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SUMMARY

Preliminary measurements have been made on the acceleration
and vibration environment of the Mark I vehicle while operating
on the New York City Transit System. Measurements at the
journal box indicated short period high acceleration pulses as
large as 120g with durations of about one milli-second occuring
at infrequent intervals. The rms accelerations, however, were
of the order of 2g. Accelerometers in future experiments should
be rescaled from the 100g full scale to 10g full scale to im-
prove the signal-to-noise ratio and permit analysis of the fre-
quency spectrum of the journal box accelerations. The rms
vibration levels correlated closely with speed. A close corre-
lation of vibration level and sound level was also observed.
Changes in track roughness were observable from the accelera-
meter traces. The environment at the journal box appears com-
patible with the use of servo accelerometers for track geometry

measurements.

The ride vibration translational accelerometers indicated
vertical accelerations of the order of 0.1 to 0.3g rms and
lateral accelerations of 0.05 to 0.08g rms. The in-car vibra-
tion appears to be dominated by vehicle pitch and lateral body
and roll body modes of vibration. The frequencies of vibration
below 10 Hz appear to be independent of speed indicating that
the response of the vehicle is governed by the natural modes of
vibration excited by either a succession of transients or by
random roadbed irregularities which do not have a regular spac-
ing. The levels of vibration and frequency distribution fall
within ride comfort standards proposed by the International
Standards Organization. The angular accelerometers should be
rescaled from 30 rad/sec? full scale to 3 rad/sec2 full scale to
improve the signal-to-noise ratio.

Significant differences in ride vibration were observed on
different types of track structures along the test route. The
lowest vibration levels were observed on a new section of con-
crete road bed. The highest level was on conventional stone
ballast. The Manhattan Bridge had a larger number of higher
frequency of high impact shocks but a lower rms acceleration
level than the stone ballast roadway.

The measurements reported here are primarily intended to
provide a set of baseline data for the design of further ex-
perimental investigations of the dynamics of rail transit
systems and to provide environmental data for equipment design.

XV
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INTRODUCTION

The Urban Mass Transit Administration Rail System Supporting
Technology Program, (Transportation Systems Center) is develop-
ing instrumentation to measure the characteristics of rail trans-
it systems using a diagnostic vehicle. This vehicle will provide
a mobile laboratory for use in UMTA experiments on new and ‘
existing equipment and will also carry instrumentation for track
geometry measurements, track adhesion measurements, acoustic
noise measurements and measurements of vehicle dynamics.

Two R-42 cars have been borrowed from the New York City
Transit Authority to provide a vehicle for breadboard tests on
the instrumentation being developed, provide preliminary data on
the dynamics of transit vehicles and to obtain operational ex-
perience with the instrumentation to be used in the Mark II
Diagnostic Vehicle. The two R-42 vehicles have been designated
as the UMTA Mark I diagnostic vehicle.

Initial tests on the Mark I vehicle consisted of vibration
and sound measurements while the cars were operating on the "N"
line of the New York system. The tests were conducted on
May 6, 1971. The objectives of these tests were:

a. Obtain a set of baseline data on the vibration environ-
ment in which on-board track geometry and other instru-
mentation will be required to function in operation of
the diagnostic vehicle.

b. Obtain typical sound and vibration data in the
passenger compartment of the transit vehicle under
typical operating conditions.

c. Gain operational experience with the vibration and
sound measurement instrumentation to be used in future
experiments.

The tests were conducted on the "Sea Beach" (N) line from 86th
Street in Brooklyn to 57th Street in Manhattan. The two R-42
cars which have been selected as the Mark I vehicle were the
lead cars of a special (no passenger) 8 car train. The train
operator was instructed to operate the car at the speeds he
would normally use if the car was in typical service except
that no station stops were to be included in order to reduce
test time.

From 86th Street Brooklyn to 59th Street Brooklyn, the
track consists of conventional wood ties on stone ballast in an
open cut and fill roadway. At 59th Street Brooklyn the track



enters the subway tunnel and continues with wood tie , stone
ballast construction until 36th Street Brooklyn. From 36th
Street Brooklyn to Pacific Street there is a new section of
track which consists of split-wood ties fastened directly to the
concrete floor of the tunnel. After Pacific Street, the track
continues with the conventional wood tie, stone ballast con-
struction in the tunnel. The track leaves the tunnel to cross
the Manhattan Bridge where the track is an open wood tie on
steel girder type of construction typical of elevated lines.
After crossing the Manhattan Bridge, the track re-enters tunnel
with wood tie, stone ballast construction until the end of the
line at 57th Street in Manhattan. Thus, the use of this line
permitted obtaining data on three different types of typical
construction in a single set of test runs.

The vibration measurements were made by six piezo-electric
crystal accelerometers mounted on the journal boxes of the for-
ward truck, three high sensitivity force-rebalance translational
accelerometers and three torque rebalance angular accelerometers
mounted on a plate located on the floor of the passenger com-
partment. The plate carrying the ride vibration transducers was
mounted at two locations. During one run, the plate was direct-
ly .above the forward truck and during the other, it was located
at the centerline of car near the second door (about 1/3 the
car length from the forward truck). Sound measurements were
made by three calibrated microphones located inside the transit
car and one microphone between cars.

Since large impacts were expected at rail joints and
switches the journal box accelerometers were scaled for a 100g
range. Although infrequent (100 seconds or longer) short
duration (less than 1 millisecond) pulses of 60 to 80g and some
up to 120g were observed at sharp irregularities and switches,
typical rms accelerations were of the order of 2g or less. It
is therefore recommended that a range of 10g full scale be used
in future measurements to provide a better signal to noise ratio
and finer resolution of the data.

Table 1 summarizes the rms accelerations obtained during
the test runs. In all cases the new concrete .construction pro-
duced the lowest vibration levels. The Manhattan Bridge data
showed a larger number and higher frequency of very high accel-
eration peaks, however, had a lower rms vibration level than the
stone ballast construction. For the most part, the ride vibra-
tion appeared to be dominated by transient vibrations occuring
at natural frequencies of the vehicle structures. Although the
amount of energy in each mode changed with speed and track
structure the dominant frequencies of vibration remain rela-
tively constant. The most noticeable vibrations occur at the
lateral body natural frequency of about 0.8 Hz and the body-
pitch natural frequency at 2.5 - 3 Hz.



TABLE 1. TYPICAL INDICATED RMS ACCELERATIONS (g)
MEASURED IN TEST RUNS
Instrumentation Stone New Concrete Bridge-
Noise Levels Ballast Construction open tie

Vertical
Journal 1.1 1.8 1.6 1.8
Box
Lateral
Journal 1.1 1.2 1.2 1.2
Box
Longitudinal
Journal Box 1.1 1.2 1.2 1.4
Vertical
Passenger 0.005 0.24 (0.08 0.12 [0.05 0.18| 0.07
Compartment
Lateral
Passenger 0.005 0.06 | 0.04 0.03 [(0.02 0.05| 0.03
Compartment
Longitudinal
Passenger 0.005 0.03(0.03 0.02 [{0.01 0.03| 0.03
Compartment

Above | Mid Above | Mid Above | Mid

Truck | Car Truck | Car Truck | Car

This document presents a discussion of the results of these
vibration measurements and a description of the instrumentation,
test procedures and data analysis techniques used to obtain

and reduce the vibration data.

analysis are described in detail in Reference 1.

The sound measurements and data




DISCUSSION OF RESULTS

JOURNAL BOX ACCELERATIONS

The journal box accelerometers were mounted in the loca-
tions shown in figure 1. High amplitude (60-80g with some as
high as 120g) acceleration impacts were observed at irregular
periods of the order of 100 to 200 seconds in the vertical
direction. For the most part, the rms accelerations were of
the order of 2g. The 100g range required for measuring the
high acceleration impacts resulted in an instrumentation noise
of 1.1g rms limiting the resolution of the measurement. Typical
rms vibration acceleration data obtained on the stone ballast,
concrete and bridge type track structures are shown in figures 2,
3, and 4.

The observed lateral and longitudinal accelerations are,
for the most part, within the instrumentation noise. As in-
dicated in figure 5, there is a close correlation between the
vehicle speed and the levels of observed vibration. There is
an even closer correlation between the observed vibration
levels with the observed sound levels as shown in figure 6
(from Reference 1) indicating common sources for both the
acoustic noise and vibration disturbances.

As indicated in figures 7, 8, and 9 the instrumentation
noise is in the same frequency bands as the journal box
vibration accelerations and spectral analysis does not pro-
vide any significantly new information. The difference in
spectra between the vertical accelerometer mounted on the tri-
axial mounting block on the rear left journal box and the
other vertical accelerometers is a result of resonant fre-
guencies in the journal box structure. The accelerometers
mounted on the triaxial mounting block appear to provide
faithful reproduction of the axle response to track ir-
regularities.

Instrumentation to be mounted on the journal boxes should
be designed to withstand shocks of about 100g of 1 millisecond
duration. The rms vibration levels to be expected are less
than 3g for the normal transit operation. Future vibration
measurements should include accelerometers scaled to provide
a better signal to noise ratio. This can be accomplished by
a reduced full scale range (e.g.,: a 1l0g full scale range)
of the accelerometers, since most of the noise is produced
by the tape recorder.



VERTICAL

ACCELEROMETER '
VERTICAL

LATERAL
LONGITUDINAL

. ACCELEROMETERS
ON TRIAXIAL
MOUNTING

BLOCK

LEFT FRONT TRUCK

LATERAL
ACCELEROMETER

VERTICAL
ACCELEROMETER

RIGHT FRONT TRUCK

Figure 1. R-42 Truck as Instrumented for Tests at DOT Ground
Test Center 8/18/71



CLEVITE CORPORATION/ BRUSH INSTRHUMENTS DIVISION CLEVELAND OHID
LA AL LR LA LA L LA L A

oy —
¢ = [ |__{ 111 }W,.ll 11
|[. B in ! . 1 Liils B Loty E _!
! = il |
1

b—t— bt + b + o bt e -+
E=E = c ATERAL = = I

__i e
.__ ;_1. %____ 'ﬁ.-' AA- A S w}‘ 1' o LA = ’l' '“'1
i ==

i f———t—+ f——=——F } gttt —t ——+
AR n?.kFyr—Ffa
LU ML T N LT C
-
ka|Er =S
L— #&—IA!C{&AE Eatry ?f(fl':ql lfﬁ L
Nedpidedantin i inda, Ly W Lad i L Ik =
it .‘%_', bbb K9S LA S —+ —+
B L ATERAL S
ot een .
) TRIAK) 1 | E 1
| |
i L Mo 2 ot '.._‘l.w Y
i ind
! [ 8 =
- OATA [T a A o IGNAL— T ¢
; 3
TicAe | k5] | ]
Fr-pear| [T1EL [HII]
1AX] [l | 3
. il
4 | L
| TIL B |
ek =
|
] YE AALLAST  KOAR BYR . . ot

