in t h e  skctchcs ot' Fig. 
1.2 where a spring-lo;rdetl hxll or :I 1clu1r1 valve ailalpt to i hc  changes 
in damping B'orce olfcrinf lhc desireti ~ l ~ ; r l s i ~ t ~ r - i s l i ~ s  [ l ] .  The para- 
meters could be changed by changing the initid asld final area of the  orifice 
(for and i,) and by changing the spring constant (for- A and 4). Some 
aircraft landing gear systems may he said to display mmewhat similar 
behaviour. 
I Snowdon j l j  has workccl out the ~r~lnsicnt response of such a system 
for n set of parameters and indicated tll:~! the p e a k  acceleration and dis- 
placeinelit could be mininiised crnploying t h e  dual-phase damping characteri- 
stics. The exc~irsions of the peak v d t ~ e s  of' ciccelzration and displacement 
transmitted to  the mass Ad for inputs like ~ ~ o ~ ~ n t l c d  step a n d  rounded pulse 
displacements are so~lghl  by the authors h:- dillierent con-nbinatiocs of  values 
of A, B, 5,, 1, (Fig. I .  1 h )  which information, it i s  felt, would be useful in 
the design of s11oc:k mounts. 

The equation df motion lor. lllc system shown in Fig. 1. I n may be 
written as 

with the initial conditions 

kl (0) = z, (0) 7:- 0 

It is convenient to rewrite t i ~ c  equation a s  



where, 
K C 

Dividing throughout by woZ Z,., results in . . 

In the non-dimensional form, the above equation becorner 

Y + 2tP + Y = 252,' + 2,' 
where, 

~ ( 0 )  = 0 = Y (o) and Z,', 2,' are respectively the non-dimensional 
displacement and velocity. 

According to the characteristic shown in Fig. 1. 1 b, i takes values as under 

( = [, where I z~:,' - Y 1 ,i A 

Optimisation for the peak acceleration or displacen~ent though could 
be done by gradient method, the authors prefer to use direct search because 
the latter furnishes information about the variations of the peak acceleration 
and displacement with the four parameters along with the optimum value. 

The non-linear differential equation is solved by Runge-Kutta method 
using a digital computer IBM 360144. The inputs considered are the rounded 
step and rounded pulse displacements pig.  2 a, b) for these possess finite 
first and second derivatives for all values of f including t - -  0; application 
of these transients to the foundation of the simple system provides physically 
realistic values for the velocity and acceleration of both the foundation and 
the mounted mass M. The reference inputs are defined by 

& = O ,  t < O  

- eZ - Z,, - (y~ot)z eyWat ,  4 t 2 0 (Rounded pulse) 

where. 



The rise time T or the rounded step displace!nent is defined as the time 
reqllired For the riis[?iaceinent lo reach 82"; o f  its final value. l l c  
duration i. o f  tllc ~.:i~p~:icellW!lt. pl!lhe is ticfincti ;as t!ic Irngth of a11 equivalent 

pulse that has the same area (Z,,, c"2yw,) as that of the rounded 
pulse, but which is higher by 17.6% than Z,,,. 

Rauge of' paralnelcrs considered in  Liie study for getting data are : 
A -0(0.2)1 
B - ( A  -4 0.2)  (0 .2 )  ( A - t  1) 
c, -- 0.1 (0.1) 0.9 
<, == 0.1, 0.2, 0.0 
y .-- 10, 50 

y = 10 defines itlild shock and y == 50 defines severe shock. These two 
values are chosen for analysis. 



In the following section, peak acceleration refers to max I Y I ,  peak 
displacement to max I Y I. 

Frotn the data computed, it is found that the peak acceleration and dis- 
placetnent show a variation with A, B, c,, 5 ,  as typified in the accompanying 
graphs, Fig. 3. 1 through 3.32. 

3.1 Input : Rounded Step 

3.1.1 : y = 10 and %, = 0.0 

The peak acceleration (i) increases with increase in I; for the values of 
A, B, El, less than or equal to 0.4, 0.6, 0.6 respectively, (ii) decreases and 
then increases with increase in 5, in the range where A lies between 0.2 and 
I .O and B between 1.0 and 1.4, (iii) increases with increase in & for values 
of B and A greater than 1.4 and 0.6 respectively. These variations are 

FIG- 3-1 ROUNDED STEP 1=10, s2= O.Q 



FIG. 3.2 ROUNDED STEP Y =  10, s2 = 0.0 
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shown in Fig. 3.1, for certain typical sets of parameters. The minimum 
value of the peak acceleration found in case (ii) is noled lo decrease with 
increase of B and illcrease and then decrease with increase of A (Fig. 3.2). 

FIG. 3 .4  ROUNDED STEP Y =  10 

FIG. 3.5 ROUNDEQ STEP r = 10 
-. 



