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OPERATIONAL TESTS O F  SWING SPAN WITH 
MULTIPLE INDEPENDENT SPAN DRIVES 

CHARLES BIRNSTIEL 
Consult ing Engineer,  Fo re s t  Hills, NY 11375 

ABSTRACT 

T e s t s  t o  de t e rmine  pinion shaf t  to rques  during normal opera t ion  of a c e n t e r  
bear ing  swing span  having multiple ident ica l ,  independent ,  span  dr ives  a r e  
described.  The  e f f e c t  of t h e  absence  of mechanical  equil izat ion be tween  t h e  
multiple pinion s h a f t s  was appa ren t  from t h e  s imultaneous t o rque  measurements  
which showed t h e  ins tan taneous  variat ions in t o rque  be tween  t h e  pinion s h a f t s  
during driving and  b rak~ng .  

Wh11e driving, both during acce l e r a t i on  and a t  running speed,  t h e  mult iple  
pinion s h a f t s  we re  s t ressed  t o  t h e  s ame  order  of magnitude. However, dur ing  
braking t h e  measured s t r e s se s  were  markedly d i f fe ren t  d u e  t o  t h e  fact t h a t  t h e  
a c t i o n  of t h e  t h r e e  independent  brakes  was not  ident ical .  T h e  need  fo r  con t ro l  
of s equence  of b rake  se t t i ng  and  ilmits on t h e  b rake  to rque  of t h a t  b r ake  which 
s e t s  f i r s t ,  in order  t o  avoid damage  t o  t h e  machinery,  was demonst ra ted .  

INTRODUCTION 

Swing bridges a r e  sometimes cons t ruc t ed  with span  dr ives  comprising t w o  or  
more pinions engaging a common rack  mounted on t h e  pivot pier,  e a c h  pinion 
belng driven by a n  independent  drive. In such machinery a r r angemen t s  t h e  
multiple pinions a r e  no t  connec t ed  toge the r  mechanically in o rde r  t o  equa l i ze  t h e  
pinion sha f t  torques.  I t  i s  usually assumed t h a t  because  t h e  s a m e  s i z e  and model 
motors, speed reducers ,  a n d  brakes  a r e  used fo r  e a c h  d r ~ v e  t h a t  t h e  d r ~ v i n g  
torques  applied t o  t h e  pinion s h a f t s  a r e  a l i ke  fo r  all  sha f t s ,  o r  nearly so. 

Sometimes t h e  brakes  a r e  wired and ad jus ted  such  t h a t  they  a r e  in tended  t o  
s e t  simultaneously. In o the r  cases, t h e  s e t t i n g  of t h e  b rakes  is under  br idge 
ope ra to r  control .  In e i t he r  s i tua t ion  of b rake  con t ro l ,  t h e  r ea l i t y  is  t h a t  one  
brake  will s e t  be fo re  t h e  others .  The  consequence  is  t h a t  t h e  braking f o r c e s  a r e  
not applied simultaneously t o  t h e  r ack  a t  all  pinion locations. If t h e  braking  
capac i ty  of t h e  f i r s t  b r ake  t h a t  s e t s  is  excessive,  f o r  wha teve r  reason ,  t h e  
machinery fo r  t h a t  dr ive,  and  t h e  common rack ,  may b e  ove r s t r e s sed  under s o m e  
condit ions of dece lera t ion .  



T h e  George  P. Coleman Memorial Bridge is a tandem swing bridge with 
mul t ip le  independent  dr ives  for  e a c h  draw. Because  of r epea t ed  fa i lures  of pinion 
s h a f t s  a n d  racks,  t e s t s  we re  conduc ted  t o  de te rmine  which brakes  s e t  f i r s t  and 
t h e  v a r i a t i o n  in pinion shaf t  t o rque  d u e  t o  braking under  normal opera t ing  
condi t ions .  Some of t h e  resul ts  of t h a t  invest igat ion a r e  described in t h i s  paper .  