[ I
1 viliur:m, p eJFr-f-'.gfwr

=

TG RN T S S VR T [ S (A VY TR Qe O G T S T IR S S SR

Figure 2. Run #1 Journal Box Acceleration RMS Values, Stone
Ballast Road Bed



i AL S AL L AL AR TR T e
| [ | | 1 | 1 | |
bl [ o in 1 f—=
L L
—
—+ + t it + + - bt
| 1 | |
| 1 L‘ |
CATERBL|, m%gg(r- A%‘r
' |
] N
2 et L l-' "i b
VERTUCAL] A7 ﬂ’-% I
1
R o AMS e s
$ 4 i VoV F Y SRS SRS k. v N Rt ARy ..l A } P
: VAN LA NS s N N Y A T A LIEY
] H [ |
NEITUDINAL | LEFT -REAR (TR|AX)
" e Femiieani]
e £ ; i
3 i o LA A I . ] —t

™
-
S

R | (Terqx)

'.:::::-:e‘f:’"#.;'r ANHAT LAN,— BRI /PR I ————————

X%
a
e

2 alnAs |

jse /4 S|EQ

| II
Wi AL IE?"‘I d
|

e e b e e ki

Figure 3. Run #1 Journal Box Acceleration RMS Values, on
Manhattan Bridge



" oHo PRINTE
Wspuliithis

|| EEEI L EE L L]
I 1 i il
Il
T
e EEEmma=s
TERAL|, &/ ar-.lyx ANT
B ol AHE I - H! s AN Y b

gad T 1 [ [ L 11 |
f'%ﬂ_ 1! |

2
i PR W W SR ¥ o 17 A © L TN O R N 1 . e WU W Ve W0 VIR Vst o W ) £
y RN = 7 IOURN ox—ALe
" =
r N;rrybkmu LEFY -|REAK (TRIAN)

Ed
=

¥ A lﬁmA Al A n

4 Fo—" PR b b A e D v A e T D TR } i
i . il ! WIS VAL L
L
L AEAR
1AX.
[
4
ol 1 s i Aalh AL
gwﬁ ol e 1
li
'II h
— CPRTRETE : F———
AL | it
REAR 141
| TR R
1]
fart 7 5
1
AT £y AT 37 i - ——+—+
11 L
 HFT- L
Li i
P L 1N
H!
2 5l 2M5

Figure 4. Run #1 Journal Box Acceleration RMS Values, Concrete
Road Bed



G  Mounting
o A  Position

m) | ‘ Front rlght

; Y axis
i b Lateral

=

Z axis
" Vertical

TN M\ww % U'k‘l“_“ !{JU% 4 ;”J_.Ji,“-Ls_ Back right

Back left
X axis

MhLHlJ# Longitudinal

_\

- Back left
l Y axis

L. [ Lateral
- .WM“W«- '
|

Back left
Z axis
Wy Vertical

i

Vertical

Front left
l Z axis
s SRR

1

[ ﬁt
{
- T ——— =
Figure 5. Run #1 Journal Box

Acceleration RMS Values

9/10






Speed MPH
< =

4ft above floor.

a) Microphone located mid-car inside

£l

RECORDER
CHART sPRED

Y

RIS

[l
1

ZR/ND 07 -3 VAP TAAST asToN

T3f
3% 4g

TIERE

il

ot
*eag

'bg sauTl

s 3 ER
te w3
by BB
- sy
=53
Ly el
. ]
CS- S
T

i ¥
1aanbg TaAUM -
guyssed UTRI1 1BD p

icrophone located over rear wheel Truck

ngide 4ft above floor.

b

4§

+—

et

]

o
i
pe}
]
it
“'a
v
o
-
®
o
Fl
S
e
5
2
9
o
o
g
o
2
@
£
<
=
3
)
=
<
xn
)

5.3ft above platform

*e3g 35 TTUED

Tauun) yo ang
_...._.
1iHh
B PRS.

Eh T

aprifusoyg
ape1gdp

R

apeIBumoq

L

I
]
1

T¥13 "3§ JTITIN

s1S®TQ vioy

ASNOLS3N
a
u . T
| i o
z 52 )
z
e ..||_n o D
B z z
z g E
H Iy g - °
® 3 S e
! | 9
non
. ——— + — I-.|.4 oo
1 ; |
A A
1 | .
I I i
T y | i [
S O i ;
_ i _.
i P
. | | | I F—
| Kie e v H |
| 1
1

HHaTED

Jmm et i
| %5YmoROINOD 1

CHMART B
28
s

W03 OMIVE TYE
Y et
§ 13A37 diHdven

4 EOPACLEE ANvND

‘e1g -
uelfrwey 3y

m.i B

brrpbiis
sousaidung 2pyd

o] _ -~
e

-eag

o
T

KIST 07 =#3 vep Tani|

fhd

ot

. g1 b 1=

- bbb | aais

L _ cx RN

4 it
& & & & =

_W/ND 7 -3 VAP TPA®7 BSTON

Note 1- Low level limited by dynamic
range of recording system.

Run #1 Sound Level

Values

Figure 6.

11/12






MODEL DATE 5'/6 /7/

PSD | £FT - fEwR
(TRIAIX)
Jo _
9% /Hz !
/0 —i ! \Lrj
) N

1¢co000 L L v

i

(4] 290 #HQo  go0 qu 1000

£ w3
VERTICAL ACCEERATION FCWER S{OE CTRAL | LENMSTTY

RUN W ( STONE BAALAST| ROAD BEW BETWEEN GAN704
SQUiRE BTATIONV ,e:‘ TI/MES SQUARE ST7TA 10N, PIANKATT AN

10000

DAT S?'14RTS AT |S/GNAL /06

1000

PSD LEFT|~ FRONT <D

10T . 0L

ve

20 &qo o o
£ n2 ET
1

Figure 7. Run #1 Vertical Acceleration Power Spectral Density,
Stone Ballast Road Bed

13



MODEL

PSD [TUDINA L PSD
-REAR
Jo~ 1Ax) | Jo L
|
1000000 ———!L——— e e e
|
g™/ | a/v ||
0= % \ jo~ 2.
Wwois &
P 2P0 4o 5+o i q
£z _ |
LINEAR c"a-?m POWER 4L DENSITY
RUN|#( [sTong BA] ROAD eﬂfn & A f}.u@w v\
SQUARE STATION & T/MES| SQUARE |STAT IANHATTANY
PATA STRRTS| AT wvAL| 146 s
pSD LATERAL Psb
_, LEFT FREAR
0" ( TRIAX) sl b
100 l
9/ i | 9’
/072 ot i
o NI L
: wvorse | 'i 2';”;
b 200 490 9o % 4 g o
£ we wj'-s

Figure 8.

Run #1 Linear Acceleration Power Spectral Density,

Stone Ballast Road Bed

14



MODEL

1Ty

DATE 5‘/ 4 / 7/

TN, .
|
|
@
|

| POVUER SPECTRAL. PENSITY

CRETIE RAAD. AFd BETWEEN, |

|
LINEAR 4&ZEZER&T@V
co
7
Ky

¥ [

3 = - ——

L T 1 IR 3 OO U (116300
% ]

e e e e T = et ” —" rw : Sl (i
I = . - o 18 - —
| e — | 3 i (il tar—— e w - g o D
T I : i : |
T”||‘|. _r———————— . - . — e —— e .I-.qlm ﬁ. ——— —_
1 IV —— . e — ..Hu.M .
| A - iml . u

S

;’ SfTAT/d
START. §/
PsD
9YHe
y_"i
+2
i
| I
Run #1 Linear Acceleration Power Spectral Density,

LEFTY ERONT

2p0

DATH

10000
Jooe
PsD
g2/Hz
#ed 4
-2
v I
1
Figure 9.

Concrete Road Bed
15



RIDE VIBRATION
Vertical Vibration

Estimates of the natural frequencies and modes of vibra-
tion expected for the R-42 cars are obtained in Appendix A.
For vertical motions the following modes of vibration are
expected to be significant:

Mode Natural Frequency
First Body Bounce 1.6 Hz
Second Body Bounce 5.5 Hz
First Body Pitch 2.1 Hz
Second Body Pitch 5.6 Hz
Truck Pitch 5.2 Hz
Body Bending 19-27 Hz

Additional bending modes of elements of the structure are also
possible at frequencies below 20 Hz as well as at higher fre-
quencies, however these modes would be expected to produce
localized effects in the car and would require a complete sur-
vey of many locations within the car to identify.

As indicated in Table 1 the vertical vibration levels
measured above the truck (0.1 to 0.25 g rms) are two to two
and a half times greater than those observed at a distance
of about 1/3 the car length back from the truck location (0.05
to 0.08 g rms). This indicates the presence of a strong
pitching mode of vibration.

Figures 10, 11 and 12 show the spectral analyses of the
vertical vibration at the third car length location for the
three types of track construction traversed during this test
run. The dominant frequency that is observed is between 2.1
and 2.8 Hz. The dominant frequency of vibration does not
appear to be strongly sensitive to speed indicating that the
vibration is the result of repeated transient responses to
occasional irregularities or a response to continuously varying
random irregularities.

The dominant frequency of 2.1 to 2.2 Hz appears to cor-
respond to the first body pitch mode of oscillation. Some
vibration energy is present at 1.2 Hz, which may correspond
to the first body bounce natural frequency of 1.6 Hz.

The presence of a strong pitch mode of angular vibration
is confirmed by the pitch angular vibration spectra shown in
figures 13, 14 and 15. If the vertical vibration was produced
primarily by vertical track irregularities, it would be
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expected that the dominant modes of vibration would be the first
body bounce and first body pitch modes. It is somewhat sur-
prising that the first body bounce mode is not strongly evident.

This may be the result of strong coupling between the longi-
tudinal vibrations of the vehicle and the pitch motions and is
somewhat confirmed by the presence of significant energy levels
in the longitudinal vibration spectra in the 2-4 Hz as shown in
figures 16, 17 and 18.

To confirm this hypothesis more detailed data would be re-
quired on the track irregularities and on the vehicle vibrations
than is currently available. A more detailed definition of the
dynamics of the vehicle and the track irregularities will be the
objective of future tests.

Lateral Vibration
The analyses of Appendix A indicate that the following

modes of vibration are expected to be significant for lateral
motions:

Mode Natural Frequency
Lateral Body 0.74 Hz
First Body Roll l.2 Hz
Body Yaw 2.0 Hz
Second Body Roll 7.1 Hz

The rms lateral vibrations measured during the test runs were
between 0.02 and 0.06 g rms. The dominant frequencies of about
0.8 Hz to 1.2 Hz and 8.7 Hz shown in the power spectral
Densities of figures 19, 20 and 21 appear to be the lateral
body, first body roll and second body roll natural frequencies.
The coupling between the lateral vibrations and body roll
motions is evidenced by the roll motion power spectral densities
shown in figures 22, 23 and 24.

The changes in the dominant frequency between 0.8 and
1.2 Hz may be the result of a beat between the two modes and
an energy transfer that is averaged by the data analysis
equipment.

