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ABSTRACT

This report gives the present status of the guidelines for structural damping in
dynamic analyses of nuclear power plant piping systems. A brief description of the
present state of knowledge of piping system damping in the U.S. is included, as are
gaps in the overall undersianding of the phenomenon. The report concludes with
proposed EG&G Idaho efforts to contribute to the satisfactory establishment of
reasonable damping values to be used in structural analyses.

FIN No. A6316—Parameters Influencing Damping




SUMMARY

The present U.S. Nuclear Regulatory Commission (NRC) guidelines for structural
damping to be used in dynamic stress analyses of nuclear power plant piping systems
are generally considered to be overly conservative and not in the best interests of the
nuclear industry as a whole. In order to generate revised guidelines, solidly based on
technical data, a good deal of new experimental data needs to be generated and
assessed, and the parameters that influence damping need to be quantitatively iden-
tified. From data ygathered to date, the relative importance of these parameters
appears to be:

1. Strong Influence
a. Type of Suppor:;
Weak Influence
a. Response Amplitude
b. Response Frequency
¢. Insulation
Little or Unknown Influence
a. Geometry
b. Type of Excitation
¢. Direction of Excitation or Response
d. Pipe size.

As part of the NRC piping system damping study program, EG&G Idaho Applied
Mechanics Branch will be actively involved in assessing and generating new data and
in participating in revising the present guidelines. In FY 1983 EG&G proposes to test
a simple system with a variety of support configurations to gain a more basic under-
standing of the damping phenomenon. In subsequent years, more complex systems

would be evaluated. The final goal of such a program would be to make blind
predictions of reasonable values of damping for a given piping system.
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PARAMETERS THAT INFLUENCE DAMPING IN
NUCLEAR POWER PLANT PIPING SYSTEMS

INTRODUCTION

One of the more influential parameters used in
dynamic stress analyses of nuclear power plant
piping is the value of damping assigned to the
particular piping system. In general, damping is a
measure of energy dissipation in a structure.@ The
energy losses associated with higher damping
values result in reducing the computed response
motion of a piping system to a given excitation,
and therefore can greatly influence the number
and strength of supports required. At present, the
damping in a system cannot be mathematically
predicted accurately, but must be determined
from vibration experiments. Since piping systems
must be designed and analyzed to be structurally
in compliance with industry requirements before
they can be built and tested, damping values must
be estimated from data obtained from existing
systems or laboratory experiments. Unfortu-
nately, the body of experimental data is sparse,
there is a great deal of scatter in existing data, and
conclusive representative values of damoing for
nuclear power plant piping have not been agreed
upon. In lieu of best estimate damping values, the
U.S. Nuclear Regulatory Commission (NRC) has
established conservative values, discussed in **Pre-
sent Guidelines” section, which would cause
response amplitudes and the corresponding
stresses to be overpredicted. This has resulted in
piping systems that have more supports than
would be required if more realistic damping values
were used, to keep mathematically computed pip-
ing stresses below allowable values. These stiffer
systems, although highly resistant to dynamic
loads, become more severely stressed during
thermal growth transients,

It 15 widely recognized that higher allowable
damping values would be more reasonable, and
would be beneficial to the nuclear industry by
reducing the number of required piping supports.
More accurate stress analyses would be possible;
expenses would be reduced in design, analysis,
procurement, and installation of supports. There
would be less chance of a support malfunction
(since there would be fewer); and piping systems

a For a more complete discussion of damping, refer to
“Background'” section

would undergo less stress when responding to
thermal transients. However, the complexity of
damping and the lack of consistency in available
data have provided a substantial barrier to
establishing a generally acceptable value or values
of system damping to replace those presently
allowed.

In response to this problem, a number of
organizations have begun to assess the available
data to make a recommended change, and to
generate additional data to fill ir the gaps in the
present understanding of damping. With the
recognized need to adjust the allowable values,
data exchanges and cooperative testing efforts
have been initiated between members of the
nuclear industry.