BACKGROUND 

T h e  George  P. Coleman Memorial Bridge is  a two-lane highway bridge t h a t  
suppor t s  U.S. Rou te  17 over  t h e  York River  a t  Yorktown,  Virginla. Included 
within it's overal l  length of 3,750 f e e t  be tween  abu tmen t s  a r e  t w o  
cen te r -bea r ing  swing spans,  e a c h  500 f e e t  long, a r r anged  in tandem. T h e  spac ing  
of t h e  t w o  pivot piers  i s  500 f e e t ,  giving a horizontal  c l e a r a n c e  of 450 f e e t  fo r  
t h e  naviga t ion  channel .  The  ve r t i ca l  c l e a r a n c e  under t h e  c losed  d raw is  abou t  60 
f ee t .  In t h i s  paper t h e  bridge is  cons idered  o r i en t ed  north-south. 

E a c h  d raw is  r o t a t e d  by a mechanical  span  dr ive  dr iven  by e l e c t r i c  motors. 
As shown in Figures 1 and  2, e a c h  span  d r ive  compr ises  t h r e e  e l e c t r i c  motors  
with a s soc i a t ed  reduct ion  gear ing  which d r ive  t h r e e  pinion s h a f t s  t h a t  engage  a 
c i r cu l a r  r ack  mounted on t o p  of t h e  pivot pier. In t h i s  paper  e a c h  o n e  of t h e s e  
e l e c t r i c  motors  and gearing is t e rmed  a d r ive  unit. T h e  t h r e e  d r ive  uni ts  a r e  
comple te ly  independent  e x c e p t  f o r  t h e  final g e a r  reduct ion  s t a g e  a t  t h e  common 
rack. T h e r e  a r e  no mechanical  d i f f e r en t i a l s  t o  equa l i ze  t h e  t o rques  of t h e  t h r e e  
pinion shaf t s .  Each  unit has  a spring-set,  th rus tor - re leased ,  shoe  b rake  loca t ed  
b e t w e e n  t h e  motor and  t h e  speed  reducer .  T h e  b rake  wheel  is  bo l ted  t o  one  hub 
of t h e  coupling t h a t  connec t s  t h e  motor s h a f t  t o  t h e  bevel  input  s h a f t  of t h e  
reducer .  

Because  of t h e  lack  of mechanical  o r  e l e c t r o n i c  load-sharing be tween  t h e  
t h r e e  pinion sha f t s ,  and because  t h e  motors  and  c o n t r o l s  a r e  not  ident ica l ,  t h e  
t o rque  in t h e  s h a f t s  c a n  d i f fe r  dur ing  driving. During braking unequal  loading of 
t h e  pinion s h a f t s  was almost assured  because  t h e  c o n t r o l s  w e r e  such  t h a t  e a c h  
b rake  could be s e t  and r e l ea sed  individually. Even if a l l  t h r e e  brakes  could have  
been appl ied  or  r e l ea sed  s imultaneously,  t h e  pinion to rques  would likely have  
d i f f e r ed  because  of t h e  var ia t ion  in braking c h a r a c t e r i s t i c s  d u e  t o  d i f f e r ences  in 
t h e  mechanical  and hydraul ic  ad jus tments  of t h e  b rakes  and  var ia t ions  in 
brake-wheel  fr ict ion.  

Pr ior  t o  1989 components  of t h e  nor th  span  d r ive  fa i led ,  including t h e  r ack  
and  some  pinion shaf t s .  Because  of t h e s e  r e p e a t e d  fa i lures  t h e  Virginia 
Department  of Transpor ta t ion  (VDOT) dec ided  t o  measu re  t h e  magni tude  of t h e  
t o rques  in t h e s e  s h a f t s  under  normal ope ra t ing  condit ions.  Of pa r t i cu l a r  i n t e r e s t  
was t h e  var ia t ion  of t o r q u e  b e t w e e n  t h e  shaf t s .  Accordingly,  VDOT au tho r i zed  
Char les  Birnstiel,  Consult ing Engineer ,  P.C., to simultaneously measu re  t h e  
t o rque  in t h e  p ~ n i o n  s h a f t s  of e a c h  d r a w  by t h e  s t r a i n  g a g e  technique .  