The yaw spectra shown in figures 25, 26 and 27 do not in-
dicate any significant dominant frequencies. The peaks between
4 and 8 Hz may be due to changes in instrumentation noise
rather than vibration sensed by the accelerometer. A higher
sensitivity will be required for future yaw motion measurements.
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Comparison of Results with Previous Vibration Measurements

In 1963, Operations Research Incorporated carried out a
noise and vibration measurement program for the National Capital
Transportation Agency on major rapid transit systems throughout
the world2. Their tests in New York City were carried out on
sections of the express track of the BMT line between l4th
Street and 57th Street in mid-Manhattan. The test run was oOn
wooden cross ties set in concrete, with an empty invert between
the rails. Their vibration pickups were located on the floor
over the front truck of the third car of a four-car train of
empty cars. Their test runs were constant speed runs at 15 and
30 mph of 60 seconds duration on straight level track in the
subway tunnel.

ORI processed their data by performing an octave-band
frequency-spectrum analysis between 4.5 and 1200Hz yielding
the magnitude of vibration acceleration in each octave band in
g rms. They also computed an amplitude histogram for vibra-
tions in the frequency range 2.2 to 10 Hz. The data reduced
in this report can be compared with the ORI spectrum analysis
by reducing the appropriate PSD to an octave band presentation.
The octave bands used by ORI are shown in Table 2.

TABLE 2. OCTAVE BAND FREQUENCIES

Operations Research Inc.

Center Lower Upper
Frequency Band Edge Band Edge
Hz Hz Hz
6.25 4.5 9
12.5 9 18
25 18 37
50 37 75
100 75 150
200 150 300
400 300 600
800 600 1200

International Organization for Standardization

Center Lower Upper
Frequency Band Edge Band Edge
Hz Hz Hz
1.4 i 2
2.8 2 4
5.6 4 8
11.2 8 16
22.5 16 31.5
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TABLE 2. OCTAVE BAND FREQUENCIES (CONTINUED)

Center Lower Upper
Frequency Band Edge Band Edge
Hz Hz Hz

45 31.5 63

75 63 90

The TSC run, reported on here, that most clearly compares with
the ORI data, is run 3 on the concrete roadbed. The octave
band presentation of the TSC data is an approximation because
the logarithmic PSD plots were used to calculate areas under
the best straight line approximation to the plotted curves in
each octave band. Thus the octave band approximation of the
TSC data would tend to be higher than the actual value, perhaps
on the order of 10% or more. Since, the average speed during
Run 3 was if anything higher than during Run 1, the appropriate
ORI data to compare with the TSC run 3 on concrete is their

30 mph data. This is done in figure 28 for vertical vibration
with the dashed - line curves. Observe that from 9 to 75 Hz the
two data sets are in very close agreement. The divergence of
these curves above and below this frequency range could be for
many diverse reasons. Some of which would be differences in
train speed, differences in instrumentation, different trains,
different sections of concrete road bed, differences in data
processing, etc. In the light of these differences, it is
perhaps surprising that such close agreement has been achieved
over the 9 to 75 Hz range.

Comparison of Results with Ride Vibration Standards

In 1968, the International Organization for Standardiza-
tion published a Guide for the Evaluation of Human Exposure
to Whole-Body Vibration.s The recommended vibration limits
were presented in terms of three main human criteria: the
preservation of working efficiency; the preservation of health
or safety; and the preservation of comfort. Four physical
factors considered of primary importance in determining the
human response to vibration were the intensity, frequency, the
direction, and the duration (exposure time) of the vibration.

The first of the human criteria, the preservation of
working efficiency is delineated by the "Fatigue Decreased
Proficiency Boundary".
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The preservation of health or safety is proscribed by the
"Exposure Limit". The Exposure Limit is of the same general
form as the Fatigue Decrease Proficiency Boundary but the
corresponding levels are increased by a factor of 2. The pre-
servation of comfort is achieved when vibration levels are below
the "Reduced Comfort Boundary". In the ISO standard, the Reduced
Comfort Boundary is approximately one third the corresponding
intensity of the Fatigue Decreased Proficiency Boundary. It is
the ISO, 8 hour exposure Fatigue Decreased Proficiency Boundary
for vertical (head-to-foot) vibrations that is presented in
Figure 28 for comparison with the data recorded by TSC.

This same curve is also the 1.5 hour exposure Reduced Com-
fort Boundary. The TSC data that is reduced for comparison
with the 1.5 hour Reduced Comfort Boundary is from the roughest
ride observed during the testing, the section of track on
stone ballast from l4th Street to 42nd Street. The TSC data
(solid lines) lies under the 1.5 hour Reduced Comfort Boundary
except for one frequency point and the measured vibration level
at that point does not exceed the boundary point by more than
the approximation error in calculating the octave band values
from the PSD curves. Considering that subway passengers would
rarely ride for more than 1.5 hours and that the rest of the
ride was smoother than the portion represented by the data
presented here, one can conclude that the R-42 cars operated
on the New York Transit Authority meet the ISO standards of
ride comfort with respect to vertical vibrations. Incidentally,
the octave bands used in the ISO standards differ from the
octave bands used by ORI. The octave band frequency specifica-
tions for the ISO standards are also included in Table 2.

A similar comparison for lateral vibrations is shown in
figure 29. In this instance the level of lateral vibrations
recorded by TSC on the concrete roadbed are lower than those
of ORI for low frequencies (12.5 Hz and less) and greater than
those of ORI for higher frequencies (25 Hz and above). This
pattern more or less repeats the comparitive results of the
vertical data except that there is no significant frequency
range over which the two curves run close together.
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TEST INSTRUMENTATION

JOURNAL BOX ACCELERATION MEASUREMENT

To measure journal box accelerations, piezoelectric accel-
erometers are mounted on each of the four journal boxes of one
truck of the R-42 car. Figure 30 schematically indicates the
location of the accelerometers and the direction of their sen-
sitive axes. The tri-axial accelerometer package was mounted
on the left rear journal box. The truck instrumented was the
front truck of the lead car.

The output of each piezoelectric accelerometer is processed
by a charge amplifier prior to recording on magnetic tape. The
particular charge amplifiers used were designed for standard
telemetry output. That is, +2.5 volts dc corresponded to zero
signal. To make these units compatible with the rest of the
system (0 vdc corresponding to zero signal and +2.5 volts to
full scale), a 2.2 uf blocking capacitor was inserted in tandem
with the charge amplifier output and a 10K load resistor was
placed in shunt across the charge amplifier output. The load
resistor was required to prevent charge building on the block-
ing capacitor. 1If this charge buildup was not drained off,
saturation of the signal output channel occurred in a matter of
seconds. The 2.2 uf blocking capacitor forms a derivative net-
work with the 100K input impedance of the FM record amplifier.
Its break frequency is less than 1 Hz so that it should not
influence the data output of the charge amplifier, whose low
frequency roll-off break is at 5 Hz. Each accelerometer/charge
amplifier pair was calibrated with the load resistor, blocking
capacitor, and simulated 100K input resistor in the system

There is wide divergence of opinion on what constitutes a
comfortable ride. In 1966, Bolt, Bernek, and Newman did a
study for the Massachusetts Bay Transit Authority. In this
study, BB&N recommended a design peak vibration level for rapid
transit cars. This design boundary, converted to rms g level,
is shown in Figure 28. Note that the ride quality obtained on
concrete road bed very closely approximates this recommendation.

Figure 29 shows the ISO 1.5 hour exposure Reduced Comfort
Boundary for lateral vibration and the BB&N design vibration
limit. 1In the case of lateral vibrations, all of the data lies
well below the ISO curve and all except one point lies below
the BB&N curve. From this, it is seen that the ride observed
is very smooth with respect to lateral vibrations.

A block diagram of the instrumentation setup for this
measurement is shown in Figure 31. As shown, the "raw data"
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from the accelerometers are FM recorded on six tracks of the
half inch magnetic tape. On the seventh track, a pulse train
was direct recorded. The pulse train was generated by the
closing of a micro-switch which applied a low battery voltage
across the direct record input amplifier. The micro-switch

was mounted under the car near the axle. A bolt screwed into a
tapped hole in the axle was used to cam the micro-switch. Thus
one pulse per revolution was generated. A voice annotation was
used to modulate a time reference signal (10 kHz - 15 kHz) that
was generated by the accoustic measurement system. This ampli-
tude modulated signal was also combined with the pulse train
prior to direct recording.

During the test, the tape recorder reproduce electronics
were activated to provide capability to monitor and chart record
the signals being recorded on tape. The second channel of the
two-channel chart recorder was used to display a pulse train
from a second micro-switch mounted near the axle and cammed by
the same bolt.

In Figure 31, the arrowheads indicate the direction of the
signal flow or power flow as appropriate. The entire instru-
mentation package was powered by a 28 volt Ni-Cd battery pack
and a 24 volt railcar Edison cell battery driving a 115 volt ac
60 Hz inverter.

Copies of the specifications of the equipment used in this
test are given in Appendix B. A list of equipment make and
model number follows:

Piezoelectric accelerometer, Columbia Model No. 704
Charge amplifier, Endevco Model 2642M26

Magnetic tape recorder, Leach MTR-3200A

Chart recorder, Brush Mark 220

Inverter, Topaz 250 GW-12-24-60

Prior to going to New York City for the tests the piezo-
electric accelerometer and charge amplifier pairs were cali-
brated by bolting the accelerometer to the head of an M-B
shaker, connecting accelerometer to charge amplifier, connecting
charge amplifier to load resistor, blocking capacitor, and dummy
input resistor (l00K). The voltage developed across the 100K-
resistor was read on an oscilliscope. The charge amplifier was
supplied with 28 vdc power. The double amplitude of the motion
of the shaker head was measured using a tool maker's microscope
to measure the length of the blur specularly reflected from an
illuminated piece of emory paper attached to the shaker head.
For a given desired peak acceleration, ipk, in g's, a frequency
and double amplitude were selected that would satisfy the per-
formance limitations of the M-B shaker and the following equation
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%, = 0.051 £2 (Da)
where f = frequency, Hz
ipk = peak acceleration, g's
DA = double amplitude, inches

The gain of the charge amplifier was adjusted to yield a full
scale output (+ 2.5 volts) corresponding to + 100g acceleration
or a scale factor of 25 mv/qg.

CAR - BODY FLOOR ACCELERATION MEASUREMENT

To measure "whole-body" vibrations of the rail car, a sen-
sor block was placed on the floor of the car. This sensor block
contained three linear and three angular accelerometers mounted
SO as to measure accelerations along and about three orthogonal
axes. All six accelerometers were of the force-balanced type.
The sensor block with accelerometer locations is diagrammed in
Figure 32. This sensor block rests on three conical, pointed
feet so arranged that they form the apexes of an equilateral
triangle. Normally, it is expected that during a test these
feet, which are threaded onto a through stud, would be turned
and clamped as close to the block as possible. Because of the
pressure of the short time at New York, an oversight resulted
in these feet being several inches below the sensor block. Thus,
at least one resonance in a horizontal vibration mode could be
from the elastic deflection of the legs of the sensor block.