An earlier EG&G repon' presented recent
experimental data from a number of sources, and
described trends in damping values due to several
influencing parameters. This earlier report has
been cited extensively in many recent communica-
tions among government and industry experts who
are active in revising the allowable damping values
in structural analysis standards. soth the strengths
and shortcomings of this report, the latter which
relate primarily to the lack of data in answering
vital questions, have been pointed out. This pre-
sent report details some of the ongoing EG&G
efforts designed to supplement the information in
Relerence 1.

The purpose of this report is to describe the
EG&G involvement in the investigation of piping
damping. Included are a brief summary of the pre-
sent state of knowledge in the United States
(U.S.), recommended short and long term goals
for the U.S. program, and EG&G experiments
which will be designed to supplement other test
data and programs in clarifying the overall
concept of piping damping.

The presentation of experiment data reported
by EG&G Idaho, Inc., normally includes the
uncertainty of the data. For this document,
however, no uncertainties are shown on the data
plots, The data plots used here are examples,
intended to illustrate the trends in the overall data.



BACKGROUND

s section presents a definition of damping,
IS causes, and how 1t 1s calculated. Since a discus
1on of these subjects would be quie lengthy, and
since they are adequalcly covered in textbooks and
manuals, only the basic concepts are outlined. To
complete the background, a discussion of the cur

rent NRC guidelines on damping is included

Definition of Damping

I'he term damping refers to the energy dissipa
ton properties ol a maternial or system under cyclic
moton. These energy losses are important because
they reduce the response motion of the piping
vystem when the system is vibrated. Damping is
generally classified into two categories: material
and system. Material damping represents the phe
nomenon by which energy is dissipated within a
volume of continuous solid matter. Examples are
plastic slip or flow, and friction at grain bound
aries. Under cyclic motion, these mechanisms lead
10 a stress-strain hysteresis. Material damping
ontributes only a small percentage to the overall
damping, in the range of 0.04 10 0.2% of critical
damping for steels stressed below the vield point 2
['is type damping becomes more pronounced at

tress levels. In contrast, system damping
refers to energy losses between distinguishable
parts. | xamples are linear «|I|‘[‘.|n petweern con
rotations at joints, and closing ol
gaps resulting in impacts. Lumping the systen
lamping effe togethe in result in contribu
2 orders of magnitude greater than
matenal damping. In | report, damping
source
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Mathematical Representation
of Damping

Damping

ually

displacement

iy

\g'lth‘y
acceleration

damping

N stiffness
F(1) applied force
i'he coefficient C represents damping propor
tional to the velocity of the oscillator. The critical
damping of the system (C.) is as a function of the

circular frequency and is defined as

2 M.
It 1s often convenient to express damping as the
ratio

When expressed as a fraction, ¢ is called the frac
tion of critical damping; when expressed as per

cent, { 1s called percent of critical damping

I'he true damping characteristics of

systems are very complex and difficult 1«

i

mine. In fact, purely nonlinear systems cannot

haracterized at all by parameters such as natural

frequency and rce ( ritical damping, but

response histories. However, it is common
0 express the damping of real systems in
T'his i1s reasonable if the system is only

a linear dynamig

Orme
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Damping values are sometimes assumed to be
constant under all conditions. This assumption
has not been found to be realistic under some
circumstances and other approximations have
been formulated. For uniform mass damping, the
damping force on each mass is proportional to the
mass
(Fd). = an il

)
where « is a constant,

M.

-
- -
¢

u=2§'jwj.

Thus, the fraction of critical damping for each
mode is inversely proportional to circular
frequency. A second assumption is uniform struc-
tural damping in which the damping is propor-
tional to the stiffness, written as

(Fd)j = dl\j xj

then

zrn
J
ﬂ’T.
J

In this case the fraction of critical damping is
proportional to the circular frequency.

Rayleigh proposed a damping matrix consisting
of both mass and structural damping. Damping of
the form

«x
et =Tl 2

is called Rayleigh damping.