SCOPE 

T h e  scope  of work was l imited t o  measurement  of t o rque  in pinion sha f t s ,  
de te rmining  t h e  order  in which brakes  w e r e  re leased  during opera t ion ,  t h e  
examination of brake  wheel f aces ,  and measurement  of b rake  spring lengths. No 
o the r  mechanical  or  e l ec t r i ca l  components  w e r e  inspected.  

EQUIPMENT 

S t r a in  G a g e  Instrumentat ion 

In order  t o  de t e rmine  t h e  t o rque  in t h e  pinion s h a f t s  t h e  torsional  s h e a r  
s t r a in  at t h e  s u r f a c e  of t h e  s h a f t  was measured. The  va lue  of t h e  sha f t  t o r q u e  
c a n  b e  computed  from these  s t r a in s  using s t r u c t u r a l  mechanics  principles. 

Foil s t r a in  gages  were  instal led on t h e  s h a f t s  a t  t h e  loca t ions  shown in 
Figure 2. In e f f e c t ,  t h e  instrumented s h a f t s  w e r e  used as t ransducers .  They w e r e  
approximately of t h e  same d iameter .  In t h e  a r e a  whe re  t h e  gage  was t o  b e  
mounted t h e  sha f t  was ground down t o  a level  below t h e  machining marks by 
means of a por tab le  grinder. Grinding was fol lowed by s u r f a c e  t r e a t m e n t  per  
ins t ruc t ions  of t h e  s t r a in  gage  manufac turer  for  t h e  t y p e  of adhes ive  used. 
Dual-arm s t r a in  gage  r o s e t t e s  w e r e  instal led wi th  t h e  a r m s  o r i en t ed  a t  45 
degrees  t o  t h e  sha f t  axis. The  gages  on a sha f t  we re  wired t o  a channel  of a n  
ampl~ f i e r / cond i t i one r  in a half-bridge configurat ion.  Lead  wires  were  "heavy 
copper", of t h e  sho r t e s t  length p rac t i cab l e  (with a11 leads  of t h e  s ame  length)  so  
a s  t o  minimize lead-wire desensi tat ion.  T h e  l ead  cab le s  w e r e  shielded. The  l e a d  
cab le s  w e r e  wrapped around t h e  sha f t s  and  tensioned with a pulley and  weight  
a r r angemen t  in a manner such  t h a t  they  unwrapped and then  wrapped around t h e  
shaf t  a s  t h e  d raw was r o t a t e d  90 degrees.  O u t p u t  of t h e  amplif ier /condit ioner  
was  inputed t o  a s t r i p  c h a r t  pen recorder .  

Cal ibra t ion  of t h e  s t r a in  recording sys tem was by means of t h e  shun t  
cairbrat ion res i s tor  built  i n t o  t h e  amplif ier /condit ioner .  Because  t h e  s h e a r  s t r a i n s  
rn t h e  t h r e e  pinion s h a f t s  of a d r a w  w e r e  t o  b e  measured  simultaneously, t h e  
f ~ r s t  t h r e e  channels  of t h e  ampl i f l e r / cond i t~one r  and t h e  r eco rde r  were  assigned 
to th i s  purpose. 

Brakes Released  Detectron 

The  four th  channel  of t h e  recorder  was ut i l ized t o  record  t h e  b r a k e s  
re leased  at dny ins tan t  and t o  coun t  t h e  number of revolut ions of t h e  pinlon 
shaft .  A "black box" c i r cu i t  was cus tom d e s ~ g n e d  and assembled fo r  t h e  purpose  
of put trng fou r  channels  of "black box" informatron on t h e  four th  channel  of t h e  
recorder .  



