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ABSTRACT

A nonlinear uncertainty analysis methodology based on the use of
first and second order sensitivity coefficients is presented. As a
practical demonstration, an uncertainty analysis of several responses
of interest is performed for Test 177, which is part of a series of
tests conducted at the Thermal-Hydraulic Test Facility (THTF) of the ORNL
Engineering Technology Division Pressurized Water Reactor-Blowdown Heat
Transfer (PWR-BDHT) program. These space- and time-dependent responses
are: mass flow rate, temperature, pressure, density, enthalpy, and water
quality - in several volumetric regions of the experimental facility.

“he analysis shows that, over parts of the transient, the responses
behave as linear functions of the input parameters; in these cases,
their standard deviations are of the same order of magnitude as those of
the input parameters. Otherwise, the responses exhibit nonlinearities
and their standard deviations are considerably larger. The analysis
also shows that the degree of nonlinearity of the responses is highly
dependent on their volumetric locations.



I. INTRODUCTION

The purpose of this report is to present a nonlinear uncertainty
analysis methodology based on the use of first and second order sensi-
tivity coefficients and to illustrate its use in a practical application.
The methods described in this report are new, although a general treat-
ment of nonlinear uncertainty analysis has been studied.]

As a practical application, the methodology is employed to per-
form a sensitivity and uncertainty analysis of Test 177, which is one
of a series of tests conducted at the THTF2 facility of the Engineering
Technology Division's PHR-BDHTZ program. Using a locally modified
version of the RELAP4 code (RLPSFLUX)3 to model the experimental facili-
ty, sensitivity coefficients of a set of system responses to various
input parameters have been determined. These coefficients have in turn
been used to compute the uncertainty in the responses due to experi-
mental uncertainties in the input parameters.

Since the uncertainty analysis of Test 177 presented here is only
intended to serve as an illustration of the practical application of
this methodology, rather crude estimates of the standard deviations
of the input parameters were employed. Consequently, the calculated
response uncertainties can be used to provide only a qualitative de-
scription of the physical behavior of the sy:tem. This is clearly not
a limitation inherent to the methodology, but rather a reminder that
a good uncertainty analysis must be based on cradible estimates of the
uncertainties in the basic data.

In Test 177 of the BDHT program, a bundle of electrically heated
rods is subjected to a double-ended break simulating @ LOCA with
conditions (such as temperature and water pressure) approximatin those

of a nuclear fuel bundle. The RELAP4 model of the test section of the



experimental facility is diagrammed in Fig. 1, with the bundle of
heated rods contained in volumes 18 through 28. The calculations are
bounded hydrodynamically by conditions calculated from data acquired
in instrumented spool pieces located at junctions 36 and 38. A set
of boundary condition heat fluxes, calculated by the ORINC code4 from
measured temperatures, are applied to the bundle as shown. The input
parameters considered are the inlet and outlet mass flow rate, the
enthalpy of the water at the inlet, and tne heat fluxes. The system
responses are the mass flow rate, temperature, pressure, enthalpy,
density and water quality in various regions of the facility. Note
that both the responses and the input parameters are the time-depend-

ent quantities.

For each response, the following have been calculated:
1) First and second order sensitivity coefficients (with respect
to each input parameter),
2) The expectation value of the response, and
3) The variance and standard deviation of the nominal and expec-
tation value of the response (using sensitivity coefficients,
and the variance of each parameter?.
The uncertainty analysis methodology is described in Sections II
and III and its limitations and advantages are discussed in Secti~n IV.
The procedures followed in the analysis are outlined in Section V, the
pertinent results are presented in Sectiuii - and the conclusions are
summarized in Section VII.

IT. SENSITIVITY COEFFICIENTS

The following nomenclature is adopted here for the purposes of
sensitivity and uncertainty analysis:

og = The vector whose components Tyreees Oy @re the set of nominal
values of the N input parameters,

o = The vector whose components oy * 80ys.s.y Oy + Aoy, are the
set of perturbed values of the N input parameters,

The nominal value of the response

R(v) = The vaiue of the response calculated using the set of perturbed
parameters.
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Fig. 1. THTF (11 axial nodes) single-channel test section model
(core mode!).



Assuming the responses to be nonlinear functionals of the input
parameters, the foilowing second-order approximation is employed to

represent the change 4R in aresponse R(c) due to changes b0y in the

parameters o.:

N NN
“ WD) - 0 sl N o
oS Mol = Mey) =2 30y 299 * 3 daho, Doyhoy (1)

i=] i=1 j=i ' Y
The derivatives iR and . are the required first and second order
601 aoiaoj

sensitivity coefficients, respectively. The second derivative will be
termed a "mixed derivative", when i#j].

The first and second order derivatives, but not the mixed deriva-
tives, are obtained by running the RELAP code twice for each input
parameter. In the first run, the parameter oy is changed by (+Adi)
giving a change in the response denoted by AR]’i while in the second
run o, is changed by (-Aoi) with the corresponding response change
denoted by LRZ,%’ For such runs, Eq. (1) shows that QR]'i and ARz’i
are given by

@
N
=

(2)

and

&R;’i S » Te—— /_’.ci * % o A0 (3)

respectively. The svs“em consisting of Eqs. (2) and (3) can be solved
for the sensitivity coefficients, to obtain

ARy, § - &R, ;
R L 2.1

o, -
a0, ZAO1




respectively. For N input parameters this procedure requires 2N+]
RELAP runs, i.e. 2N runs using perturbed parameter values and 1 run
using the reference values of the parameters.

The mixed derivatives are obtained in a similar manner, but by
changing two input parameters at a time. Thus, changing the parameter
9y by *ao, and the parameter %3 by +.‘Joj and running RELAP once gives
a change in response denoted by AR3,i.. Then, according to Eq. (1),

J
we have
3R sR 1 32R , 2, 1 a%R , 2 3R
R, ;% T b0, + bo; v+ —7 B0, + 5 T2 00 * A ;. AC
3,4 7 30, T acj oo 1 2 3cj J aoidoj i ]
(6)
3R .
=5 . + A .+ ~ (A0
R1,1 PI,J BJiocj — e > 1

Equation (6) can therefore be used to obtain the mixed derivatives in

terms of known quantities, i.e.