Experimental Measurement
Techniques

A number of techniques have been developed to
estimate damping from experimental data. The
simplest and most commonly used are the loga-
rithmic decrement and half power methods.4 In
the logarithmic decrement method the ratios of
the amplitude of vibration x,, at any time and the
amplitude after m cycles xp, 4 o, are used to form
the logarithmic decrement

X
n

X
n+m

where w and wy are the undamped and damped
natural frequencies, respectively. If the damping is
less than 20%, the approximate form that neglects
the change in frequency due to damping is suffi-
ciently accurate (the error in calculating { is less
than 2%). The method is generally used with snap-
back testing, in which the structure is
displaced,released, and allowed to vibrate freely.
A typical experimentally determined time
displacement history suitable for use with this
technigue is shown in Figure 1.
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Figure 1. Typical logarithmic decrement curve,

Thie half power method uses a plot of response
amplitude as a function of frequency to determine
dammng.4 The damping ratio is approximately
equal to

'2 - 'l

where f) and fy are the frequencies where the
response amplitude is 0.707 times the peak
amplitude (see Figure 2). This method is useful for
tests in which the excitation is sufficient to
generate a freguency response curve, such as with
shaker tests. Figure 3 shows a typical experi-
mentally determined frequency response curve.

More precise (but also more complicated) pro-
cedures such as curve fitting and circle fitting have
been developed and have been used to evaluate
some of the data in the literature. A discussion
and literature survey of these methods is contained
in Reference S, Reference S also describes some of
the various methods used in structural dynamic
testing,

One type of curve fitting method that will be
used by EG&G 1o evaluate some of the damping
data is discussed in “EG&G Program® section of
this report and is called the complex exponential

method. This method obtains the inverse Fourier
transform of the transfer function (see Appen-
dix A) to give the impulse response in the time
domain. This response form, which can be written
as the sum of complex exponential functions, is
approximated by an interactive polynomial curve
fitting procedure. The roots of this polynomial
yield the natural frequencies and modal damping
of the measured response.

Present Guidelines

The current NRC position on damping values to
be used in dynamic structural modeling for the
seismic design of nuclear power plant piping is set
forth in Regulatory Guide 1.61.% The percent of
critical damping for operating basis earthquake
(OBE) and safe shutdown earthquake (SSE) load
conditions are listed in Table | and are derived
from recommendations given by Newmark,
Blume, and I\'apur.7 Since the data basc ai the
time the recommendations were made was limited,
and since the values were designed to apply to a
wide variety of piping systems, the values were
deliberately set lower than the data would
indicate. Lower bound damping values would
ensure that response amphitudes and thus the cor-
responding stresses that would be compared to
allowable values would not be underpredicted.
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Table 1.

Damping values from
Regulatory Guide 1.616
(percent of critical damping)
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PARAMETERS THAT INFLUENCE PIPING
SYSTEM DAMPING STATE-OF-THE-ART

Since the issue of Regulatory Guide 1.61 there In summary, there are insuthicient data to effec
have been a series of summary papers that have tively haracterize the influence {  vanous
contained experimentally determined damping parameters on damping available in the U.S. at

9 10.1 z } 1
LI00E Actually, Ibéifflez and the ANCO the present time. The following sections describe

values
Engineers group have contributed a considerable sent  sial f knowledge of parametric
number of state-of-the-art papers on damping nfluences on damping, and discuss new data
For convenience, the previous ANCO papers hay expected to become publicly available in the near
referenced, since most are cCite future. T« ymplete the overall picture, a discu

It 1s not the purpose of this section sion of what i1s not known, or “*Gaps In The Pre

ummanze all the damping data in previously ent Knowledge’ section, should be reviewed
published state-of-the-art articles, but to concer mtext he present section. To repeat, thi
trate on identifying those articles t specifically m 1s not intended to be a complete state-of
to parametric influences on damping he-art discussion on damping itself, but to give a
overview of the current knowledge on

In general viously cited references have parameters that influence damping
tended to g an esumated range for damping

applicable to the ¢ ¢ system rather than concer paramete's That 'nfiuence
rating on parameters that may have an influence Damplng

n damping. Thi due to several reasons. First,
isiderable ie he damping data Reference 1, the author listed a number of
age value 1 ypically reported. Sec parameters that were judged intuitively and from
of the data were not taken for the previou airticles to * the principal factors
expressed purpose of computing system damping intluencing damping n shightly modified
but for charactenzing he overall « C format, these par:
behavior of a speciiic piping system Finally, som
w data were reported as thication 1«
the Regulatory Guide
basis rather than
other than pipe diameter

n { {
CoOonsKiered

N ompre

\ ried one » 1 { { 1 § 1 ! |
varied ol - ! ¢ on o Hanon (verucatl, along




3. Response parameters
a. Response frequency
b. Response amplitude

¢. Response direction (ver:ical,
longitudinal, iransverse).