The instrumentation setup for the measurement of carbody
accelerations is block diagrammed in Figure 33. 1In this diagram,
the signal flow is shown with solid lines and the power flow
with dashed lines. The scaling amplifiers are included in the
Endovco "g-monitor" assemblies, all of which are physically
located in the interface box for this instrumentation set-up.
For the New York City runs the scaling amplifiers were set so
that full scale output, 2.5 volts dc, corresponded to 0.5g
acceleration, yielding a linear accelerometer scale factor of
5 volts/g. The raw outputs of the angular accelerometer have
a scale factor of 0.08325 volt/radian/sec2. The six accelero-
meter outputs were FM recorded on six tracks of magnetic tape.

A voice annotation was direct recorded on the seventh track.
Somewhere on the return trip after the first run, the micro-
switch sending one pulse per car-sheel-revolution was damaged
and ceased to function. Thus, the pulse generation mechanism

is not indicated in Figure 33. The tape recording was monitored
by playing back the recorded signal to a chart recorder. A 28
volt Ni-Cd battery pack supplied raw power to the accelerometers
and the tape recorder. A 24 volt Edison cell battery pack
supplied power for the chart recorder and rms voltmeter.
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Copies of the specifications for the equipment used in this
test are given in Appendix B. A List of equipment make and
model number follows:

Linear accelerometer, Endevco QA-116-15

g-Monitor, Endevco SC-116-2

Angular accelerometer, Schaevitz ASM

115 volt 400 Hz inverter, Arnold Magnetics SKB-28-115-400-50
Magnetic tape recorder, Leach MTR-3200A

Chart recorder, Brush Mark 220.
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DESCRIPTION OF TESTS

TEST ROUTE

The tests were conducted on the "Sea Beach" (N) line from
86th Street in Brooklyn to 57th Street in Manhattan. Our two
R-42 cars were the lead cars of a special (no passenger) eight
car train. From 86th Street Brooklyn to 59th Street Brooklyn
(about two miles) the track consisted of conventional wood ties
on stone ballast in an open cut and fill roadway.

At 59th Street the track enters the subway tunnel and
continues with the same type of track construction until 36th
Street Brooklyn. From 36th Street to Pacific Street there is a
newer section of track using the split wood tie fastened direct-
ly to the concrete floor of the tunnel. From Pacific Street on,
the track remains with the stone ballast wood tie type of con-
struction in the tunnel. In crossing the Manhattan Bridge the
track is an open wood tie on steel grider type of construction.
The use of this route permitted us to obtain data on several
different types of typical construction in a single set of test
runs.

SEQUENCE OF EVENTS

Run No. 1

On the first run, the journal box accelerations were
measured. The train operator was instructed to follow a speed
profile typical for passenger operation on that line. The
objective here being to map the test route in terms of speed,
distance, and track induced accelerations. It was particularly
appropriate to do this first since it was not known how long
the hastely rigged speed and distance pulse markers (the micro-
switch mounted near the axle) would last. They survived to the
end of the first run only. A detail account of events that
occurred during the first run is given in Appendix C. From this
account the limited use that can be made of the pulse from the
micro-switches for speed and distance information is evident.
The operator slowed the train down for what would normally be
stops but did not stop unless requested to or for traffic con-
ditions. The run ended at 57th Street Manhattan. On the return
trip, instrumentation was turned off and reconnected for the
next test run.
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Run No. 2

On the second and third runs, the accelerations of the
floor of the car were measured. During run No. 2, the sensor
assembly was placed on the floor of the car at a point on the
car center-line approximately 20 feet aft of the pivot point of
the front truck. Thus, the linear and angular accelerations
experienced by that piece of the car-body floor for one test
run are recorded. The detailed account of events during run
No. 2 is given in Appendix C.

Run No. 3

On the third run, the acceleration sensor assembly was
placed on the car floor directly over the front truck pivot
point. The detail description of events on the third run is
given in Appendix C.

By counting pulses recorded on the strip chart during each
second of the run and pulses played back from the magnetic tape,
an estimate of the train speed profile was obtained. This was
done manually for each second of run 1 and the resulting speed
profile is shown in Figures 5 and 6. Since no speed information
is available for runs 2 and 3, the best policy would seem to be
to assume that the train speed profile was similar to that of
run 1 unless additional information is available to change that
assumption. For example, during run 2, the train stopped on
Manhattan Bridge to pick up construction workers. During runs
1 and 3, the train did not stop on the bridge. Because the
subway crew was in a hurry to get us off their tracks before
rush hour, run 3 seemed to be run at a higher average speed than
either runs 1 or 2.

Taking these factors into consideration, the following
speed ranges were observed during run 1 over the three data
segments used:

On stone ballast road bed starting at signal 106, speed
varies between 20 mph and 40 mph;

On concrete roadbed from signal 451 to signal 382, speed
varies between 16 mph and 40 mph;

On the Manhattan Bridge from signal 268 to signal 215,
speed varies between 15 mph and 24 mph,
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TEST DATA PROCESSING

SUMMARY

Power spectral density analyses of the data were performed
using a Saicor SAI-24/34 400 line, real time spectrum analyzer.
This analyzer can resolve two sinusoidal signals of equal magni-
tude approximately 0.15 Hz apart in frequency on the 0-20 Hz
analysis range. The position of a given spectral peak along the
frequency axis is accurate to about % 0.1 Hz on the 0-20 Hz
analysis range. To provide reasonably good statistical accuracy,
eight statistically independent samples of each type of data
were averaged. Each sample was of 20 seconds duration. Three
segments of data were analyzed, one for each type of road bed
traversed, stone ballast, concrete and bridge. Strip chart
recordings of rms values and low frequency components of the
data were inspected to select the three data segments for
spectral analysis.

TEST DATA PROCESSING, DESCRIPTION

One of the objectives of the New York City test was to
obtain an initial or baseline set of data on the vibration
environment both in the car and at the transducer location pro-
posed for future track geometry measurements (the journal boxes).
This baseline data set can then be compared with that obtained
in future experiments and will permit comparisons with the re-
sults of other experimenters. To define the environment at the
journal boxes, peak and rms values of acceleration are desired.
Furthermore, a complete spectrum of vibration accelerations is
desirable to define acceleration inputs to the car suspension
systems. The spectrum of vibration accelerations in the car is
required to permit comparison with published ride quality
standards and for verification of models of the vehicle sus-
pension system.

To permit identification of vibration frequencies to an
accuracy sufficient to allow comparison with a theoretical model,
a narrow band, constant bandwidth spectrum analysis was per-
formed on each data segment to calculate power spectral density
from each data segment. This was done using a Saicor SAI-24/34
400 line, real time spectrum analyzer/averager. With this
analyzer, nominal line width on the lowest frequency analysis
range, 0-20 Hz, would be 1/400 of 20 Hz or 0.05 Hz. However, to
perform real time spectrum analysis, many operations are per-
formed on the raw analog data by the analyzer. First, the data
is passed through a low pass filter to prevent aliasing. Then
the data is sampled at three times highest frequency of the
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analysis range, coverted to digital format, and loaded into a
recirculating memory which speeds up the signal presentation,
thus compressing the time required to analyze the data. The
sped-up memory output is converted to analog form, heterodyned
with a weighting function and a stepped voltage-controlled-
oscillator output to permit its analysis by a narrow-band crystal
filter. The filter output is linearly detected and, in the PSD
analysis used here, squared in a squaring circuit prior to
digital averaging. The digital averager again converts the
analog spectrum output to digital format and stores the magni-
tude of each line of each spectrum as it is measured. Division
by the number of samples is done digitally. The contents of
the averager memory are converted to analog form to permit
viewing on an oscilloscope or plotting on a chart recorder or
an X-Y plotter. A set of specifications for the SAI-24/34 1is
given in Appendix D.

All this processing does something to a single frequency
"line" of a sinusoidal input. It broadens it. If 1/400 of the
analysis range is considered the nominal resolution element of
bandwidth B Hz, and, if a single frequency, sinusoidal signal
is the input to a SAI-24/34, the displayed output spectrum
plotted will be 3B wide at 3db down from the spectrum peak, 6.3B
wide at -10db from the peak, and 9.8B wide at -20db from the
peak. This analyzer spectrum was measured while using the
Hamming window or weighting function in the analyzer. This
spectral response showed that we can indeed, identify a single
frequency input to a resolution of B Hz. However, if a second
sinusoid of the same magnitude as the first is also present in
the input, its frequency must be at least 3B Hz removed from
that of the first sinusoid before a 3db valley can be seen
between peaks. As the amplitude of the sinusoidal signals
differ by an increasing amount, their frequency separation must
increase to permit identification of the separate frequencies.

The frequency axis of the spectrum display is driven by
the output of the VCO. The observed frequency of the displayed
spectrum depends upon the calibration of the VCO sweep voltage.
The VCO was calibrated according to the manufacturers instructions
and then a frequency calibration run was made by adding the
spectrum from calibrated (Beckman EPUT counter) sinusoidal in-
puts consecutively, in the averager memory. The results of this
are shown in Figure 34. For example, the inputs to the 0-20 Hz
range were at 1, 2, 4, 8, 12, 16, 18, and 19 Hz. Incidentally,
care was taken to make each input exactly 0.5 V rms so that this
frequency calibration also provides a rough indication of the
frequency response of the analyzer. Figure 34 shows that at the
low frequency end of the range, the frequency indicated for the
1 Hz input is 1.1 Hz, and at the high frequency end of the
range, the frequency indicated for the 19 Hz input is slightly
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more than 19.2 Hz. This type of analyzer is specified to be
capable of frequency accuracies of + B. Therefore, it is assumed
that additional calibration adjustments should be made to this
particular unit to bring it up to its performance capability.

The test route contained many switches, curves, and dif-
ferent types of roadbed. Thus, the suspension system experi-
ences a wide variety of inputs, somewhat randomly applied.
Furthermore, for the test, the train operator was instructed to
operate at speeds typical of revenue service. As a consequence
the operator slowed to very low speeds going through stations
(or stopped) and accelerated to normal operating speed upon
leaving the station. The result of this was that most of the
time during the test, the train was either accelerating or decel-
erating. The primary processing intended for this data was the
estimation of the power spectral density (PSD). To obtain a
meaningful estimate of the PSD, the input data must form a
stationary process. Considering the nature of train operation
and the track it was operated on, the data would be expected to
form a nonstationary process. Thus, the first step in data
reduction is to select segments of data that appear to be guasi-
stationary or almost stationary. To do this, the raw data was
played back into a (true) rms voltmeter (HP 3400A). The dc
output of the 3400A (corresponding to the rms value of the input)
was recorded on a strip chart by a Brush Mark 200 recorder. The
time segments of data for future analysis were selected so that
the rms value of the data during the time segment selected had
characteristics that remained much the same during the time
segment. Ideally, the rms value of the data should be a con-
stant over the time segment. However, "constant" statistical
parameters have to be considered in terms of the averaging time
used. The HP 34002 provide the rms value of a step function
input in less than five seconds. In fact, examination of the
rms output of the 3400A shows that it responds to changes in
the rms value of a signal, where the frequency of change of rms
value is up to 2 Hz. The range of frequencies for which the
HP 3400A determines the rms value to within specified accuracy
is 10 Hz to 10 MHz. Additional specifications for the HP 3400A
are given in Appendix D. Since frequencies less than one Hz are
of interest in this study, the averaging time of the HP 3400A
is not sufficiently long to require that its output remain con-
stant. Three time segments of data were selected, one for each
type of road bed.