] AR 2 = (AR, ; # ARy .
3R - 238 ( 1,1 ‘u]) (7)
60130. Ao b0 ; .

J LN

To compute all of the mixed derivatives for N input parameters would
require 1 N(N - 1) RELAP runs. Hence to compute all of the first and

2
second order derivatives would require % N(N+3)+1 runs.

II1. NONLINEAR UNCERTAINTY ANALYSIS

The starting point for nonlinear uncertainty analysis is the Taylor
expansion of the response around the nominal value 30 of the input
parameters. The second order approximation is given by

|
. s 3R 1 = 3“R - Rov o
RER(G) + L a5 0809, *3 L F530; 5% 39
j=1 i i,j=1 13 (8)
N | N
= R(o,) + 2. S: ba, + 5 )
OE Ry VT - & gy Qg S0y ey



where R(Sb) is the nominal value of the response, and éo, (i=1,...,N)
are the variations in the input parameters.

The variance of R relative to R(E;) is given by:

N
var[R(¢ )] = ([R—R(oo}]?> = ] Si ¢ 807)
1:
* $; 8, (80,80, )+ S, Q. .(80,80.80,;)
itj . (9)
+5 2 Q2. ((80,60,)2)
M P L L
. N
- o,.80 )
" a z =1 013an| %9599 m

where

N (10)
(6512) = Var(ci) > (10a)
<éoiddj> = COV(ciJj) s (10b)

and f(cl,...,dN) is the joint continuous probability density function
(p.d.f).

If the input parameters are uncorrelated, we have:

f(cl,...,oN) = fl(gx) s fN(cN) . (11)




Hence, thequanhties<oo 60 b 8 (60 80 60 ) and <o, LoJuckdb > are all
equal to zero for ij # km. im # jk, and 1k # jm. Thus for uncorrelated

input parameters, (9) can be simplified and written as

=i =]
1 8 g (oo el B 00, ((Bogday)?)
" Qz {((80.80:)¢)*— e | 00 00.:)°
459 Y J 44,-1 "3 ¥ (12)
i#j it]
1 N
] 2
*2 12—1 01j031 ((53,l 1J) )
’J'
i#]
However, since Qij - jS, and since
((*,'111*3‘])) - f -f 30;{:1(‘]) d‘1 f-ij(-J) d,J (]3)

equation (12) becomes

2; S var(o,) + 2‘ QL. var(a,) var(oj)

i=1 1 i>j
(14)

L1 :
‘s ‘2; ii g"

var[R(o

+
Y| —
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If the p.d.f. are norrial distribution functions, it can be shown

that

= 3 \*}“): = 3[var(vi)]*

(1(1"'



8

For nonlinear problems, the expectation value of R = {(R>= R is
not equal to R(Eb); in fact, it can readily be shown that for a second
order expansion the following relationship holds:

N
5 b —_ ] 3
R =(R) = R(s,) +3 ‘iJZ=] Q; <80480y . (16)

If the input parameters are uncorrelated, Eq. (16) reduces to

N
R = R(?o) + %—Eg% Qs var(ci) . P

Taking into account Eq. (16), the variance of R relative to R can be
determined as

var(R) = ((R-R)2) = var[R(7o)]

- h A B
i,=] (18)
N
1 2: ,
- Q.:Q,.  (d80.80.) (80 )
4 §,j.K.me ij 'km J k' 'm
ij#km

For the case of uncorrelated input parameters Eq. (18) can alsc be
simplified, to obtain

A simple comparison between Eqs. (19) and (14) reveals that var (R)
<var [R(Eb)].




Thus, for uncorrelated input parameters, the variance of the
response is dependent on the sensitivity coefficients and on the var-
iances of the input parameters [of Eqs. (14) and (19)]. It should also
be noted [C-f.EQ.(14)] that even if the input parameters are uncorre-
lated, the mixed derivatives Qij are still contributing to the variance
of the response.

IV. ADVANTAGES AND LIMITATIONS OF THE METHODOLOGY

Since the methodlogy is based on a second order Taylor series
expansion of the response about the nominal value of the input parameter,
all sensitivity coefficients higher than second order are assumed to be
negligible. For responses which behave linearly (or weakly nonlinearly)
as functions of the input parameters, this is an adequate approximation.
However, for responses which exhibit a strong nonlinearity the inclusion
of only a single nonlinear term in the expansion is insufficient for a
valid uncertainty analysis. (A number of such cases are presented and
discussed in Section VI of this report). The above mentioned assumption
also leads to loss of accuracy in systems where the uncertainties in
the input parameters are very large (>100% of the parameter value),
because the higher order derivatives in the expansion would be multi-
plied by large numbers and would give rise to non-negligible contri-
butions.

A major factor in determing the practical usefulness of a method-
ology is the incurred cost. For this me.hodology, the cost is mainly
determined by the number of computer runs needed to calculate all of the
sensitivity coefficients. As has been shown in Section II, this number
is %-N(N+3) + 1, (where N is the number of independent input parameters);
therefore, it is practical to employ this method only when N is not too
large. However, this limitation is less severe as compared to those

commonly used uncertainty analysis methods which are based on variations
5

-

of the Factorial S*ratified Sannling (F5S) approach.” The number of
computer runs needed in tlie FSS approach is IN, where 1 is the number of
levels (intervals) associated with each input parameter. Even in the

simplest case (i.e. when ' = 2), the number of computer runs required
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in methods utilizing the FSS approach quickly surpasses the number
required in the new methodology as the number of input parameters in-
creases. Comparatively, only the adjoint uncertainty analysis method
requires fewer computer runs than the methodology presented here.