The two major attempts to answer a broad seg-
ment of these questions have been through the
Japanese Seismic Damping Ratio Evaluation Pro-
gram!2 and the previously cited EG&G rcport.l
The Japanese results by Shibata are reproduced
verbatim in Table 2. For a simple comparison
between the EG&G results and a paraphrase of the
Shibata results, refer to Table 3. A more deailed
discussion of each parameter is provided below.

In Reference |, EG&G reported a very slight
trend that indirect methods, i.¢., when the piping
system wvibration was induced through the
supporting structure, produced lower damping
than when the excitation was placed on the piping
directly. However, the effect represented only
about 1/2 of 1% of critical damping, which was
judged to be insignificant. Shibata reported that
the correlation was hardly observed. The EG&G
report found that higher levels of excitation pro-
duced higher damping levels. The Japanese did
not consider this parameter. Intuitively, larger
excitation levels would be expected to produce
higher stresses, and more impacting of supports
and other nonlinear effects, which would induce
higher damping levels. Since excitation level is
closely associated with response level, which is the
parameter more often reported by investigators,
this parameter should also be considered in con
junction with the discussion on response level
below. Although neither source reported a cor-
relation between excitation direction and damp-
ing, intuitively, response in the direction of an
energy dissipating support would be expected to
produce greater damping values than excitation
perpendicular to the axes of supports.

Neither source concluded that the pipe size
influenced damping. This is contrary to the
philosophy of Regulatory Guide 1.61, which lists
pipe diameter as one of the two parameters on
which allowable damping for piping analyses is
based. However, as previously stated, the sup-
ports themselves may be the parameter con-
tributing to the damping, rather than the pipe size,
since larger diameter piping systems typically have

supports that dissipate more energy than the sup-
ports of smaller diameter piping. Shibata found
that carbon steel piping had slightly higher damp-
ing than did stainless steel piping. Further,
Reference 12 reported thu fluid filled piping
systems had higher damping valu > than _mpty
piping; although in Reference 15, the effect was
reporicd to be negligible in comparison to the
effect provided by insulation. In the one case
cited, EG&G in Reference | reported no change in
damping values computed when the system was
varied from empty to water filled. Intuitively,
fluid friction in the piping system could dissipate
more energy and thus produce slightly higher
damping. However, based on available data, the
effect mav be negligible. While Reference 12
reported that the correlation of damping with
insulation was low, Shibata in Reference 15 con-
cluded that insulation makes a more substantial
contribution to overall damping, and that the
damping increases with the thickness of the ther-
mal insulation. The EG&G report did not have
sufficient information to investigate the infiuence
of insulation on damping. The strongest con-
tributor to piping system damping in both
References | and 12 was the type of supports
used. A consistent finding was that systems sup-
ported by snubbers and constant force hangers
were judged to have higher damping values than
systems supported by rigid restraints. The
Japanese reported!2 that an effect due to the
number of elbows was not observed, and that a
correlation of damping with the number of sup-
ports was hardly observed. EG&G! did not have
enough data to conclude if system geometry was
an important factor.

In the EG&G repon.' considerable effort was
made to relate response frequency to damping.
The response frequency is a parameter that
includes support stiffness and spacing, mass
distribution, pipe size, and geometry. Conveni-
ently, it is also typically reported for all piping
system dynamic characterization tests. In several
cases, particularly that of the data from the
Heissdampfreaktor (HDR) piping, an inverse
frequency/damping correlation is seen. Shibata’'s
data also shows a weak correlation of frequency
with damping. In other data, damping seems to be
constant with frequency. This anomaly is dis-
cussed in more detail in “Gaps in Present
Knowledge'™ section. Both the EG&G and
Shibata results indicate that there is a weak cor-
relation between response amplitude and damp-
ing. This seems to be an intuitively reasonable