The peak displacemalt (i) deci-eaaes with increase in 5,. This decrerne~ab 
is found to be small Tor 1,' less than 0.8 (Fig. 3.3);  (ii) decrvases with incl-ease 

ill '4  and B ( Fig. 2 .4. 3.5). Case (ii) is not true always. 111 many cases 



it is found that the peak displacement increases with increasc in A and B 
(for A greater than 0.6) for 6,Z lc where tc itself varies from 0 . 2  to 0.5. 
~ u t  this increment is very small of the order of 1 in or 1 in 10;'. 

3 . 1 . 2 :  y =  10 and ia==O.l  

FIG. 3.8 ROUNDED STEP y s  50, c2' 0.0 

FIG- 3.9 ROUNDED STEP r = SO 
- T .  
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The peak acceleration (i) decl.eases with increase in <, for A equal to 
0 .2  and I3 less than or equal to 0.8. This d e c r e i n e ~ ~ t  is very s m a l l  (1 in 108); 
(ii) decreases and then increases with an increase in 8, f o r  the values of  A ,  B 
lying between I .O lo 0.2  and 1.2 to 0 . 6  respectively. This dccremend is 
very small; (iii) increases with increase in {, for values of B and  A greater 

1-16. 3.10 ROUNDED STEP r - 50 

FIG. 3.11 ROUNDED STEP r = 50 
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than 1.2 and 0.8 respectively (Fig. 3.6). The minimum of the peak accele- 
ration obtained case, (ii) is found to decrease with an ill~E3se in B and 
increase and then decrease with an increase in A (Fig. 3.7). The peak accele- 
ration increases with increase in i, (Fig. 3. 14 rr). 



The peak displacemunl (i) decreases with inciease 51 El. This decrelnent 
is small for R less than 0.8 (Fig 3.3) ; (ii) decreases with increase in B and A 
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FIG- 3.140 ROUNDED STEP Y =  1 6  

FIG. 3-14 b ROUNDED STEP = 50 



FIG. 3.15 ROUNDED STEP Y = 50, s2 = 0.1 



OUNBED PULSE g: 18 

i7G. 3.18 ROUNDED PULSE r= 10. f2: 0 
I.I,Sc,--3 



FIG. 3.19 ROUNOEO PULSE 1% 10, s2 = 0 
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FIG. 3.21 ROUNOEO PULSE r =  10 

FIG. 3.22 ROUNDED PULSE 1 = 70 



p ,  ,-. 
(Figs. 3.4, 3.5). This is found to be violated for certain values of 5,. The 
peak displacement increases with increase in B and A (for A greater than or 
equal to 0.6) for 5, greater than a certain value which varies froin 0.3 to 0.5. 
This increment is very small. 

3 , 1 . 3 :  y = 5 0  and 5,=0.0 

FIG. 3.23 ROUNDED PULSE Y: 1 0  



The peak acceleration (i) illcreases and then decreases with increase 
in S; for A and B lying between 0.4 and 0.0, 0.8 and 0.2 respectively; 
(ii) decreases with increase 111 in the range where A lies between 1.0 td 
0.0 and B between 1 .8 to 1 .0; (iii) increases with increase in cl for A -- 1.0 

FIG- 3 -25  ROUNDED PULSE r r  10 

FIO. 3.86 ROUNDED PULSE r = TO 



and B -- 2.0 (Fig. 3.8) ; (iv) remains constant with A and 13 in the ranges 
given in case (ii) (Fig. 3.9). 
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The peak displacement (i) decreases with increase in 5,; (ii) decreases, 
with increase in B for A less than or equal to 0.6 and beyond this range it 
remains a constant; (iii) decreases with increase in A (Fig. 3.10, 3.11, 
3.12). 

The peak acceleration (i) decreases with increase in 5, for A and 3 lying 
between 0.2 to 1.0 and 0.4 to 1.8 respectively: (ii) remains constant with 
A and B for a constant i, (Figs. 3.13, 3.9). 

The peak acceleration increases with increase in 1, (3.14 6). 

The peak displacen~ent ( i )  decrcascs with increase in 5,; (ii) decreases 
with increase in B for A less than or equal to 0.6 and remains constant with 
3 for values of A greater than 0.6: (iii) decreases with increase in A (Figs. 
3.15, 3.11, 3.12). 

The peak displacement increases with increase in 5, (Fig. 3.16). 

3.2 Input : Rounded Pulse 

3.2.1 : y = 10 and 5% = 0-0 

The peak acceleration (i) decreases with increase in i, for c, less than 
or equal to 0.8 and A, B in the ranges 0 to 0.8 and 0 to 1.2 respectiveIy. 
This decrement is very small, 1 in loS; (ii) decreases and then increases 
with increase in 5, for A greater than or equal to 0.6 and B greater than or 
equal to 1.4; (iii) remains almost constant with A and B for the ranges 
0 to 0.8 and 0 to 1 .2  respectively (Figs. 3.17, 3.18, 3.19). 