6

In the application presented in this work, the number of input
parameters is small (N = 12), but they are all time dependent. In order
to correctly preaict the time dependence of the response uncertainties,
each input parameter at each time step should be treated as an indepen-
dent parameter. However, this would lead to a total number of NK (where
K is the number of time steps) independent parameters. Since there are
401 time steps in the Test 177 data, this problem would cleariy be too
large to address. However, the standard deviations of the input param-
eters are time independent (or at least constant over large time inter-
vals). Therefore, sensitivity coefficients can be obtained from Egs. 4,
5 and 7 by taking by (for each input parameter i) to be equal to the
standa.u deviation (of the parameter i) for all time steps. Time de-
pendent sensitivity coefficients for each parameter can thus be generated
while reducing the number of independent parameters from NK to N. The
uncertainty analysis is then applied to each time step independently,
using the sensitivity coefficients calculated for that time step.
Finally, it shculd be mentioned that in addition to the approximations
discussed above, the present uncertainty analysis of Test 177 is based
on the assumption that the input parameters are not correlated. This
limitation is not inherent to the methodology, but has been necessitated
due Lo the lack of data to describe such correlations.

In summary, the methodology presented in Sections II and III is
accurate to second order and can easily be implemented in the analysis
of complicated computer codes. In practice, however, it cannot be
applied to problems invalving a large number of input parameters and
has not yet been employed to analyze problems involving correlated
input parameters.
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V. PROCEDURE

The 12 input parameters considered in this study are listed in
Table 1 along with their 4-character identifiers (RELAP nomenclature)
and their respective standard deviations. Also listed is the (percent)
ratio of the standard deviation to the nominal value of the parameter
at time zero. Table 2 lists the 21 system responses for which sensi-
tivities were calculated. The responses in regions 27, 23 and 19 are
near the top, middle and bottom of the heated core, respectively.

A fairly automated and jeneral system was developed for producing
sensitivity coefficients and response variances. This sytem consists
of: (i) the RELAP code, (ii) several auxiliary codes’7’8
lating the input to and output from RELAP, and (iii) several interac-
tive programs9 to perform the sensitivity and uncertainty analysis.

for manipu-

The steps followed in generating the sensitivities and variances for
each response are outlined below.

(1) Make the appropriate change in the input parameter. If the
parameter is one of the heat fluxes, the REDSEL program is
used. If the parameter is the inlet enthalpy or the inlet
or outlet mass flow, the interactive program RLPCRE? (on the
PDP-10) is used.

(2) Run the RELAP code and use the REDPLOT program8 to produce a
card-image file containing the 21 desired responses.

(3) Produce an unformatted (binary) file on the PDP-10 from the
¢ rd image file of step 2.

(4) Calculate the first and second order sensitivity coefficients
by using the two response files ccrresponding to positive and
negative parameter changes, and the file with the reference
response values and place them in a binary file on the PDP-10
for later use.

(5) Calculate the expectation value of each response and the
standard deviation of the nominal and expectation value of
the response by using the sensitivity coefficients (for all
the input parameters) generated in step 4.
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Table 1.

Input Parameters

Parameter Identifier

Standard Deviatiunlo

Standard Deviation/
Parameter at t=0

(%)

M a5 1

Inlet mass flux

1b

OQutlet ma~~, .ux JW36

1b

6.5

75 Sec-ft2 for 0<t<1.55 sec 11.0

85 ———% for 1.55<t<2.7 sec

sec-ft

1b
30 Sec-ftZ for 2.7 sec

Btu
S TY

Btu

Inlet enthalpy JH38

Heat flux #3

Btu

D

FRO3 25000 vz for 0<t<0.5 sec 7.1

7900 hr-ftZ for t>0.5 sec

Hea'. fluxes #4 through #11 have the same standard deviation as #3,
and have the identifiers FRO4, FRO5, FRO6, FRO7, FRO8, FRO9, FR10 and

Fxil, respectively.

Table 2.

System Responses

Response(s)

Identifier(s)

Pressure in volumes 27, 23, 19, 32
Temp. in volumes 27, 23, 19, 2, 16
Water density in volumes 27, 23, 19
Enthalpy in volumes 27, 23, 19

Water quality in volumes 27, 23, 19
Mass flow through junctions 27, 23, 19

AP27, AP23, AP19, AP32

AT27, AT23, AT19, AT02, ATI6
AR27, ARZ23, AR19

AH27, AH23, AH19

AY27, AX23, AX19

JW27, JW23, JWI9
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VI. RESULTS

The nominal and expectation values of each of the responses
specified in Table 1 as well as their standard deviations are listed
in Appendix A as functions of time. (Expectation values are labeled
"average".) All these quantities have been calculated according to
the formalism outlined in Section III of this report; however, the
contributions due to the terms containing mixed derivative have been
considered to be negligible.

It has been found that, if the calculated nominal and expectation
values of a response differ by a small amount only, the second order
derivatives are small and the response is linear with respect to changes
in the respective input parameters. In most of such cases, it has also
been found that the first order derivatives are small. Although "path-
ological” cases could be found such that the first and second order
derivatives are both small while the mixed derivative is large, this
was assumed not to be the case in the present analysis. The validity
of this assumption has been confirmed by calculating the mixed deriva-
tives for several of those cases which were judged to be most likely
“pathological” (in the above sense); these mixed derivatives have been
found to be quite small.

For comparison purposes, the resonse is considered "linear" with
respect to the input parameters if the expectation value is within
10% of the nominal value. This criterion is intended to serve merely
as a guideline regarding the behvaior of the response. Conclusions
based onthe numerical results presented in the Appendix can now be
drawn for each of the responses.