Because the 3400A has a specified low frequency cut-off of
10 Hz (actually it provides a credible rms output for signal
frequencies down to 5 Hz), and because the low frequency vibra-
tion components were of great interest, the data was then played
back through a 5 Hz (nominal) single pole low pass filter and
recorded by the Brush Mark 200 recorder. This permitted verifi-
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cation that the data segments selected contained as much or more
interesting information than other parts of the data tape.

Table 3 shows the measured frequency response of each "low pass
filter and the data that was recorded on that track of the
magnetic tape.

TABLE 3. LOW PASS FILTER FREQUENCY RESPONSE AND DATA
RECORDED ON EACH TRACK OF TAPE (BY RUN)

Tape Track 2 3 4 5 6 7
LPF 3 db
Cut-off, Hz 4.6 5.0 5.0 5.0 5.2 4.9
Acceleration|right right left- left- left- left-
Data from front rear rear rear rear front
Run 1 lateral |vertical longitu-|lateral|verti- |vertical
dinal cal
Acceleration|angular|linear X, |linear linear |angular|angular
Data from X, roll|longitudi-|Y, lat- |Z, ver-|Y, Z, yaw
Runs 2 & 3 nal eral tical pitch

The measurement of peak values of journal box acceleration
still leaves something to be desired. The preliminary results
mentioned earlier were obtained by observing the raw data on an
oscilloscope as the entire data tape was played. Subsequently,
another approach was tried. The data was transcribed from the
tape at 7.5 ips to a tape at 37.5 ips. Then the latter tape
was played back at 3:75 ips (1/10 real time) and the output
recorded by the Brush recorder. The recorded output showed
spikes in excess of the full scale output of the accelerometer.
Many of these could be considered noise. However, there were
several spikes of acceleration recorded by the left-rear verti-
cal (triax) accelerometer that evidence decayed oscillation of
an underdamped transient. These are most likely genuine data.
The biggest of these spikes indicates a peak vertical accelera-
tion of approximately 120g. A better means of measuring peak
values will be to play the raw data into a probability analyzer
which provides an amplitude histogram of the data. Such an
analyzer is presently being purchased.

The length of each time segment of data is determined by
the time required to collect and average a sufficient number of
statistically independent samples of data to provide an accept-
ably good statistical estimate of the PSD. The time required
to get one statistically independent sample is the reciprocal
of the nominal filter bandwidth or 1/B. The greatest interest
in this study is in the low end of the frequency spectrum. The
lowest frequency analyzer range available on the SAI-24/34 is
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0-20 Hz. Since B on this range is 0.05 Hz, it requires 20
seconds to obtain one statistically independent sample. On the
SAI-34 averager, the smallest number of samples that can be
averaged and scaled automatically is 8. If each data sample
averaged is just 1/B long, then the number of statistical degrees
of freedom is 2N, where N is the number of independent samples.
Thus, eight samples provide 16 degrees of freedom. This implies
that there is a 99% probability that the estimate of the PSD
will be within +6db to -3db of the true PSD. Eight samples at
20 seconds each require 160 seconds of data. In one instance,
Run #2 on Manhattan Bridge, only 105 seconds of quasi-stationary
data were obtained because the train stopped on the bridge to
pick up construction workers. In this case, five independent
samples were averaged, with the fifth sample being entered into
the average four times. (The analyzer was switched into "hold"
at the end of the data segment.) In the case of some data
segments, the processes represented by the data do not appear

to be as stationary as might be desired. This represents
another limitation on the validity of the PSD estimate.

To provide results that could be compared with other test
results and standards, a spectrum analysis of each data segment
on ‘the 0-100 Hz frequency range was performed. To analyze as
much of the same data as was analyzed at 0-20 Hz, a larger
number of samples was averaged. In most cases, 32 samples of
data were averaged, requiring 128 seconds of data.

To gain information on where significant energy was evi-
denced above 100 Hz and to observe the actual frequency cutoff
of our instrumentation, a spectrum analysis of each data segment
on the 0-1000 Hz frequency range was performed. Again, to
analyze the same data as was used in the lower frequency analyses,
256 samples of data were averaged, requiring 102.4 seconds of
data.

The data used from stone ballast road bed were taken between
Union Square Station (l14th Street) and Times Square Station,
(42nd Street) in Manhattan. Wherever possible, the data analysis
started at the same point, signal 115. Since there was only one
section of concrete roadbed on the N line long enough to take
significant data on, our concrete road bed data was taken on this
section., This section of track is between 36th Street Station
and Pacific Street Station in Brooklyn. Data analysis started
at signal 451. Data analysis for the bridge type track construc-
tion started as soon as the train started to cross the Manhattan
Bridge except for Run #2, where analysis started at signal 240.

A complete set of the PSD analyses and the strip chart recordings
of the rms and low frequency values of the data are shown in
Appendix E,
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To determine how the recorded acceleration data is influ-
enced by instrumentation and other background noise, data was
recorded while the train was stopped. At some point during each
run, the train had to stop for an extended period of time for
various reasons. During these stops, the tape recorder was left
on so that background and instrumentation noise were recorded
without requiring a special data gathering sequence. Since the
data of primary interest are the results of vehicle suspension
dynamics and track irregularities, background noise includes any

accelerations sensed which are not primary data. Typical
sources of background noise are rotating machinery on the rail
cars, activity of passengers in the cars (walking, etc.),
vibration of the roadbed itself from other vehicle traffic, etc.
The predominant source of instrumentation noise is tape recorder
flutter. For each run, the rms value and low frequency values
of instrumentation and background noise (labeled instrumentation
noise) are recorded on strip charts (Appendix E). For each PSD
analysis, the appropriate noise spectra (labeled noise) is
plotted under the data curve so that peaks in the data PSD that
are primarily caused by peaks in the noise PSD can be clearly
identified. From the PSD curves from Run #1, a low signal-to-
noise ratio situation, the predominant effect of the 80 Hz tape
recorder flutter can be observed.
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APPENDIX A
ESTIMATES OF DYNAMIC RESPONSE
OF R-42 TRANSIT CARS

NATURAL FREQUENCIES

As a first approximation, some of the dynamic characteris-
tics of a transit vehicle can be estimated from the behavior of
simple, linear rigid body and beam models. A summary of the
natural frequencies based on these models is presented in
Table A-1.

TABLE A-1. ESTIMATED NATURAL FREQUENCIES OF R-42 CARS

Vertical Natural Frequencies

First Body Bounce 1.63 Hz
Second Body Bounce 5.52 Hz
Lateral National Frequency 0.74 Hz

Angular Pitch Natural Frequencies

First Body Pitch 2.13 Hz
Truck Pitch 5.17 Hz
Second Body Pitch 5.62 Hz

Angular Roll Natural Frequencies

First Body Roll 1.16 Hz
Second Body Roll 7.05 Hz
Angular Yaw Natural Frequency 1.98 Hz
First Bending Mode 18.9 Hz simple support

27.1 Free beam

Kinematic truck hunting at
60 m.p.h. 0.56 Hz

MOTION IN A VERTICAL PLANE

Since the structure of a transit vehicle is essentially
symmetric about vertical planes parallel to and perpendicular
to the track, it can be assumed that vertical motion is effec-
tively decoupled from the lateral and longitudinal motions of



the vehicle. Therefore, the three mass model in Figure A-1
provides a description of pitch and bounce motions of rigid
car supported on linear, elastic, primary and secondary sus-
pensions. m; and mp are the masses of each truck and an un-
loaded car respectively. k3 is the spring constant for a set
of four equalizer springs connecting the axle assembly to the
truck. kp is the constant for a pair of bolster springs which
connect the truck frame to the car body.

For an unloaded R-42 transit car, the values of these para-
meters, as well as the dimensions indicated in Figure A-1, are

_ 1b
k2 = 14, 193 in
_ 1b
kl = 39, 856 in
_ 17,900 1b
m. =
1 . 2
386 in/sec
. = 74,400 1b
, =

386 in/sec2

L, = Truck length = 10'8"

L, = Car length 60'6"

Il

I, = Wheel Base = 6'10"

2a = Distance between truck centers = 44'7"

Using this data, the mass moment of inertia of a truck can
be estimated as

2
gty
2 14
(i.e., as a thin rod). Similarly the car moment of inertia is
estimated as
mL2
272
12 °
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Since this model has six degrees of freedom, it can be
described dynamically in terms of six modes of free vibration
and their associated natural frequencies.

a, Two modes of truck pitching at a frequency,

These modes correspond to angular motions of the trucks inde-
pendent of motion of the car body. Each truck oscillates about
its connection to the bolster springs. (Figure A-2a)

b. Two modes of car body bouncing at frequencies,

2
1 kl+k2 .\ k2 kl+k2 .\ k2 2klk2
3,4 27 2m m.: 2m m. T m.m d
’ 1 2 1 2 12

£

In the mode corresponding to the lower frequency, the body
and trucks translate in the same direction (Figure A-2b), while
the higher frequency corresponds to a translational mode with
the body moving in a direction opposite to that of the trucks
(Figure A-2c).

c. Two modes of car body pitching at frequencies,

2 2 2 2a2k K

S 2 1°2

1
5,6 2m 2ml 12 2ml 12 m112

In each of these modes the body oscillates angularly while
the trucks translate in opposite directions. For one mode both
the body and a line connecting the truck centers rotate in the
same direction (Figure A-2d), while the line and the body
rotate in opposite directions in the other mode (Figure A-2e).

ROLL MOTION

A similar estimate for roll frequencies can be made using
an analogous lumped mass model in a plane perpendicular to the
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Figure A-2. Pitch and Bounce Mode Descriptions



direction of the track (Figure A-3a). While it is reasonable
to assume that angular motion of this model is decoupled from
vertical motion, such vibrations would be related to lateral
motions of the car and trucks. However, an initial estimate of
roll frequencies can be made considering only rotation of the
trucks and car and including the rotational stiffness provided
by only the bolster and equalizer springs. In Figure A-3a the
trucks are lumped as a single rotational mass with inertia

and the car body as a rotational mass with inertia

2
I I
4= 712

My, My, kl’ and k2 have the same values as listed above

For R-42 cars, the length parameters corresponding to
Figure A-3a are:

15 = truck width = 6'10"

1, = car width and height = 10'
2d] = 4'6"
2d, = 6'4"

The frequencies of angular motion are:

2

2 2 k..d 4k.k.d

k.d> + k.d k.d?

d

[\O IR \O]

2 2
191 295 295 o
T * T

2
295 1
3 4 3 Iy I3l

w D
g [N

One frequency corresponds to a roll mode with the trucks
and body rotating in opposite directions (Figure A-3b), while
the other frequency corresponds to a swing mode with both bodies
rotating in the same direction (Figure A-3c).
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Figure A-3. Roll Model




LATERAL AND YAW FREQUENCIES

A rough approximation of the lateral and yaw frequencies
for small vibrations can be made by assuming that all of lateral
restraint is provided by the truck swing links. Figure A-4
illustrates the simplified action of the swing link suspension.
For small horizontal deflections, horizontal forces, F, are
linearly related to displacements, x, so that an equivalent
spring constant kg, = mg/l, can be defined. The frequency of
lateral vibrations of the car,

£ = 1 ke 1 / g
= B _— = A r
L 2T m 2m 1

is equivalent to the frequency of a pendulum of length, 1, equal
to length of the swing links. For an R-42 truck the swing links
are 18 inches long so that the lateral body frequency is 0.74 Hz.