Three channels of the "black box" were used to indicate which brake 
thrusters were completely extended. The circui t  was such that an excursion of 
the Channel 4 pen (brown) occurred when a brake release l imit  switch 
(normally-closed contact) opened. The pen returned when the l imi t  switch 
contact closed. I t  should be noted that a functioning brake w i l l  be effect ively 
released before the thrustor activates the brake release l imi t  switch. The time 
advance depends on the settings of the mechanical and hydraulic adjustments of 
the brake. Similar behavior occurs on brake setting, except that actual sett ing 
lags behind the pen indication. 

Revolution Counter 

A signal was superimposed on the brake-released channel t o  indicate when an 
event counter switch was opened, thereby indicating that a magnet attached to 
the pinion shaft had passed from proximity to  the stationary event counter 
switch. The brake numbers marked on the strip charts (Figures 3 and 4) 
correspond to those on the span drive diagram (Figure 1). 

TEST PROCEDURE 

The procedure for making a measurement run for a normal draw opening, 
after a l l  wiring is completed and tested, was as follows: 

1. With the draw closed, calibrate a l l  strain gage channels using the shunt 
calibration feature of the 2100 System. 

2. Ini t ia l ize al l  pens and start chart paper motion. 

3. Release al l  span drive brakes (from drum switch on control  desk). Nudge 
draw open a b i t  t o  free i t  from the seating buffers. 

4. With brakes released and the draw "floating", reset al l  strain gage 
channel pens t o  zero. Do not reset the brake release pen (Channel 4). 

5. Energize motors t o  open draw i n  the normal manner. However, make an 
intermediate stop at about 45 degrees of opening i n  order to  determine 
effect of brake application at this angle. 

6. Continue opening draw to fully-opened position i n  the normal manner. 
Hold open for a short period. 

7. Close draw i n  normal manner except make an intermediate stop at about 
45 degrees of opening. 

8. After the draw has been seated and the span drive wound up, set al l  
brakes and stop chart paper motion. 



DATA OUTPUT FORMAT 

The format of the recorded measurements wi l l  be described w i th  the a ~ d  of 
Figure 3, a typical annotated strip chart. On the top edge of the chart are 
let tered black station numbers (STA) which are distances from the l e f t  edge of 
the chart i n  centimeters. This stationing i s  used to aid i n  referring t o  features 
of the chart. Below the stationing, also i n  black, are remarks concerning the 
draw posltion and the d~rec t ion  of motion. The green trace is the measured shear 
strain on Shaft N-2 which, in  this case, i s  output from Ampl i f~er  Channel 1 
through Recorder Channel I. The scale for shear strain i s  marked in  green at the 
le f t  edge of the chart. Similarly, the blue trace i s  the measured shear strain on 
the surface of Shaft N-I. 

The correspondence between shaft numbers and ampllfler and recorder 
channels i s  given i n  the table near the right end of the chdrt. I n  this table are 
also l isted the strain gage bridge excitation voltage, amplifier gain, recorder 
channel span, and chart travel speed. 

The brown trace near the chart bottom i s  output from the "black box" which 
indicates the released brakes. This trace also shows when the event switch i s  
closed. That switch i s  mounted such that it i s  closed when the draw i s  i n  the 
fully-closed position. When the draw starts to  move the event magnet, which i s  
mounted on the plnion shaft, moves and the event switch opens thereby 
increasing the excursion of the brown pen. A t  the complet~on of the f i rs t  
revolution as the magnet passes by the proximity switch i t  closes the c i rcu i t  and 
produces the t ick mark. One revolution of the pinion shaft represents about 11 
degrees of draw rotation. The angle of draw opening i s  marked in  black along 
the bottom of the chart. 

The pen recorder is constructed such that the pens are stationary and offset 
i n  the direction of paper motion. The paper moves to the l e f t  and hence the 
traces are considered to advance to the right. 

ANALYSIS OF RESULTS 

Five test runs were made, three for the north and two for the south draw. 
The observed behavior among the runs for a draw was similar, hence only one 
run for each draw wi l l  be described subsequently. 

North Draw - Run 3 - Opening 

A t  the time of the tests, Shaft N-3 had been removed from the north draw 
span drive and Brake 3 was hand-released. Therefore, there are only two strain 
plots i n  Figure 3 and the brown trace records the release of Brakes 1 and 2. 