Table 2. Shibata's results
(from Reference 12)

Damping-Contributing on About the Correlation
Factor Lamping and Each Factor

T'ype of plant The resulis show a <trong correlation. It is considered that this is not only

due to essential difference between BWR and PWR, but i1s the damping

characteristics not explained wiih 1a

method

‘*'r‘ ' .I\'_ i‘\""»A‘li‘v

supporting conditions’” and

8

rds pipings




Taole 3

Parameters

Excitanon

Type
| evel

Direction
Physical

lype of pipe
System condition
Insulation
\n;‘;‘n!f h[\(

Cicometry
R"-»[n‘(lw

Frequency
Amplhitude

Direction

relationship because with larger amplitudes, the

tress level increases and nonlinear effects such a

gaps become more pronounced. Unfortunately

most of the data was gencrated at low s levels

ind i addition, the actual stress levels

d. Other chers have as a general rule

es with response
apphicable guantit

ermined

Parameter influence on damping

as reported by Ware and Shibata

Reterence
(Ware)

Reference 12
(Shibata)

\\i
Weak

.
0

No
No

No
Weak
Weak
Strong
None

Strong

Weak
Weak

15 just beginning in the U.S

describes some of the released

1982,

new data

{

expected to be released during

[9R3

and

New Data

tantial quantity of Japs

not pres Iy available in the U.S

ent
!t data
*d are the EPRI/ANCO tes
the ANCO
(1
(L MFBR)
Battel

I'he following section

and

early

inese

. 1he

completed by 1982 and not

ling at

labs

piping

YOL)

reeder

wdd




pPig

15 expecte

xperiment benchmarkirg purpos

amping results

Ul eyl sSUumin ar
3] tests

sul

number safety/relief .alve

water reactor (BWR) plants and

ignificant conclusions fron

I'he GE damping test data rep

Kelerence I‘J) ~Yv"\\l;«1 no strong

ther

1pon ¢ frequency

tend 10 Increase w

11

in these BWR piping

% (of

(resse

red

ASME Code

ent Knowledge

rean
CsSMN

dé

I he

bhotl
Ui

ne¢ \/]'

1

inc

1 hanger snu

1la

on

ith nominal p

{

e ndency

ued

will further assis
inderstanding vt piping

Lev (':‘L'I"!‘ cr

era'l

Eng

8]
¢

cre (i
neering

Ji.) has n testing small pi ping

L MFBR

throue!

did

e bending

in walled nipe area ol

the DOI
ing ol
ibert of Westing
1 {(WARD) are

Further

but
1

nducted 21 Detailed
a larger

l',,kl

and H
rs Divisior
] in 1983

available

ANCO

\“"l‘k"ﬂl\". th {

been
he NKU
3 §

" L Ol

Nauona
1Or

eries have pro

PRI
s1h!y
EG&G anticipates condu
1 at e
(INEL)
n ““EG&G Program

fing a
Idaho

The outhn

ally

nse amplitude




Hanger or
snubber

NW250
Fixed
point

—

Excitation

ation







Table 4 Battelle Institute modal damping results
piping empty and unpressurized)

In Z Direx

Z-Response




IDENTIFICATION OF PARAMETRIC EFFECTS

From the brief discussion above on the state-of
the-art, it was concluded that from the sparse data
base, only overall trends in parameters that affect
damping have been identified. Most of the test
have been for general characterization of the
dynamic response of piping systems rather than
damping, so that the supplementary data neces
ary for a parameter study (such as stress levels)
are not typically reported. This section gives a
more detailed discussion of the gaps in the present
overall understanding of piping damping, and
identifies some goals that the U.S. program could

trive to accompiish in the next several years

Gaps in Present Knowledge

From the state-of-the-art discussion abowv
trend from available data were identified
Qualitatively, the parametrnic influences in order

ol importance would seem 1o be

Strong Influence

Support Type. |
C 1220

dissipating <upports adds damping to a system
An example is shown in Figure 6, which is taken
from Reference 12. However, data on the quanti
tative influence of the wide variety of types of sup
ports (sway braces, rigid restraints, spring
hangers, constant force hangers, and snubbers)
under varying levels of response amplitude are not
currently available in the U.S. Further questions
can be raised as to what effect multiple supports
would have over a single support, and how various
combinatuons of supports would change the