The body yvaw frequency can be estimated by assuming the
swing links to act as parallel springs located at the truck
centers (Figure A-5). Taking the yaw mass moment of inertia
equal to the pitch inertia I3, the yaw frequency is given by

where a and L2 are the parameters defined in Figure A-1,

KINEMATIC HUNTING

A rigid wheelset or truck with coned or profiled wheels has
a characteristic periodic lateral motion when moving very
slowly along a track (Figure A-6). Since the wavelength of this
motion is a function of only the geometry of the wheelset or
truck and Ehe gauge of the track, it is termed a kinematic hunt-
ing mode. &

For a single wheelset this wavelength is,

r 1
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Figure A-4. Swing Link Suspension Kinematic Model

Figure A-5. Yaw Model
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where

2% = contact gauge
r, = 17" = wheel radius
§ = 0.05 = cone angle or conicity

so that the wavelength is

AW = 51.3 ft.

For a pair of wheelsets rigidly attached to a truck the
expression is modified such that,

Ap = A YL+ 8% = 90.4 £t
_ Truck wheel base
where f = 5T

The corresponding frequencies f_ = V/Ay and fy = V/Ap are shown
in Figure A-7 as a function of @he speed, V, of the vehicles.

As indicated in References A3, A4, A5, and A6, this rela-
tionship of frequency and velocity also applies to wheelset or
truck oscillations for high speed motions of a complete vehicle,
i.e., car body and trucks.

For example, the dynamic instability of large oscillations
of the car body, body or primary hunting, is excited at the
speed for which the frequency of kinematic hunting concides with
any of the natural frequencies of the body in roll, yaw, or
lateral translation on its suspension.

Secondary hunting which is a high speed instability re-
sulting in violent oscillation of wheelsets or trucks, occurs at
a high speed critical velocity of the vehicle. The frequency of
this hunting is essentially the kinematic hunting frequency
corresponding to this speed.

BEAM BENDING

The effect of flexibility on the dynamics of the body can
be estimated by considering some simple beam models. While the
flexible supports provided by the suspension represent compli-
cated boundary conditions for a mathematically exact frequency



equation, an estimate can be bounded by models of ;5 beam on
simple Supports at the bolster springs (Figure A-8a) and a free
beam of the full car length (Figure A-8b) .,

The lowest frequencies of these models are

219 (4.73)% _ [EIg
VB,and-—z—w-—-— 3

N3

Wﬂl W22

I'espectively. They correspond to the first bending mode of each
model,

W weight of the car body

E

modules of elasticity of the structural material

I = Area moment of inertia of the effective structural
Cross section.

As a first approximation, the effective Structure of an
R-42 car is assumed to be g hollow, 1/4 in. thick steel tube,
90 in, in diameter, so that the parameters in the frequency
equations:

W 74,400 1b

E =3 x 107 psi

1. =535 in.

=
i

736 in.
I = 143,000 in%.
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Figure A-8,
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Beam Bending Models
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VEHICLE RESPONSE TO TRACK IRREGULARITIES

EQUATIONS OF MOTION FOR VERTICAL DYNAMICS

For an evaluation of the vertical response to track profile
irregularities, a modification of the model in Figure A-1 which
includes damping in the secondary suspension can be used to
describe the vehicle (Figure A-9). Since the parameters of
interest are the motion of the car body and displacements of
the wheels, a convenient set of coordinates to describe the
system is y2 and 63, the vertical and angular displacements of
the car body, and vy, V32, V3, V4. the displacements of the
trucks at their connections to the equalizer springs. Since
the motion described by this model is not coupled to roll or
lateral response of the vehicle, the wheel inputs, Vvig, V20
V30, V40 represent the average of the two rail profiles.

= , 1{. o o .. 1 3
m,y, + 202 [y2 - Z(Vl+v2+v3+v4)]+ 2k2 [y2 - Z—(vl+v2+v3+v4)] = 0 (1)

° . l [ . - -
1262 + 2ac2[:a62 + 71-(vl+v2—v3 v4)]

+ 2ak2|:aé2 + %(vl+v2—v3—v4)] = 0 (2)
;£(§1+§;> + El(vl—ﬁz) + ;3 [aé2—§2 + %(?l+6éj] + ;l-vl

¥ ];_z[aez‘yz * %("1*"2)] e )
r;-l—(i'llﬁ'rz) - i-]—‘-(vl~v2) + (2:2 [aéz—ffz + -]2;(\.71+\.72):|- + ];-]l v,

2 1 =
+ 7 l:aez—y2 + -2—(V1+V2)] =0 (4)
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- ad

X
4 52 [%(V3+V4) - ab, & Yz] =0 (5)

il
=]

(6)

k
211
+ 5= [E(V3+V4) a62 = y%]

As discussed previously, the normal modes containing pitch
and bounce motions of the car body can be decoupled from the
pitch motion of the trucks. In addition, the bounce can be un-
coupled from unsymmetric translation of the trucks (Figures
A-2d and A-2e) and the pitch from symmetric translation (Figures
A-2b and A-2c) so that the dynamics of the car can be interpreted
in terms of two simpler equivalent two degrees of freedom
systems.

Symmetric translation of the trucks can be represented by
V]1=Vy=V3=V)=Y)1. Substitution in the equations of motion reduces
the six equations to,

miyy + cz(yl'yz) tkyyy k2<y1'yz) =0 (7)
m2y2 + Zcz(yz—yl) + 2k2(y2—yl) = 0 (8)

Thus the vertical motion of the car body can be interpreted in
terms of the equivalent system of Figure A-10a which also is
described by Equations 7 and 8. Similarly, the unsymmetric
translation of the trucks can be represented by v =vy=Y3= -v3= -vy.
In this case, the six equations of motion reduce to,

miYsy + cz(y3+a62) + kly3 + kz(y3+a62) =0 (9)
I,6, + 2a 02(y3+a92) + 2a k2(y3+a62) = 0 (10)

which describe the equivalent system of Figure A-10b.
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These equivalent descriptions provide a description of
inputs at the vehicle wheels in terms of simple base motions of
the equivalent systems. For example, a unit movement of each
of the wheel displacements, Vig, V20: V30r V40, 18 equivalent to
a unit base displacement yjg, where, yjg = 1/4 (v1g+v3e+Vv30+tVyg) -
Similarly, angular body motion is excited by an equivalent base
motion,

Y30 S 1 v +v -V -V

4 10 '20 '30 Y40 °

Figures 10a and 10b indicate that these base motions are inputs
to the system represented by forcing functions k(y,,) and k(y30)
on the right hand sides of Equations 7 and 9, resp%gtively.

The transfer functions for these inputs are,

- 1 + 288
Y2 wz
— = H,;(s) =
§ = w2 + (2+u)u)2 4
10 1+ 2Es + 1 2 2 (2+u) & 3 S
s + 22> 57 +
w2 2w2 z W, W 2w2w2
1¥2 2%1 192
= (1 +2G%f)
%y B )
=— = Hy(s) = 3 ) ; ;
30 ages | W1 t (2GHWwy 5 (o624)e 3 2
all + m + >3 s + —————7——-5 + s
2 2Gw1w2 Gwzwl 2Gwlw2
where,
W2 o e 2 k) L= m2 - a2 £ = €2
i 2 = = 2 - = 517 el
1 1 2 m, m, p2 2m2w2

The vertical response of any point in the car is a linear com-
bination of the Yo and 62 responses,
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PIEZO ACCELEROMETER COLUMBIA
MODEL 704 SPECIFICATIONS

VOLTAGE SENSITIVITY:
Nominal

CHARGE SENSITIVITY:
Nominal

FREQUENCY RESPONSE:
Flat within +5%
1000 megohm load

RESONANT FREQUENCY:
(First Minor Mode)

MAXIMUM ACCELERATION:

Vibration
Shock

MINIMUM ACCELERATION:

MAXIMUM CROSS AXIS SENSITIVITY
AMPLITUDE LINEARITY:

NOMINAL CAPACITY:
(Including cable capacity)

OUTPUT RESISTANCE:
TEMPERATURE RANGE:

Standard Units
MOUNTING TORQUE SENSITIVITY:

ACQUSTIC NOISE SENSITIVITY:

HUMIDITY:

ALTITUDE:

10 pk mv/pk g, (with an external
capacitance of 300 mmfd)

10 pk-pcmb/pk g

1l cps to 6 kc
30 kc

1000 peak g sinusoidal
2000 g, 50 microsec. half-sine
wave pulse

Determined by signal to noise
ratio of associated electronics

3% (1% special order)

+1%

900 mmfd

5 x 10ll ohms

-100°F to +350°F with less than
+10% variation in sensitivity
None

Less than 0.1 g equivalent to
150 db S.P.L. (Re 2 x 1074
Microbar)

Epoxy seal

Not affected



SALT SPRAY:

MATERIAL:
WEIGHT:
DIMENSIONS:

MOUNTING:

GROUNDING:

CABLE:
Low Noise Assembly

OUTPUT CONNECTOR:

Meets MIL-E-5272B. Para 4.6.1
when connector is sealed

Stainless steel
10 grams excluding mounting bolt
0.680" dia. x 0.42" high

Clearance hole for #6-32 bolt on
704-1, #10-32 on 704-2

Insulated when used with inslu-
lated mounting bolt (supplied)

Model LN-HT-10 supplied.
Approx. 10 ft., 300 mmfd cap.,
-100°F to +500°F

Coaxial, #10-32 thread mates
with cable assembly supplied



SPECIFICATIONS
ENDEVCO MODEL 2642M26
CHARGE AMPLIFIER

Description: This specification describes the fully transistor-
ized Charge Amplifier Endevco Model 2642M26. This Amplifier has
two outputs with a gain difference of 5. It also has a 2 kc low
pass filter to limit the upper frequency range of the amplifier.

Electrical
Input Characteristics

Input Connection: The input is single ended with one side
connected to circuit ground.

Input Source Impedance: The input of the amplifier is restricted
to capacitive type devices and should not be loaded with less
than 50 megohms resistance.

Source Capacitance: The maximum allowable source capacitance is
4000 pf. Gain will vary less than + 1% for a + 1500 pf change.

Vibration noise plus residual noise, as measured with an oscillo-
scope, will not exceed 2.5 pk pcmbs referred to the input or

25 mv pk-pk referred to the output, whichever is greater, for
sinusoidal vibration of .120 DA from 5 to 55 cps and 20 pk g's
from 55 to 2000 cps.