F i g u r e  3 shows tha t ,  a f t e r  preliminary ini t ia l izat ion,  all  b rakes  were  re leased  
(STA 3 )  wlth t h e  resul t  t h a t  some wind-up s t ra ins  in t h e  s h a f t s  w e r e  re leased ,  as 
i n d i c a t e d  by t h e  upward motion of t h e  green and blue pens. Because  t h e  
comple t enes s  of s t r a in  re lease  was uncer ta in  t h e  d raw was nudged open and t h e  
pens f o r  t h e  s t r a in  plots re-zeroed with t h e  d raw "floating". By STA 16 t h e  
ze ro ing  w a s  accomplished. Motors 1 and  2 were  t hen  energ ized  s tep-wise by t h e  
Draw T e n d e r  a t  t h e  cont ro l  console t o  open t h e  draw. The  maximum power point 
appl ied  to t h e  north d raw was No. 4 ( P P  4) by adminis t ra t ive  order  inasmuch as 
o n e  of t h e  t h r e e  drives was not  functioning. From S ta t i on  17  through 23  (STA 
17-23) t h e  d raw a c c e l e r a t e d  and t h e  maximum shear  s t r a i n  was abou t  350 
microinches,  exper ienced  by Shaf t  N-2. From STA 23-27 power was a t  P P  4 a n d  
both s h a f t s  d rove  t h e  draw. During t h i s  region of nearly uniform speed t h e  s t r a i n  
in S h a f t  N-l averaged  25 microinches and t h a t  in S h a f t  N-2 abou t  50 
microinches.  Power  was reduced  step-wise s t a r t i n g  at STA 28 and  Brake  2 was  
s e t  a t  STA 34 (Brake 1 was s t i l l  re leased)  for  a n  i n t e rmed ia t e  stop. T h e  braking 
shea r  s t r a i n  in Shaft  N-2 was  in exces s  of 1200 microinches. Brake  1 was  s e t  
a f t e r  B r a k e  2 had d e c e l e r a t e d  t h e  d r a w  with t h e  resu l t  t h a t  t h e  s t r a in  in Shaf t  
N-1 w a s  abou t  400 microinches. 

T h e  plots in region STA 34-37 illustrate t w o  a s p e c t s  of braking behavior  on 
t h i s  draw.  F i rs t ly ,  t h e  shea r  s t r a in s  (and consequently torsional  s t resses)  in  Sha f t  
N-2 d u e  t o  braking were  at l ea s t  t h r e e  t imes  a s  l a rge  as those  d u e  t o  
a c c e l e r a t i o n  by Motor 2 under P P  4. Secondly, t h e  work done  by Brake  2 was  a t  
l e a s t  t h r e e  t imes t h a t  done  by Brake  I. This  s i t ua t ion  is  d u e  t o  many f ac to r s ,  
bu t  t h e  major o n e  is t h e  de lay  be tween  s e t t i n g  Brake  2 and 1, which was mainly 
d u e  t o  t h e  speed  a t  which t h e  Bridge Tender  t u rned  t h e  drum swi tch  on t h e  
con t ro l  console.  

T h e  d r a w  was held open from STA 36-44. During th i s  period t h e  s t r a i n s  in 
t h e  t w o  s h a f t s  we re  a l ike  in sign and nearly a l ike  in magnitude. They were  
caused  by wind. A t  STA 43, Brakes I and 2 w e r e  successively r e l ea sed  and  
power appl ied  a t  STA 44 t o  con t inue  t h e  opening. Power  was c u t  a t  STA 57 
( au toma t i c  cut-out)  and  t h e  d raw c o a s t e d  tll l  Brake  2 was  appl led  a t  STA 6 0  in 
order  t o  make t h e  Nearly-Open stop. During coas t ing  t h e  d r a w  was back-driving 
t h e  machinery as evidenced  by t h e  r eve r sa l  of sign of t h e  s h e a r  s t ra ins  in both 
shafts .  The  braking s t r a in  in Shaf t  N-2 was  abou t  800  microinches. Brake 1 was  
appl ied  abou t  I1  seconds  a f t e r  Brake  2. By t h a t  t i m e  t h e  d r a w  had s topped  and  
Shaf t  N-l was  s t r a ined  t o  abou t  200 microinches by t h e  osc i l la t ions  of t h e  draw. 