Pressure

For all volumes considered, the pressure can be considered to be a
“Tine:; - ' function of the input parameters. The nominal and expectation
values do not differ by more than 10%; most of the time, in fact, the
difference is below 3%. It is a general trend of all of the responses
that the departu-e from linearity is time - and position - dependent.
For example, a slight nonlinearity can be noticed at 1.55 seconds into



the transient. At this point in time, the difference between nominal
and expectation values reaches 9.5% for the volume at the middle of
the heated core, while the difference immediately before and after
this point is 1-2%. The position effects are also noticeable, with
diffcrences between the nominal and the expectation values being lower
at the top and bottom of t'. heated core than in the middle.

The ratio between the stindard deviation and the value of a response
is a relative measure of the Jncertainty of the response. For the
pressure, which can be con,idered to be a linear response, the calcu-
lated values of the stardard deviations of the nominal and expectation
values, respectivelv, differ also by a small amount only. As will be
seen later, t'..s is "ot so for non-linear cases. However the time
variation of the standard deviati.n is markedly in contrast to the
time variation of the difference between the nominal and expectation
values of the respcnse; the values of the standard deviation ranging
from about 2% of the response value in the middle to about 10% of the
response value at the ends of that portion of the transient we have
analyzed. Due to the essentially linear behavior 0f the response,
the calculated standard deviation of the pressure is considered to
be quite accurate.

Temperature

The temperature in a volume shows larger variations both in time
and position than the pressure. Thus, consider the response to be
the temperature at the top oi the heated core, i.e. in volume 27.
This response may be considerad as linear up to about 2.4 seconds into
the trancient. After this point, the expectation value departs rapidly
from the nominal vajue, Lecoming too high by a factor of two at 2.75
seconds. As with the pressure, the standard deviations of the nominal
and expectation values are very close over the range where the temp-
erature behaves linearly, but the time variation is different. The
ratio between the standard deviation and the resonse value ranges from
very iow (.25%) at the beginning of the transient to about 2% at the
limit of linearity. Beyond this point, the standard deviation
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approaches the value of the response itself; at the same time, the
expectation value of the response becomes significantly lower than

the nominal value of the response. The latter effect is apparently
due to the fact that the omission of the mixed derivative has resulted
in an ur ‘erestimation of the standard deviation.

The spatial behavior of the temperature is similar to that dis-
played by the pressure. Thus, the temperature is somewhat more non-
linear in the middle of the heated core than at the top and bottom;
in time the departure from linearity becomes pronounced at 1.3 seconds
into the transient in volumes 19 and 23, and at 2.1 seconds in volume
16. Beyond this point, the responses show the same trend as in volume
27. Outside of the heated core the temperature in volume 2 is linear
at all times.

Density

Unlike the pressure and temperature responses, the water density
in volume 27 displays a very pronounced variation in time. The dif-
ference between the nominal and expectation value varies between a
low of 2% and a high of 15% for times greater than 0.25 seconds, at
which point in time flow reversal takes place in the system. Before
this point in time, the inlet flow is still into the system and the
response is very linear, with differences less than .4%. Similarly,
the ratio between the values of the standard deviation and the response
is very low before 0.25 seconds, but thereafter increases in time,
approaching 100% at 2.75 seconds.

The behavior of density as a function of position is also differ-
ent than that of the pressure and temperature responses. The non-lin-
earity of this response becomes more pronounced towards the bottom
of the heated core. At 2.75 seconds, for example, the difference
between the nominal and the expectation values is 9% at *he top nrf
the core, i18% in the middle and 22 at the bottom. It is there.ore
apparent that the water density can no longer be considered tc be a
linear response after the point of flow reversal.
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Entnalpy

Up to the time of flow reversal (i.e. at 0.25 seconds) the enthalpy
behaves linearly with respect to the input parameters. After flow re-
versal takes place the code calculates the functions which determine the
enthalpy internally regardless of the values of the input parameters.
Thus the results presented for the enthalpy represent, in fact the aver-
age change in the enthalpy due to the changes in the input parameters
in the first 0.25 seconds. They should not be interpreted as "standard
deviation" in the usual sense.

Water Quality

The spavial variation of the water guality is roughly similar for
all three volumes (i.e. volumes 27, 23 and 19). In time the departure
from linearity occurs at about 1.4 seconds for all three volumes. It
should be noted, however, that the absolute magniude of the standard
deviation is quite larae, being about the same order (of magnitude)
as the abs<lute magnitude of the response itself.

Junction Mass Flow Rates

The mass flow rate in all volumes considered is clearly linear up
through 0.15 seconds, biit becomes markedly non-linear at all later
times. This phenomenon is undoubtedly related to the flow reversal
at 0.25 seconds. The stundard deviations are about 10% of the response
values in the linear range, and 100% or more in Lhe non-linear range.
The effects of position (in the ncated core) are negligible.

VII. SUMMARY AN) CONCLUSIONS

The sensitivity coefficients of a set of system responses to varia-
tions in several input parameters '1ave been calculated and used to de-
termine the standard deviations o’ the responses due to the uncertain-
ties in the parameters. It has b2en shown that each response can be
considered to be linear over only 1 portion of the transient; the
approximate equality between the noninal and expectation values of
the response has been used here as the criterion to define linear
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behavior. For most of the responses the position in the system at which
the response is calculated has besn found to influence their behavior.