Continuous sinusoidal overload without damage: 20,000 pcmb
(10 volts pk-pk with 4000 pf source capacitance).

Output Characteristics: Both outputs meet the following speci-
fications: ‘

Output Connection: The output is single ended with one side
connected to circuit ground.

Output Impedance: 50 ohms, nominal, DC connected.

DC Output Bias Voltage: +2.5 + 5% volts DC with load resistance
of 100 K ohms or higher.

Linear Output Range (referred to bias level): + 2.5 volts,
nominal Output limited at zero volts _0.05 v/-0.00v and 5.50v
+ 0.15v.

Load Impedance: 100 K ohms or more.



Residual Noise: 1.8 pcmbs pk-pk referred to the input or 10mV
pk-pk referred to the output, whichever is greater.

Transfer Characteristics:
Low Charge Gain Channel: Adjustable over the range of at least
1 to 10 mV output/picocoulomb input. Meets specifications over

the range of at least 2 to 10 mV output/picocoulombs input.

High Charge Gain Channel: Adjustable over the range of at least
5 to 50 mV output/picocoulomb input.

Frequency Response (referenced to 100 cps, R.T. response):

+ 5% 5 cps to 1 K cps
+5/-10% 3 cps to 1400 cps
-3 db at 2000 cps + 200 cps

Cutoff slope: 20 db per octave or greater

Linearity: Within + 2% of reading from best straight line
approximation to the curve of output amplitude versus input
amplitude for sinusoidal signals up to a level such that either
peak approaches within 100 mV of a limiting level.

Warm-up Time: 30 seconds, maximum, to meet all other specifica-
tions.

Total Harmonic Distortion: 2% maximum to 2 K cps; for output
signals up to a level such that either peak approaches within
100 mV of a limiting level.

Power
Power Requirements: 28 +4/-8 V DC at 20 mA maximum.

Power Transient and Ripple Characteristics: The amplifier meets
specifications over a supply voltage range from 15 to 42 volts,
including power supply ripple, pulse transients or step changes
in voltages.

The maximum transient or ripple output over the frequency range
from 0 to 20 Kcps is no more than 10 mV referred to the output
or .5 picocoulombs referred to the input, whichever is greater,
for 1 volt change on the power supply within the range of 15 to
42 V DC.

Isolation: Circuit ground is isolated from case by 1 megohm
minimum at 50 volts DC. Note: For minimum noise circuit ground
must be returned to case ground some place in the system.



Overload Recovery: A half sine input of 1 millisecond duration
and an amplitude corresponding to 1300 pcmb will result in no
effect other than clipping.

Environmental

Temperature Range: =-40°F to +185°F

Humidity: 100% per MIL-E-5272C, paragraph 4.4.1 when gain adjust
screw is solder sealed.

RF Fields: Meets the requirements of MIL-L-26600, Class 1lb.
Vibration: .120 DA 5-55 cps; 20 g pk 55-2000 cps.

Shock: The spurious output from the amplifier will not exceed
2 pcmb pk-pk referred to the input or 35 mV pk-pk, whichever
is greater, for a 100 g 6 ms half sine shock.

Altitude: 300,000 ft. or more.

Steady State Acceleration: 50 g's in any direction.



Item
Size
Volume

Weight

Mounting

Reel Size

Tape Capacity
1 mil tape

SPECIFICATIONS
LEACH MTR 3200 A
MAGNETIC TAPE RECORDER

Specification
8.625" x 9.5" x 20"
1,639 cubic inches

44 pounds maximum (including
electronics)

Hard mount to 20" x 9.5" flat
surface with 1/4-20 bolts

8 inch modified IBM or 8 inch
standard NARTB reels.

1,800 feet

Record/Reproduce Modes Analog (direct), FM

Tape Speeds

Tape Widths
Number of Tracks

Speed Regulation

Start or Stop Time

Power Requirements

(7-1/2 - 15) electrically
selectable. Fast forward and
rewind is 60 ips or 120 ips
1/2"

7

Within 0.25% over full tape
length

Less than 1 second at 60 ips
(better at lower speeds)

80 watts - 28 vdc (maximum)

Direction of Operation Egqual accuracy with record or

Function Controls

Mode Controls

reproduce in both directions

Record and/or reproduce, fast
forward, fast reverse, stop

High/Low speed selection, for-
ward/reverse/power on/off



Ttem

Rewind Time

Head Geometry

Tape Sensors

Control

Shock

Vibration

Flutter

Acceleration

Temperature

Humidity

Altitude

Specification
2,400 feet in 4 minutes

Multi-track dual-interlaced.
Record/Reproduce head stacks
per IRIG standards

Electrically conductive for
automatic stops at either end
of tape*

Via local switches or pulse
control from external source.

lOg—llms 1/2sine -3% p/p flutter
maximum at 60 ips
25g—8ms 1/2sine -5% p/p flutter
maXimum at 60 ips

flutter
10g peak - 5 cps to 2,000 cps at
reasonat points, 6% p/p flutter

104 rms random operating - 6%
p/B

Less than 0.5% peak-to-peak.
DC to 10 kcs at 60 ips.

0.1% rms cumulative. 0.1 cps
to 300 cps.

25g operating, 100g non-operating

-10°C to +71°C operating (range
entended to -40° with use of 50
watt heater)

95% operating. 100% with
condensation non-operating

Up to 150,000 feet - all speeds
operating. (Unlimited for 20
hr.)

*Optical end of tape sensors optional.



SPECIFICATIONS
FM RECORD/REPRODUCE

Frequency Response and Signal to Noise Ratio:

Tape
Speed Carrier Bandwidth S/N
7 1/2 ips 13.5 kc DC-2.5 kc 40 db
Input Sensitivity 0.5 v p/p to 5.0 v p/p
Input Impendance 100 K minimum
Output Level 5.0 v p/p
Output Impedance 6002 maximum
Linearity , 1.0% of best straight line
Center Frequency Stability 0.5% long term

under nevironment

SPECIFICATIONS
ANALOG RECORD/REPRODUCE

Frequency Response and Signal to Noise Ratio:

Tape Bandwidth

Speed #3db S/N

7 1/2 300 cps 31.25 kcs 30 db
Input Sensitivity 0.5 v rms to 5.0 v rms
Input Impedance 100 K minimum
Distortion 1% third harmonic at normal

record level
Output Impedance 6002 maximum

Output Level 5.0 volts p/p



SPECIFICATIONS
GOULD BRUSH 220 RECORDER

Number of Channels 2 analog, 2 event located on
left and right margins

Channel Span 40mm (50 divisions)

Frequency Response At 50-div: Flat within + 2% of
full scale from d-c to 40 Hz
At 10-div: Flat within + 2% of
full scale from d-c to 100 Hz
3 dB down @ 125 Hz

Non-linearity Less than + 0.5% full scale d-c
Trace Presentation Rectilinear

Trace Width 0.01" nominal

Marking Method Pressurized Fluid

Marking Fluid Capacity 1l oz. (sufficient for one year

of normal recording); replaceable
throwaway cartridge

Measurement Range 1l millivolt per chart division
to 500 V d-c fullscale (50
chart divisions)

Attenuator Steps 1, 2, 5, 106, 20, 50, 100, 200,
mv/div., 0.5, 1, 2, 5, 10,
v/div., "OFF"

Input Circuit Differential, balanced-to-
ground

Input Impedance 10 megohms balanced, 5 megohms

each terminal to ground

In-phase 60 dB @ 60 Hz with 1 kilohm un-
Rejection balance at most sensitive range
Signal Limiter Built-in, adjustable, instant-

acting electronic limiters pre-
vent damage to analog pens on
off scale signals

Zero-line Instability + 0.1 div/8 hours; + 0.1 div/°C
(drift) after 15-min. from 15-35°C; + 0.05 div/volt
warm-up for + 10% line voltage change



Gain Instability
(maximum)

Chart Speeds

Chart Speed Accuracy

Chart Description

Power Input

. Weight

+ 0.1%/8 hours; + 0.05%/°C from
15-35°C; + 0.05%/volt for + 10%
line voltage change

1, 5, 25, and 125 mm/sec. push-
button (electrically) selected

Optional models include 1, 5, 25,
and 125mm/min. for total of 8
speeds

+ 0.25%

Two 40mm grids graduated in 50
divisions. Graduated increments
on time axis. Event marker

channels on both channels and
interchannel

115 volts a-c + 10% 60 Hz, 120
watts 175 VA

25 1bs.

B-11



- SPECIFICATIONS
TOPAZ INVERTER 2506W-12-24-60

Frequency Stability + 1% as listed

Temperature Operating -20°C to +50°C
Storage -40°C to +80°C

Protection (Circuits included) Input reverse polarity °* Low or
high input voltage °* Overload
and short circuit

Total Harmonic Distortion <5% at full load

Output Voltage 115 VAC normally sppplied
230 VAC abailable where listed

Voltage Regulation Line: + 2% - Load: + 3%
60 Hz Sine Wave Output

Dual Input 12 or 24 volts dc (Selectable input range for
operation from 11-15 VDC or 22-30 VDC)

OUTPUT INPUT Amperage
(SINEWAVE) (No load to HEIGHT
full load) Inches Overall
Full Net Ship
Power ILoad |All units 19"w | Wt. Wt.

VA Volts AC|@ 12 vDC|@ 24 VDC|Eff.| x 13 1/2" d (Lbs.)| (Lbs.)

250 115 8 - 32 4 - 16 60% 5-1/4 39 55




SPECIFICATIONS
ENDEVCO MODEL QA-116-15 ACCELEROMETER
(TERMINOLOGY PER ISA RP37.1)

Range (Full Scale)
Sensitivity (Nominal)

Output Resistance (Nominal)
Frequency Response (5%)
Natural Frequency (Nominal)

0 - 10 Hz

0 - 500 Hz
500 - 10K Hz
Broadband
Excitation Voltage

Noise (Nominal):

Excitation Current

Sensitivity Shift with Ex-
citation Voltage

Zero Shift with Excitation
Voltage

Resolution (DC)

Threshold (DC)

Linearity (DC)

Hysteresis (Less Than)
Repeatability

Zero Unbalance (Less Than)
Damping (Approximate)
Thermal Zero Shift (Max.)
Thermal Sensitivity Shift
(Max.)

Transverse Sensitivity

+ 15g

250 mV/g

250 ohms

DC to 500 Hz

1000 Hz

100 microvolts rms
300 microvolts rms
600 microvolts rms
1 mV rms

+ 15 vDC + 10%, or
+ 28 VDC + 5%

17 ma quiescent, 35 ma full
scale

0.005%/V

50 micro g/V
.000001g

.000001g

.03% of reading
.001% of full scale
.003% of full scale
0.02g

.6

.002g/°F

O OI4+4 © O © O o

0.01%°/F
0.002 g/g



SPECIFICATIONS
MODEL SC-116-2 "g" MONITOR
(WHEN USED WITH QA-116-15 ACCELEROMETERS)

Ranges

(full scale) 0.1g| 0.2g | 0.5g [1.0g [2.0g| 5.0g 10.0g | 20.0g
Accuracy

(complete 1% 0.5% | 0.2% 0.1%

system)

Linearity (of reading) 0.1%

Frequency Response (5%) DC to 500 Hz

Output Voltage (full scale) + 2.5 volts:

Output Impedance (less than)

Output Current (max.)