The d raw was held in t h e  nearly-open position fo r  abou t  12  seconds  and  then  
t h e  t w o  brakes  were  successively re leased ,  a n d  then  t h e  motors  were  ene rg i zed  
a t  STA 64. While t h e  d raw was  open  t h e  braking s t r a i n s  w e r e  small because  of 
t h e  nearly calm wind condit ion.  Opening was  r e s t a r t e d  a t  STA 64 under  P P  1, 
t hen  P P  2, and then  P P  1 til l  de-energizat ion at  STA 68. Brake  2 s e t  soon 
t h e r e a f t e r  t o  s top  t h e  d r a w  a t  t h e  fully-open position. Brake  I was  applied a b o u t  
7 seconds  a f t e r  Brake  2. T h e  braking a c t i o n  a t  t h i s  s t o p  was  similar t o  t h a t  at 
t h e  previous s t o p  e x c e p t  t h a t  t h e  s t r a in s  in Sha f t  U-2 w e r e  abou t  25 p e r c e n t  
g rea t e r .  



North Draw - Run 3 - Closing 

Re fe r r ing  aga in  t o  Figure 3, a f t e r  being held in t h e  fully open position fo r  
abou t  o n e  minute, Brakes I and 2 w e r e  successively re leased  (STA 79) and  t h e  
d raw a c c e l e r a t e d  in t h e  counterc lockwise  direct ion s t a r t i ng  a t  STA 81. The 
maxlmurn shea r  s t r a in  was 330 m~cro inches ,  in Shaft  N-2. PP 4 was held from 
STA 84 t o  91. During t h a t  t ime t h e  t o rque  in Sha f t  N-2 was abou t  double t h a t  of 
Shaf t  N-I. This behavior was s i m ~ l a r  t o  t h a t  r eco rded  during opening. The  motors  
w e r e  n o t  equally loaded during driving beause  t h e r e  is no posi t ive load-sharing 
d e v ~ c e  i n  t h e  span  d r ~ v e .  

A t  STA 91 t h e  power was  reduced step-wise til l  Brake 2 was  s e t  at STA 96 
f o r  a n  i n t e rmed ia t e  s top.  T h e  s t r a in  in Sha f t  N-2 was abou t  1120 microinches. By 
t h e  t i m e  Brake  1 s e t  most of t h e  braking had been done  and Brake 1 s e rved  
mainly t o  dampen oscillations. T h e  maximum s t r a in  in Sha f t  N-1 was  270 
mic ro~nches .  

At  STA 103  t h e  brakes  were  re leased  and t h e  motors ene rg i zed  at STA 106 
t o  con t inue  t h e  closing. Af t e r  dece l e r a t i on  Brake  2 was appl ied  a t  STA 120 t o  
s top  t h e  span  a t  t h e  nearly-closed position. T h e  s t ra ins  in Sha f t  N-2 e x c e e d e d  
800 microinches. Brake 1 was  not  s e t ,  and t h e r e f o r e  Sha f t  N-1 was s t r a ined  only 
by t h e  i n t e r ac t ion  of t h e  vibrat ing system - t h e  maximum s t r a i n  was a b o u t  100 
microinc hes. 

A t  STA 126 t h e  motors a r e  shown energ ized  fo r  closing t h e  d raw aga ins t  t h e  
buf fer  device  and sea t ing  it a t  t h e  Fully-Closed position (STA 136). A f t e r  
s ea t ing  t h e  motors were  wound-up a t  PP 2 fo r  abou t  a minute  before  Brakes  2 
and I w e r e  successively s e t  at STA 145. The  wind-up s t r a i n  locked in to  e a c h  
sha f t  was  abou t  200 microinches. A f t e r  t h e  brakes  w e r e  s e t  fo r  abou t  1 5  seconds  
t h e  motors  were  d e - e n e r g ~ z e d  and t h e  remaining ac t ions  n e c e s s a r y  t o  s e c u r e  t h e  
d raw accompl~shed .  