Over the time range when a particular response (-1 be considered
linear, the standard deviation of the response has been found tc be of
about the same order of magnitude as the standard deviations of the
individual input parameters. However, when the response becomes non-
linear, its estimated standard deviation has, in most instances, been
found to be much larger than the stendard deviations of the input param-
eters. It is alsoc nzted that the standard deviations of the responses
are in general underestimited due to the omission of the mixed deriva-
tive terms. Additional ‘nvestigations of the cortribution arising
from the mixed derivative term would clearly be required to obtain more
accurate values for the standard deviations of markedly nonlinear
responses.
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*See Table 2 (p. 12) for definition of AP27 and subsequent identifiers.
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RESPONSE 3 ATZ)

NOMINAL AVERAGE NOMINAL AVERAGE
Ting RESPONSE RESPONSE STDDEY STYODEV
BeO B Ai8803
QU8 S.6i8g+02 S«018E+Nn2 1 .0E¢00 1+0E+00
Q0«10 5.621E%02 Se021E¢02 2,0E%00 2.0E+00
Q18 5.621e%02 5«023Ev02 2.8g¢00 2.8E+00
S-S ¢= PP H—
Oogl 5.,679E¢%02 5.666E%02 2.8E%Q0 2+37 %00
Qe S.748€%02 S5.747€%02 2.TE*Q0 2+.7k+00
Qe S.8)18%E%02 S5«811€E+02 2.8E+00 2+8E+00
R S B BAIEA0G L B0 AR
Qeas §,839E%02 5.825€E+0¢ 1.7c%00 1e5E+00
QeS80 8,832€%02 S8a2E+02 1.9E+%00 1.8E+00
Q+58 5.0)7§0u2 Se02UE*D2 2J1E400 1«8E+00
0+68 5,833g+02  S.822E402 2,3E+00 2.20400
Q070 5.,028E+03 S5.,8328+02 2,2E+900 2.28400
0«78 5.8308%02 S.816€+c2 2.4E%00 2+28400
Q.88 5.,818E402 5.82T7E+02 2.9E400 2+9E+00
0e90 $.,821c%02 5.794E+02 Se6E*Q0 3.1E+00
Q0+9% S.811E%92 S«s619E%0¢ 3, 8400 J«JE+OQ
e e — SNV TPV .
109 §,808E%02 5.800E+0¢ 3,8E400 3.8E+00
lel0 $.,801E%02 5.806E%02 3,8E%00 J.8E¢00
118 l.‘aotoot 5.788g+02 A L8E*Q0O Co=l¢00
1+25% 5.790£+02 5.789E+02 4,6E400 a,6E+00
1«30 S.787%c¢%02 5.783E+0¢ S«1E%00 Se«1E¢00
138 S.783E492 5.964E+402 17401 1e5€+01
Jebs .o.gI(0°l T«261E%02 1.2E%02 6+5€%01
1%0 6.,0%aE%02 6+ 3T0E%02 B,l1E+0! 8.3E+01)
1+858 5.9%48g%02 6.595E%02 1eRE*02 9:9€+01)
$.2718403  2.06403
1+6% $.,8786g%02 TeS91E402 1.6E%02 1:JE%02
1«70 $.730E%02 T«B19E %02 1.9 %02 1e0Es02
Je758 S.T10E*Q2 T+C29E+02 1 .8E%02 1+4E4+02
Lo dOIRA08 e AR 308003
188 5.6988+02 Tel20KE%02 1.8E%02 1+284%02
190 5,688E%02 T«3035%02 1.6E%02 leaBe02
« 98 8,684E%02 TelaTE+02 1.,46%02 126402
2.0% 5, 8716402 TeuIVE+0Q 1.3E+02  lelE+02
&s10 S.861E%92 TeuBlE®NE 1e0E%02 1e2E¢02
2¢15% 5,657E+y2 Tel19€ %02 1.4E402 1e2E+02
— D —— LT
2+45% 5.54856%02 Te198E*02 1.56¢02 138402
2+30 S.540E%02 Te23aE402 1.6E402 1e3Es02
» 38 3.86336+02 Tea34E+02 1.,86%02 1«5€+02
e T ABESN2 00 2. 0402 @000 1.JEe02
2+45% &, 524E+02 BsuThE 02 206402 2e1E0n2
250 s.621e%02 B.,84aTF%ue J.28402 2eTESCR
2+5% $.618E%02 1eu03E+DJ A ,AE%Q2 J.8Espe
- e lel2BEL0S .
2658 8,608E%02 1315€E+02 T«8E%02 6.5E+02
2«70 5.,86068%02 1+56TE+03 1,0E+0) 8.,7E+q2
278 8.,8603E%02 1939403 1,4E*QY 126402
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Appendix  (Cont.)

RESPONSE = aRg)