The peak displacement (i) decreases with increase in 5,; (ii) decreases 
with increase in A and B ;  (iii) cases (i) and (ii) hold good for 1, = 0 .0  and 
0.1 (See Figs. 3.20, 3.21, 3.22). 

3.2.2 : y =  10 and & = 0 . 1  

The peak acceleration (i) decreases with increase in for A and 3 in 
the ranges 0 to 1.0 and 0 to 1.6 respectively; (ii) remains constant with 
A and B for the values of A and B lying between 0 to 1.0 and 0 to 1 - 6 
respectively; (iii) decreases with increase in 3 for A greater than 0 .8  and 
B greater than 1.6 (Figs. 3.23, 3.24, 3.25). 

The peak acceleration increases with increase in 1, (Fig. 3.26). 

me peak displacement increases with increase in S, (Fig. 3.27), 



FIG. 3.29 ROUNDED P U L S E  f = 50 
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3.2.3 : y =- 50 and i;, -= 0.0, 0.1 

The peak acceleration (i) decreases with increase in i,. The decrement 
is very small : (ii) remains constant with A and B ;  (iii) increases with increase 
jn ce (Figs. 3.28, 3.29). 

The peak displacement (i) increases with increase in i;; (ii) decrease$ 
with increase in A and B ;  (iii) decreases with increase in c, (Figs. 3.30,3.31*. 
3.32,* 3.27). 

4. ILLUSTRATION A N D  COMPARISON 

The values of the peak acceleration and displacement obtained with 
dual-phase damping are compared with that of constanl damping. Examples 
are given. 

4.1 Rounded Step Displocenlent 

The minimum value obtained for the peak acceleration i s  0.8631. ~h~ 
values of the parameters are A = 1 .O, B = 1.4, 1; = 0 . 4  and & = 0.0. 
The peak displacement for the above set is 1.2636. For 5,> 0.7, the peak 
displacement in most cases is approximately 1.0. But the peak acceleration 
is different and greater than 0.86. 

The minimum peak acceleration got is 0.9528, with peak displacement 
approximately 1.0 for = 0.9, <, = 0.0  and A in the range 0 to  1.0 and 
B 1.0 to 1.8. 

4.2 Rounded Pulse 

The minimum peak acceleration in this case i s  0- 8010 with a peak dis- 
placement 0.3093. The values of the parameters A, B, b, iz are 0-2, 0.4, 
0.9 and 0.0 respectively. 

The minimum peak displacement is 0 -  1207 with peak acceleration 1.69  
for A = 1.0, B = 2.0, 5, = 0.9  and = 0.0. 

--- 
'(A) indiqttes the sc& m%rked for the curvq with constant A; similarly for @I, 



42 C.  VENKATBSAN AND R. KRISHNAN 

But, an optimum case could be chosen to be the one where the peak 
acceleration and displacement are 0.801 7 and 0.1951 respectively. The 
values of the parameters are A = 0.8, B =  1.0, 5, = 0 .9  and c,= 0.0. 

FIG* 3.31 ROUNDED PULSE f z  50 

FIG. 3.32 ROUNDEO PULSE Y = 59 
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4 . 3  Cotnpa~ison with Consnant L)umnpitrg 

Considc~-in$ the first case (i.e., y == PO, step Iljspiacement) witb constant 
damping i 2 -  0.4, the peak acceleration of the mass M [2] is nearly 3.0 and 
the ciispiaccment is about 1.5. For low values of darnpiog (5< 8.05) the 
peak accelclulic;n is found to be less than I .O and the  peak displacemmnt is 
nearly 2.0. By using the dual-phase damping, it is possible to achieve low 
valoes or peal acceleration and displacement, i.e., 0.8631 and 1.2636 res- 
pectively. 

A similar behaviour is found in other cases also. 

5.1. For all the cases considered here, the peak acceleration increases 
with increase in the value of i,. The variation with cl is not much compared 
to that with 5,. I t  depends on the value of y.  V y = 50, the variation is 
not much. If 7 -= 10, the peak acceleration decreases and then increases with 
increase in l,, [or many cases. This is observed for both inputs. 

Lrrespect~ve of the type of mput, the vanation of peak acceleraliou with 
A and B is negligible for 7 = 50. 

5.2. The peak displacement increases with increase in <, for rounded 
step displacement for one set of A, B, i, and it decreases with increase in 
5, for a set of A, B, 5,. 

In the case of rounded pulse displacement, for y = 10, the peak dis- 
placement increases with increase in c, and for y = 50, it decreases with 
increase in 5,. 

The peak displacement, for the pulse case, decreases with increase m 
L for y = 10 and increases with increase in 5, for y = 50. 

5.3. With dual-phase damping, the peak acceleration and displacement 
of the mass M could be reduced. By suitably selecting the parameters, the 
system could be optimised for either the peak acceleration or displacement 
keeping one or the other within boun@s, 
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5.4. The effect of applying dual-phase damping to an aircraft landing 
gear i s  being investigated by the authors. 
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