South Draw - Run 2 - Openinf: 

The  r e su l t  of t h e  second run on t h e  south d raw a r e  shown in Figure 4. As 
t h e  fo rma t  and  t h e  resu l t s  a r e  very similar t o  t hose  of F igu re  3, t h e s e  r e su l t s  
will b e  described briefly, highlighting only t h e  s ignif icant  f ea tu re s .  All t h r e e  
drives f u n c t ~ o n e d  and hence  t h e r e  a r e  t h r e e  s t r a in  plots and  Channel  4 r e c o r d s  
t h e  re lease  of t h r e e  brakes. The  normal order  of b rake  r e l e a s e  ( a t  t h e  drum 
swi tch  cont ro l )  is 1, 2, 3 and  t h a t  of b r ake  s e t  is  3, 2, 1. 

For t h i s  run t h e  d raw was  part ly opened  and then  almost  c losed  in o rde r  t o  
f r e e  t h e  s h a f t s  of r e s ~ d u a l  wind-up stralns.  T h e  s t r a in  pens w e r e  zeroed  at STA 
9 with all  brakes re leased  and t h e  d r a w  "f loat~ng".  During opening a c c e l e r a t i o n  
(STA 10-IS), Shaf t  S-1 exper ienced  t h e  la rges t  maximum s t r a in ,  abou t  400 
microinches. Drives S-1 and  5-2 e x e r t e d  abou t  t h e  s ame  e f fo r t .  T h e  work done  by 
Shaft  5-3 was  less t han  half of e i t h e r  Sha f t s  S-1 or  S-2. 

A t  t h e  In te rmedia te  S top  (STA 23) Brake  3 was  s e t  f i r s t ,  fol lowed by B r a k e  
2 and Brake 1. (See discussion under Ins t rumenta t ion  fo r  t h e  reason  t h a t  Channe l  
4 may show a d i f fe ren t  s equence  when t h e  drum s w ~ t c h  is moved rapidly, as i t  



evident ly  was a t  t h i s  s top)  The maximum braking s t ra ins  in Shaf t s  S-I, S-2, and 
S-3 w e r e  120, 850, and 600 microinches respect ively.  Brake  3 par t ic ipa ted  only 
in r e s i s t i ng  rebound. 

When opening cont inued  a t  STA 31, t h e  dis tr ibut ion be tween  work done  by 
t h e  t h r e e  s h a f t s  was similar t o  t h a t  a t  t h e  s t a r t  of opening; Drives I and 2 did 
abou t  t h e  s a m e  amount  of work and Drive 3 about  half of e i t h e r  Drive 1 or  2. 

A t  t h e  Nearly-Open s t o p  (STA 44) Brake 3 was s e t  f i r s t  and  Brakes 2 and 1 
s e t  a f t e r  t h e  d raw was virtually s ta t ionary .  As a consequence  Shaf t  S-3 was 
s t r a ined  in excess  of 800  microinches and Shaf t s  S-1 and  5-2 t o  abou t  100 
microinches. 

A t  t h e  Fully-Open s t o p  t h e  drum swi t ch  was turned  so  f a s t  t h a t  t h e  o rde r  of 
s e t  w a s  probably 2, 1, 3. The  maximum braking s t r a in s  w e r e  >1000, 850, and  520 
fo r  S h a f t s  S-2, S-I,  and S-3 respect ively.  Brake 3 res i s ted  mainly rebound. 