|

NOMINAL AVERAGE NOM INAL AVERAGE
Ting QESPONSE RESPONSE STODDEYV STODEV
— OvO8 Ay SIAESGE 4O HAESE Oy OE400—— —OvOE+0O—
0+0% 4,51 3c%01 Q012840 . 3e=y2 Se¢JE=02
Q0s10 4,608c%01 S.0NTF+0]} 1,0e=01 l«VE=D]
0«18 4,589 401 4,588E4+0) 1 .,0L=ul 1.,0E=01
- e o e ——— —_— —
O«2% 4,993E%01 4,492E+0) 1.8€=01 1+6E=01
Q30 A 041E%01 4,439E+01 2.26=01 2+:2E=01
Q.38 4,350E+01 4,322€+01 7.3E=01 6.,6E=01
3 8E+00
Qeds 3.,191e%01 J:103€E+40) 320 %00 Js2E+0y
Q¢S50 2.H8ag*ul deuT1E+D]) 3.2E 400 J2E%00
0«58 €¢236E401 e 1B2E+D] 2eTL*00 2«T7E+0U
0«65 1.58%e+01 1+549F%0) 2.1E400 2+«1E+00
0«70 1.334E401 1«321E%01 1.96400 1.9E+00
Q7% 1.138c%01 l1e116E+0]) 1.5E%00 1.6E400
Q8% R,3«8c %00 BeZBTESLL 1.3%00 l1e3E+ny
090 T.208E%00 7.230E400Q 1,2L400 126400
0e95% 6.318E%00 o.obbG*Ou 1.0¢00 1 «0E+OU
1.0% 5,022E%00 5.050€+00 8,%7~01 8.7E=0]
1«10 4,%946E+00 4,645F400 8,1e=01 8,1E=01
1018 4,208€E+00 6.3!6!000 7.8€=01 T«8E=01l
. i IRIELEEH
1e2% 3,660%00 JBAGE*ND Tele=ul 7+0E=0Q1]
le30 3,850E400 J.062F400 6, 7t=ul b.0E=0]
103% 3.338c%u0 JsanyEroy 6,801 6edFmn)
. £ 2 6.8 4 ot SE 0 & E—
Leds 3.,0086E%00 2+921E+400 6,8E=01 7+0E=01]
150 2,751E+400 J.272E+00 8,7E~01 B8,3E=01
158 3.7576000 JeuBIE+OU 8,%5E=01 B8.3E=01
1e6% 2.0ui£000 JeUTIE+COY 1.1L+%00 1.1E400
1«70 3, 0uBE+u0 e I1BE®OY 1,1E+400 1.1E+00
17% 3.003E*u0 JeT720E*00 1,8L%00 1+ 3E4ny
-—W——W—*M%—————«&MO——_——"
185 3.8260E%00 Je716E¢%00 1.6E%00 lob¢¢00
190 3.668E400 JJB8TTESOL 2,0E400 €+00
1+95% 3. 799400 4.:9‘!000 2.3€E+%00 2. E+00
286 — e - 2ealend
2+05% 4,1T1E*VO 4a.T722E+0u 2.%L %00 2e5€E¢00
210 4,303 %00 4.9a3E%00 2.BL%00 2eBE+OQ
2+1% 4 ,596E400 A.920ES0Y J.NE*QL JsuE+0Q
: By dBErOy - Pyt A
2425 4,808E%00 S«+662E+00 3J.B%E+%00 JuaEr00
230 a,948€4%00 S«0a1E+00 3,5E+%00 J.5E+00
235 S.068E+00 S5.752€E+0y 3.TE%00 3.7E+00
BB H BOEAGY By T IEAOH B BEARD v BE4E0
2¢85 8,198g+40 S5.72TE*0y 3.9 +u0 Je9E+ny
250 Selaletyd 5. 700E*00 a,0L%y0 a,0€E+00
2+55% S.,018€%.0 SeSA0E*0U a,0e*00 a.0E+0C
~bvqai640v—————~0v0t‘o¢——-—~——0v36+00——
2468 4,%50E%00 5¢229E400 3.9€E+00 3.9E+00
2«70 4,303€400 5.028F 400 3 BE400 J.BE+00
2758 4,079€%00 4.804E400 33,8400 3.8E+GO
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Appendix (Cont.)
RESPONSE =& an2d
NOMINAL AVERAGE NGMINAL AVERAGE
Ting RESPONSE RESWUNSE STDDEV STYDDEY
ST PP S—
0e0% $.820€E%02 5.020F402 1.0%00 1«0E%00
QOsl0 5.624E%02 5.625E+02 2,0E%00 2«0E+00
0e15% 8,630E%02 % .032E%02 2.86400 2.8E+00
0«35 !o'l.l’O‘ S5«7088+02 3,2E+%00 J.1€E+00
0«30 S.813E+02 5.817€%02 J.TE+QO J«TE¢OO
TR L] So'lll‘@l S.912€%02 4,2e%00 4.28+00
Q0sas 6.112E%02 6.12%E+%02 6.,2E%00 6«.1E400
QeSS0 6,23%E%02 LedBbIE®D2 B.S5e+00 B.3E+00
0«5 6,382E%02 G.a10E+02 1,0E+01 1+GE+01
— S0 -4 ——
068 6.788E%02 G+T799E%02 1.86E+01 l«6E+01
0«70 6.976E%02 T«uS6F*02 2.1E401 2+0E+01)
0«78 Ts24858%02 T«318€4%02 2.0E401 2+8E401)
- I OESOI
4088 T.850E%02 B.009E+02 3J.,BE+01 J.TE+01L
0s+90 8.,23%E+02 B8.284E402 a,1E%01 2.1E+01
0s95 8,597E+02 B8.7%0€E%02 a,B8E+01 asTE+01
- D YY1 ——
%oﬂl 9.388g%02 F.5650%02 LL,8E*O! 6cJE*0])
el 9.780E%02 F.958E+02 TJ1E40) T«0E+01
118 1.0126403 1+036E403 8,0E+01) T7.9€+01
1+2% 1.078E+403 l+UTBE+OJ 8,8g+01 B.8E+01
1eJ0 1el03%03 11116403 F.2E%01 9.2E+01
1438 1.108E%03 lel81E+03 9.5e+01 SeSE+01
BUEY % S—
1048 1.183E403 Le1J1E%02 leNE*OR «QE+0R2
Ioga 1.211E+02 1.139840) 1.2E%02 1e2E%0
ie 120268402 1:1928403 1.2E%02 1e284%0
1+68 1:19%€+03 1+156E+03 1.6E+02 1e6E+02
170 1.162E402 1+166E403 1.7€%02 1e7E402
1+75% lelS5cE®Q] LeuB2E+D) 2.,0E%02 2e0E402
Le88 1.,069€E+0) 105.3!003 2.3E%02 ioalﬁ.s
190 103168403 1+201E8+03 2.8E4%02 +HEe0
198 10116403 1«199E+03 2.8e4%02 2.7E%02
B0 B,038E*02 - o 2488402
2+08% F.638E%02 1e1S4E+0) Jelet02 2.9€E+02
2«10 F.80uBE+YR 1«170E402 J.3e%02 JelE¢0R2
2+15% 9.181E402 1+ 196E+0] 3. 6E+Q2 3.3E+02
FET L 8.,9736402 1-180K+03 3.88%02 3-5000
2+30 8,848%E%02 11938403 4,0E%02 +0
«38 8,737E%02 1+2108+%0) A,2E%02 J.’l’.l
2:45 B8.,623E402 lecbUE+0S a,BE402 a4, 3E+02
2+5%0 B,548L+02 1301E403 §,2402 a,7E+02
2+55% A,7T20c%02 1eI60E*D] SBE*L2 S«2E+02
65 F.032€8+%02 135250403 T.lE*0Q2 6.4E+0
270 9.2%50E%02 1.6552+02) 8,3g+02 T«aE%02
278 9.,4588+%02 1+861E+0) 1.0E40) 9.1€+02
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RgSPONSE = Axg)
NOMINAL  AVERAGE
Tiuvg RESPONSE RESPUNSE