Output Noise (max. all
ranges)

Power:
Enclosure

Weight

2 ohms

10 ma

1l mv rms

115v, 50-60 Hz

Portable cabinet

6.25 lbs.




SPECIFICATIONS
SCHAEVITZ MODEL ASM ANGULAR

ACCELEROMETER
Nominal
Cross Axis Natural Output
Range Sensitivity Frequency Impedance
Rad/Sec? Rad/Sec?/g Hz K ohms
+ 50 0.2 30 20
Linearity + 0.1%
Hysteresis 0.02% full scale
Resolution 0.0005% full scale
Shock Survival 50g - 11 ms
Acceleration Survival
Sinusoidal 10g (20 to 2.000 Hz)
Constant 50g




SPECIFICATIONS
ARNOLD MAGNETIC SKB-28-115-400-50 INVERTER

Input Voltage
Output Voltage (isolated)
Frequency

Power

Wave Shape

Power Factor
Operating Temperature
Environment

Size, Weight

Regulation (typical)

24 to 30 VDC

115 VRMS

400 + 0.5% C.P.S
50vAa at 50°C

30 VA at 71°C

Sinusoidal with 4% harmonic
distortion (at specified load)

Any
-55°C to +71°C
per MIL-E-5272C

2 1/2" x 4" x 2 1/2" high - 280z.

As the below variable changes; it
has these effects:

VARIABLE FROM TO FREQUENCY VOLTAGE
Input Voltage 24 VDC 30 + 0.3% +0.5%
Load Current 0.25 AMP 0.5 + 0.3% +2.0%
Temperature -55°C +71° + 2,0% +3.5%
Power Factor 0.8 1.0 + 0.5% +1%
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APPENDIX C
ACCOUNT OF EVENTS DURING TESTING

RUN NO. 1

The test train left the Coney Island shop at 10:00 a.m. in
the rain. the test run began at 10:24 a.m., entering the N-line
at the 86th Street Station, Brooklyn. Although the operator
slowed the train for most stations, we did not stop unless he
had to for traffic reasons or unless requested. The record of
speed pulses and thus, stops, is not too well recorded on the
magnetic tape because the pulse train drops out at low speeds
and makes it appear that the train has stopped when, in fact, it
only has slowed down. Fortunately, two micro-switches were
mounted near the same axle. The circuits were hooked up so that
one switch provided pulses to the tape recorder. The other
switch provided pulses to one channel of the Brush 220 chart
recorder. The strip chart of this test run gives an accurate
pulse event record for the first part of this run. The first
time the train was stopped was near the Ft. Hamilton Parkway
Station. Purpose of the stop was to clean the front window of
the train to permit better observation of the signal markers.

The train made a normal stop at the 36th Street (Brooklyn)
Station. For the four and one-half minutes following this stop
the train was to run at full speed over the concrete road bed.
However, the test train caught up to a passenger carrying train
and "full multiple" was not realized for more than a few seconds.
The next stop was a "regular" stop at Pacific Street Station.
Just after the test train began to cross the Manhattan Bridge,
the voltage supplied by the Edison cell battery to the 60 Hz
inverter dropped to a level such that the inverter cut out,
causing a power loss to the chart recorder. Additional cells
were hooked up in series with the battery to bring the voltage
up to the required value and thus continue operation of the chart
recorder. The repairs were completed and chart recordlng con-
tinued shortly after entering the subway tunnel on the Manhattan
side of the river (at signal 199). Just after passing through
the Canal Street Station (no stops), the tape on which was being
recorded the acoustic data and on which had been prerecorded the
time reference signal (used as a carrier frequency on the voice
channel) ended. While this tape was being changed, voice and
pulse train were lost to the magnetic tape that was recording
accelerations. The test train made a normal stop at Times
Square Station. The next stop was a signal stop for a train
ahead on the track. This lasted four minutes. The final stop
was at 57th Street Station, the end of Run #1 at 11:15 a.m.



RUN NO. 2

Run No. 2 started at the Kings Highway Station in Brooklyn
at 12:45 p.m. The test train followed a passenger carrying
train leaving Kings Highway Station, so the first part of the
run was done at relatively low speed, approximately 15 mph. As
the test train entered the 59th Street Station in Brooklyn, one
of the New York Transit Authority people tripped over the micro-
phone cable breaking it loose from its connection to the inter-
face box. The test train was stopped at 59th Street while re-
pairs were made to the microphone cable. During this stop,
both the tape recorder and chart recorder were turned off. The
microphone cable was reconnected in three minutes and 20 seconds
and the testing continued. The next stop was required by traffic
conditions at signal 472, approximately one minute before enter-
ing 36th Street Station, Brooklyn. The next stop was on the
Manhattan Bridge to pick up some construction workers on the road
crew. Testing then continued until the train stopped to dis-
charge the construction workers at the Canal Street Station,
Manhattan. The test train then continued to the end of the test
run at 57th Street Station, Manhattan at 1:03 p.m.

RUN NO. 3

The New York subway personnel wanted us off of the east-
west portion of the "N line" track in Brooklyn and the east end
remainder of this track that connects to the Coney Island yard
after about 2 p.m. so that our test train would not interfere
with the heavy traffic preparing for the evening rush hour.
Thus, on the return trip after Run No. 2, the test train was
switched to the 4th Avenue (Brooklyn) line. Although data was
recorded from the 95th Street Station on, Run No. 3 was con-
sidered to start at the 59th Street Station (Brooklyn) because
from thereon, we were running over the same track as on pre-
vious runs. The first stop was a signal stop at signal 472 for
60 seconds. The test train made a "regular" stop at the 36th
Street (Brooklyn) Station and at the Pacific Street Station.
The test train stopped once more after leaving Times Square
Station before stopping at the end of the run at 57th Street
(Manhattan) Station at 2:23 p.m.
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APPENDIX D
SPECIFICATIONS FOR
DATA PROCESSING EQUIPMENT

SPECIFICATIONS
400 LINE SPECTRUM ANALYZER,
SAICOR SAI-24/34

Input
Impedance 50 K@
Attenuation Coarse attenuation in 6 db steps
from 0-48 db. Accuracy of +.2 db.
Fine attenuation 0.6 db (con-
tinuous). Accuracy of +.5 db.
Overload light indicates when
the range of the input A/D con-
verter is exceeded
Ten Frequency Scales 0-20 Hz, 0-100 Hz, 0-1 KHz,
0-2 KHz, 0-5 KHz, 0-10 Khz,
0-20 KHz
3 db Resolution:
Flat Weighting 400 lines
Cosine Weighting Number of lines reduced to two-

thirds of the above

Input A/D Converter Nine Bit Resolution. Conversion
(Sampling Rate) rate in internal sampling is set

at 3 times maximum frequency of
frequency range switch. On ex-
ternal sampling the rate is con-
trolled by applying an external
pulse train (T?*L compatible
pulse) at the desired sampling
rate.

Dynamic Range The full scale to minimum
detectable signal is 50 db

Noise Level With no signal applied the noise
level is 54 db below full scale



Sensitivity

Coupling

Display Modes

Fast (oscilloscope)
Slow (recorders)
Single (Plot)

Manual

Memory

Capture

Erase

Read Out

Weighting

The minimum full scale input
signal level is 707 mv rms (sine
wave referred). The maximum full
scale input is 50 v rms

AC or DC coupling, AC 3 db
corner at 1 Hz

160 msec
16 sec
192 sec

The analysis filter is controlled
by a 10 turn potentiometer.
(i.e., wave analyzer)

Self and manual transient cap-
ture modes are available. The
self mode allows the automatic
capture of a transient when this
signal exceeds a preset adjust-
able threshold. Manual capture
is accomplished by depressing
the "hold" pushbutton or in-
serting a TTL logic pulse into
the appropriate rear panel BNC

Memory contents are cleared by
depressing the erase pushbutton
or inserting TTL logic pulse
into the rear panel BNC provided

Memory contents are available
for viewing and read-out

(peak voltage level is 1 volt).
The readout time for the en-
tire memory is 400 usec

Data in storage is unmodified
(rectangular window) in flat mode.
In cosine mode data is modified
by a trigonometric function con-
sisting of a cosine curve on a
pedestal (Hanning window)



Output
Frequency Response (Flatness)

Linearity of Spectrum Output

Frequency Linearity

Weighting
Analyzer

Integrator

Gain
Vernier

Calibrate

Integration

Sums per Bin

Start-Stop-Resume

Power

+ 1 db for all analysis ranges

+ 1/2% of full scale or + 1 db
whichever is greater

+.5% of the full analysis range

Linear, logarithmic and square
law spectrum outputs. All modes
scaled to a +5 volt maximum
output

Linear, logarithmic and square
logarithmic weighting

A Vernier gain control provides
20 db of gain at the analyzer
output

A six position rotary switch
provides calibration markers
(D.C. levels) at 10 db incre-
ments at the integrator output
0 db corresponds to +5 volts

8, 16, 32, 64, 128, 256, 512 or
continuous averaging. Normaliza-
tion to 5 V full scale

Ensemble averaging is providing
for non-redundant spectra

Depressing the. resume pushbutton
causes a repeat of the process-
ing cycle by adding to the
existing memory contents. De-
pressing the start pushbutton
erases the memory and begins a
new processing cycle. May also
be controlled remotely

115 volts + 10%, 220 volts + 10%
switch selectable, 50 to 400 Hz,
100 watts



Size Two units, 17" wide, 22 1/4"
deep. 10 1/2" high and 5 1/4"
high

Weight All units approximately 34 1lbs



SPECIFICATIONS
HEWLETT-PACKARD TRUE RMS VOLTMETER

MODEL 3400A
Voltage Range 1l mv to 300 V full scale, 12
ranges
DB Range -72 to +52 dBm (0 dBm = 1 mW in
600Q)
Frequency Range 10 Hz to 10 MHz
Response Responds to rms value (heating

value) of input signal
Meter Accuracy % of Full Scale (20° to 30°QC)

10 Hz 50 Hz 1 MHz _ 2 MHz 3MHz 10 MHz

+5% +1% +2% +3% +5%

AC-toDC Converter Accuracy % of Full Scale (20°C to 30°C)

10 Hz 50 Hz 1 MHz 2MHz 3 MHz 10 MHz

+5% | +0.75% +23% +3% +5%

Output Negative 1 V dc into open cir-
cuit for full-scale deflection,
proportional to meter deflection;
1l mA maximum; nominal source
impedance 10000

Output Noise < 1 mV rms

Crest Factor (ratio of peak-to-rms amplitude
of input signal): 10:1 at full
scale (except where limited by
maximum input), inversely pro-
portional to meter deflection
(e.g., 20:1 at half-scale, 100:1
at tenth-scale)

Input Impedance 0.001 V to 0.3 V range: 10 MQ
shunted by <50 pF: 1.0 V to 300V
range; 10 MQ shunted by <20 pF
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