South  Draw - Run 2 - Clos ing  

Closing s t a r t e d  a t  STA 60 and  t h e  dr ives  sha red  t h e  load  in abou t  t h e  s a m e  
r a t i o s  as a t  opening. A t  t h e  In te rmedia te  S top  (STA 75) t h e  brakes  w e r e  s e t  in 
t h e  s e q u e n c e  3, 2, 1. Brake  3 did most of t h e  work a s  ev idenced  by a s t r a in  in 
excess  of 1200 microinches. Closing cont inued  a t  STA 8 8  with Drives 1 and 2 
doing most of t h e  work. 

A t  t h e  Nearly-Closed s top  (STA 99) t h e  braking a c t i o n  was  similar t o  t h a t  at 
t h e  previous s top.  Sea t ing  s t a r t e d  near  STA I 1  1 and  wind-up a t  STA 115. T h e  
windup s t r a in s  were  330, 320, and  200 microinches f o r  S h a f t s  S-I ,  S-2, and  S-3 
respect ively.  

Summary of Measured Sha f t  S t r a in s  

The  maximum s h a f t  s t r a in s  measured during var ious  phases  of d r a w  opera t ion  
a r e  summarized in Table  I. Obviously, t h e  la rges t  s t r a in s  a r e  produced during 
braking; by t h a t  b r ake  which sets f i r s t .  T h e  maximum observed  s t r a in  exceeded  
1200 microinches which r ep re sen t s  a torsional  shea r  s t r e s s  of a t  l e a s t  1 5  ksi. 

CONCLUSIONS 

Based on t h e  dynamic s t r a i n  g a g e  measurements  and  b r a k e  r e l ea se  d a t a  
recorded  on t h e  a n n o t a t e d  s t r i p  c h a r t s  reproduced  a s  F igures  3 and 4, and a 
visual examinat ion of t h e  b rake  wheels,  i t  ha s  been  conc luded  tha t :  

1. The maximum t o r q u e  observed  in any  s h a f t  was  d u e  to braking. 

2. The observed  r a t i o  of maximum braking t o r q u e  t o  maximum a c c e l e r a t i o n  
to rque  produced by a motor  varied from 1.3 to ove r  3. 



3. On  both draws,  at any  s top ,  t h e  maximum braking to rque  occured  in t h e  
sha f t  connec t ed  t o  t h e  brake  which s e t  f i rs t .  Usually t h i s  was Shaft  N-2 
on t h e  north draw and Shaf t  S-3 on t h e  south draw. 

4. On  t h e  nor th  draw,  Drive N-2 did approximately t w i c e  t h e  work of Drive 
N-1 during a c c e l e r a t ~ o n  and ro ta t lng  t h e  draw. 

5 .  On t h e  south draw,  t h e  work done  during acce l e r a t i on  and ro ta t ing  t h e  
d raw by Drive S-1 was slightly more than  Drive S-2. Drive 5-3 did half 
t h e  work of Drive S-1. 

Fiote t h a t  t h e  measurements  recorded  in Figures 3 and  4 were  made under  
good environmental  cond i t~ons .  The  weather  was warm and t h e  wind veloci ty low. 
Under o the r  weather  condit ions t h e  braking fo rces  may b e  larger .  
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TABLE I - MAXIMUM MEASURED SHAFT SHEAR STRAINS FROM 

FIGURES 3 AND 4 I N  MICROINCHES 

Loading Condition 

Opening: 

Acceleration 

Intermediate Stop 

Nearly-Open Stop 

Fully-Open Stop 

Closing: 

Acceleration 

Intermed~ate Stop 

Nearly-Closed Stop 

Seating 

Wind-up 

Shaft 

N - l  N-2 S- 1 5-2 S- 3 



NORTH PIER 
, (\-hi). 

DRIVE N - 2  DRIVE M - 3  

RECORDEI: SFATION 
PINION SHAFT MISSING 

DRIVE 5 . 2  

BALANCE WHEELS 

DRIVE 5-1 

I 
FIG. 1 - D I A G W  OF SPAN DRIVE UNITS AND PINION SHAFTS AND NOTATION 
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PINIGN SHAFT 

FIG. 2 - CROSS SECTION AT DRIVE UNIT SHOWING 

LOCATION OF STRAIN GAGE ROSETTES 
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