PO By O90E 06 O aygnkente
0«0% D+.000E*%00 Ve UDUVESOU
Q0«10 0es0J0E*00 Ve UOUVE*OUL
0«15 0«0uUDE*VOD Ve VOOE+Oy

GeRE OOV OE*OO U wuOvE*OY
Q2% 0.000E*Q0 QsVO0E+OY
Q0«30 0+000E%0Q0 UsU00E+OQ
0«39 0.000E%00 1+189E=0)
Qeds 2.916E=02 J.a08E=02
Q0«50 S$.,1a3L =02 S+ J95F 02
Q5% 7.557%7c=02 3.JR8E=Dg

Gt Ot OBt e
Qe68 1.388c=01 1+497E=01)
Q0«70 1.789€=01 1+.918€E=01
0TS 2,248E-01 2+392E~01)
0«85 3J,298E-91 J.555E=0])
0«90 3.957E=01! A,059€=0]
Ue9S 4,578ce01 4,820F=0}

— 3 Ayt YIG O
108 %,926€E=01 6.2'1€e0])
i+10 6,9594E=01 6+8J4E=01)
1e18 T.178E=01 7.569€=01]
125 B.,28% =01 B.27JE=N])
130 8,70%t=01 B H24E=U])
135 S.lvie=u1 JeuT2E=0]
L1edS 1.000E%0C0O 6.482E=0)
1«50 1,000£400 8:.198E~=0)
158 1 +000E%0Q0 7+787€E=0]

—_ Ay OUBESQ0 B OESE=D}
1+56% 1000400 e 1HAE=D])
1«70 F.,606c=yl hedbhyE=D]
Le7s 9.517e=01 5+484F=0]
1+8% B,117E=01 7e4%3E=01
1«90 Te088c=01 7.844F=0])
goﬂs T«167E=01 Te321E=01
2+08% 64.388E=01 Te339F =]
2.‘0 6.0¢|t-01 ’05395-01
2“3 9.658§-01 7.’6JE-0‘

B ot aal — -
2425 8 ,.326E=01 7:524E=0)
2+30 S.124E=01 Te07TE=0)
2435 4,954E=y 1 7.725€=01]
2:45% a.777eeul  T.6h0Ee0l
2+50 4,820E=01 JTeoNBE=D]
2+5% 4,958c=91 Te736E=0]
2+6% 5,846E=C1 Tea22E=0]
2+70 5. 797E=01 T7+181E=01
278 6,131E=0Q1 7:030F=0])

NOMINAL AVERAGE
STDOEYV STDOEV
0,0t%00 O«VE+0CQ
0.0E400 OsvE+00
0.,0L*%00 Oe0DE+OV
ey R4 00—

0.,0E%00 0«0E+00
0.,0E%00 800!000
‘.2“03 +TE=CA
1,1E=02 lelE=p2
1o S5E=02 lebEm0e
1e9% =02 l«8E=0Z
2.9E=02 2+8EaCe
J.7E=Q2 JebE=02
4,3e=02 A 2E=C2
LebLwY2 beaEaung
T.1E=02 7T«lEe0?2
B,2ve=02 BelE=n
1.,1E=01 lelEw0]
1.2E=0Q1 1+2E=01
1.8E=01 1+3E0]
1+85€=G1 1e5€Ew=01
1.5t=01 1e5Em0]
1.5t=01 1+5E=n]
2.8E-01 1+5E=01
1.,5=01 B.8E=02
1.,86=01 1:0€E=01
J.2e=01 2elEm=C]
3,8E=01 2+8E=01]
2.5E=01 2:5E=01
2+.9E~01 R+9Ew0l
J.0E=01 3.0E=01
Ivte=0t R S e T
J.3e=ul JeSEwO]
J.6t«01 3«5E=0]
Je9%=ul 3Js7Em0]
4,1E=01 3.9€«01
4,3e-01 4.1E=01
A AE=01L 4.26-01
a,6peul a0l
4,6E=01 a,3E=01
a,5c=01 4.,2Eanl
4,0e=01 J«9E=Q1]
3,86-01 3«7E=D]
3.6E=01 JebEwnl



P w& L RGN

RESPONSE = AT 1S

NOM INAL
Tivg RESPONSE
P —
Oe0% 5,358€+02
Qel0 5,359c+02
0«18 S.3%acgeu2
e . . ammeae 3
0039 S.358E%02
030 «ITAESQR
0+3% «802E+02
Oeas SebB1EYQR2
0s50 5.%28€E+02
0«58 S«388E+02
0.88 $.712€402
0«70 S.781E%02
0«78 S5.8J0€E+02
- Ov80—
0+8% S.816E%02
0+90 S5.822€%02
V98 S«811E%02
v e® 5. 810870
108 5.8086E+02
1«10 S.802€E%02
115 $.800€%02
1025 %.790E402
1+J0 5, 7H6E %02
135 5. 783E%02
—et— .
1+48 S.7T1€%02
150 6,158g4%02
198 6.,872€+¢2
R Bt o S
1+6% 6,880g%02
1«70 £.,968E402
178 65.,951E402
188 6.607E%02
’0’8 6,364E40
1+9 6,198E+¢C
208 5,761E%02
2«10 S.8561E+y2
2«19 & . 657c+u2
R e & S
2+25% 5.6a8g%02
&+30 S.639E%02
35 $.6326402
__3,40_,--svtdbttua
248 Seb2egdye
250 5.62nc %02
2+5% 5617402
e d . B.bidetve
2+05% $.607E%02
2«70 S.606E%02
FERE ] 5.603E%02