damping of a system

Response Amplitude. In general, it has been
established that increased response amplitude
results in higher damping PLA9 1y was pointed out
in Reference | that the relationship between
excitation/response levels and damping is not
altogether straightforward, since if the increased
excitation causes higher damping, the highy
damping would in turn inhibit response motion
Furthermore, the data are sometimes contradic
tory. Figures 7 and 8 (from References 22 and 19,
respectively) show increased damping with
response (stress) level up to and beyond yield
tresses. On the other hand, Figure 6 shows that
damping decreases with stress level. This anomaly
an perhaps be explained by the fact that the
response levels,

may have been

decrease witl

phenomenon was also
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With hanger
Without hanger

Displacement (mm)

(A) Straight Piping Model

® With hanger
Without hanger
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Table 5. Hypothetical form of allowable
damping values




EG&#G PROGRAM

There are several areas of interest 10 be under
taken in FY 1983 by EG&G. As previously stated.,
s intended that close cooperation will be main
tained with the PVRC, EPRI. and others who are
actively acquiring data on pipe damping. Further

eftorts to share in the vast resources of he

lapanese will be pursued

[0 supplement these efforts and to fill in some
OF the gaps i dumping knowledge, FG&G will
pertorm a testing program of its own. The overall
test plan will follow a basi buillding block
approach in which simple configurations will first
be tested in a laboratory environment. with the
omplexity gradually increased. un in future
ears, In-situ testing of ial piping systems

might be undertaken to verify blind prediction

i his section provides a general description of
he proposed FY 1983 test layout and configura
on, the excitation and data acquisition svstem
ind the 18C test plan. Some possibilities of

potential tests beyond FY 1983 are also included

Damping Test Layout and
Configuration

veving a number
determined that

proposed damping

Area HHH(ARA 1), ARA

14 vl wiginally

Alter bemng d

the suftness of the test pipe and test SuUpports
Fhey will also prowide end conditions for the pipe
section varying from pinned to fixed conditions. A
straight section of pipe will be supported between
the end fixtures by typical piping supports such as
snubbers, spring hangers. constant torce hangers,
and sway braces that will be anchored to the steel
floor beam. The hvdraulic actuator and snapback
apparatus will also be anchored 1o this beam and
attached 1o the pipe for excitation purposes. A
typical test configuration is shown in Figure 16
I'here will be two sizes of stainless steel pipe used
in the test arrangements, such as 3 and 8 in
nominal diameter Schedule 40 pipe. It is anti
cipated that provisions can be made 1o test each

pipe empty, filled with water, and insulated

Excitation and Data Reduction

Several means of exc**ation will be emploved. A
hydraulic actuator w... be used as the primary
ource of energy I'his actuator can either be
ittached to the omponent with a reaction
mass added or attached 1o a nearby rigid support
tructure with a force supplied between the sup
port structure and the tested component. The lat
ter arrangement would be used in these tests. The
iCtuator weighs approximately 300 Ib and can

maximum dynamic force of 2200 Ib
naractenistics well above the
onsidered in these tests. The

haker operates on ar | pressure produced by a

Fsupply consisting of a gear pump driven by
oling upphed by way
that reguires a

location i

ounted «
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Future Work

After completing the initial phase, a more

plicated three dimensional test setup will be

tructed. The next set of experiments

heavily upon the results of
sting and the EPRIVANCO
plans would include large magnitude

esting

will

Once the laboratory phase of the program has

!
been carrnied out, parameters associated with
damping in nuclear power plant piping systems

would be characterized, and blind predictions

associated with in-situ testing could be under

taken. A number of gsecommissioned facilities at

the Idaho National Engineering L.aboratory have

C

been surveved as part of thi

s program, and would

be suitable for such experiments
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PROCEDURE FOR DETERMINATION OF
TRANSFER AND COHERENCE FUNCTIONS




APPENDIX A
PROCEDURE FOR DETERMINA “ION OF
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