Appendix

A-11

AV(RACE
RE SPONSE

S« 358E+02
S5¢J3%9E 02
5.355€+02

SvdbiEroe
S:343E%02

3.379.003
«A0AE+O2

SsATTE*N2
S5e532E¢%02
5.586E+02

5.7T09€+02
S5.766E+02
S«770€+02

Sea3IF¢02
S« 793E%02
Se814F40¢2

S.797€%02
S5.793€%02
S5« TRB6E+02

Se790E+De
S« 7956 ¢+02
Se779E 40

Te281E+02
Tea6lE*N2
T+59084%02

TeTaJE*02
T«348F+02
D+959E+02

Tell2E%02
T«295€E+02
T+.510€%02

B.079€E%02
8.571E%0¢2
Begl7€402

8.172E%02
8.135€+02

8.13584%02
Beidlesng

(Cont.)

BellaFéng

Bel JCE*NE
Bel72F %02

B.568E+0¢
8,879€¢+02

 Byeddetig
8,375€E+02

NO-lNAL AVE'AGE
STODEY STODEV
&, .
6,26=01 6s2E=0]
1.26400 1.2E+00
1,7E+Q0 1.7TE9+ 00
1.2E+400 9.6E=0]
1.2E400 1+2E400
1.,%€E+00 1.5€+00
2.9e+00 2+95 400
3.7e%00 J.7E«00
4,5E+00 4.5E+00
— — v+ 00—
S.TE+00O S«TE+00Q
S.,8g+00 S« TE+00
S.8€400 5+0E+90
3.1E400 J«0F400Q
3.5E%00 JeslE+00
M 3E*00 JeJE+0Q
- —— e+ —
3.9E+00 J«BE+QO
3.9€E%00 J.B8E+0Q
a,5E400 4.4E+00
4,5c4900 A.6E+00
S.1t+00 S«1E+00
S.0E400 Se0E+0OQ
18402 1+2E+02
1.9€+02 1«3E+02
1.6E%02 1.4E+02
1.7e%02 1s6E+02
1.5E+u2 1+5E+02
1.5€%02 1e5E+02
1.9€%02 1+5€+02
1+7E%02 1.6E40
1,88402 1+7€40
2.TE%Q2 eelE%02
2.T7E%02 2e2E+02
2.5c%02 delErng
2,5c402 e+1E+02
2.5€%02 2e1E¢0¢2
2.5E%02 2elEsp2
- detheng
2.5 %02 SelEr2
2.5L%02 2elF*02
es5L%02 2e2F +0¢
debetyd drvdbrie
2.TE%02 2eJES02
2.9E%02 2e5E+02
3J.2€%02 2+8BE4sn2



A-12

Appendi x (Cont. )

RESPNLSE = AP 19

NOMINAL AVERAGE NOMINAL AVERAGE
Timg RESPONSE RESPONSE STODEY SYDDEV
—— O 7 — e 3ed85680) 3, 08400 006400
0e08% 2+293E+0) CedI|IE*D] 1.,8E%02 leskeng
Qelo 2:200E40) CecSIE*0) 2eBrou2 2:8Er02
0elS 2,001E%03 CeU29E40Y a,1L+u2 a,1E+02
e Qedd ARt eBdbtEd A Seted “edhecd
Q0«28 1J89E+0) 1«235E40) 1.26%02 HedEs0)
0«30 1358403 1s810E%0J3 4,6E+01 2+8E¢01
0«38 13854+ 1:399€+03 a,1E+01 J.1E+01
S 5O+ SE— SRS B b —
QeSS 1ed09+ud L« 335E+02 Il SelEen)
Q50 1358+0) le3TLE+OD 2.2c4%01 149E+n |
0e5% 1e3b2b40) LedB2F*LY 170401} le7Een)
00— — 13585803 - o220l  leSEsQ
Qe06% 1.359€+03 1+351E+03 2.4E%01 2e+4E+01)
0«70 1:35%€E+02 13%9€+0) 2.3E+01 2+3E+01
0«78 1+357E+03 1:J05E+03 2.TE+01 2+6E+01
——Pa B 13408403 1 .JA88E%0)  2.88%01) -
0«88 1eda2c40) LeJBUE+NY 320401 JelEr01l
090 1+348E+0) 1« 320E+NY 3.6L%0) 3.2E+01)
098 1337403 1eJa1F*03 J.ee+01 JeaE+0]
RO JeIIBERUI . I2VE0I 3 NS
1+08 1.332E+0) 1+324E+03 3. 9E+01 3+9E+01
iel0 1.328E+0) 1+320€+03 4,0E%01 J«9E+0)
118 1+326E%03 L1«313E402 4, 85E+01 4.5E+01)
SRS TP SE -7 F 70 % EEEE—— - TV £ V. GE— Y ¥ 0§ S—
102% 1.J16E403 1317E+03 A,6E+01 GebESN]
130 1e312c40) led22E+NJ Ss2L%01 Se2E+01)
1+3% 1«30SE*0) L« 300 %0 SslE*yl S5e¢1E+0])
- PSS W7 W1 ¥ 7§ W— S T Y T ¥ S —
1048 1+297E+0) 1+285E+03 6,0E701 6+.0E+01
1+%0 1.284E403 12738403 6,6E401 Ge0Ed01L
158 1eR,L8E+03 1+367€403 1.0E+02 T«0E+01
—deBO 12688203 . 1 .2128+03 —
1¢6% 142506403 1«2BQFE+0J S.9E%01} 5.7€E+01
1«70 1856840 1:207€E¢0J3 6 .8L+01 6e.1E+01)
17% 1+239E+0) 1+280F 403 E.2E+01 hel2Es0)
——3elh— BN PEE TR T T VTR N S T T — g
1:8% 1.222642) 1+:220E+0) 6,5€+01 6.6E+01)
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