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ABSTRACT

A method of assessing the quantitative uncertainties in the determination of
PWR powers and coolant flows caused by measurement uncertainties is provided.
The method defines the parameters entering into the calculation, the types and
sources of measurement errors which must be considered, together with sources
of quantitative data for the uncertainties. A mathematical model is developed
which combines tne measurement uncertainties in a rigorous statistical manner
to give the overall uncertainty in the desired parameter together with a sample
calculation.
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EXECUTIVE SUMMMARY

Neitner the power nor flow of pressurized water reactors (PWR) are measured
di rectly. Instead, values of both are calculated from data of several other
variables which are directly measured. Each of these directly measured
variables has an uncertainty in its value. An assessment model was developed
which gives the appropriate statistical method of combining the uncertainties
in the measured variables to give the uncertainty in the power or flow
measurements for use in technical specification input.

While the method is directed toward PWR power and flow determination, it is
suitable for generalized application to instrument measurement uncertainties.

The method defines the parameters considered with references to reactor power
and reactor coolant flow.

The report next defines the classification of errors, systematic and random,
together with a discussion concerning the proper handling of each. The sources
of possible errors are provided to all of which must be considered to ensure

that all uncertainties are included. Sources of numerical values of the
several possible errors are given.

A mathematical model is developed by which the numerical values of the
measurement errors are combined to give the _overall error in the desired
parameter. An example calculation using the model is given.

A background section on statistics is provided giving the underlying basis for
the model and the statistical implications of the results.
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MATHEMATICAL MODEL FOR ASSESSING THE UNCERTAINTIES OF INSTRUMENTATION
MEASUREMENTS FOR POWER AND FLOW 0F PWR REACTORS

G. M. Hesson
W. C. Cliff

D. L. Stevens

INTRODUCTION

The criteria established in 10 CFR 50, Appendix A, require a high degree of
assurance that neither the phenomenon known as DNB (Departure from Nucleate
Boiling) nor melting at the fuel centerline occurs. Calculational methods have
evolved for predicting the conditions that cause these phenomena. The results
of the calculations are used in reactor protection system metnodology to assure
that neither phenomenon occurs.

There is a degree of uncertainty in the values of each of tne variables used in
these calculations. In the past the uncertainty has been handled by assuming
that each variable in the calculation is at the most adverse limit of its
uncertainty range. The assumption that all factors affecting DNB and fuel
centerline temperatures are simultaneously at their most adverse values is very
unlikely and leads to conservative restrictions on reactor operation. The
potential for greater operational flexibility is a strong incentive to reduce
the degree of conservatism.

The nuclear industry has developed and is developing Limiting Safety System
Settings (LSSS) methodologies which combine uncertainties statistically to
reduce conservatism. The validity of such methodologies requires that input
uncertainties be statistically valid. This report describes a method
recommended for assessing plant parameter uncertainties.

The intent of the assessment model is to provide a format for statistically
combining uncertainties of components of a measurement or calculation to
determine the uncertainty in a measured or computed plant parameter. This
provides a consistent criterion for assessing the magnitude of uncertainties
associated with each uncertainty component, thereby ensuring plant safety. The
assessment model was originally to address the measurement uncertainties for
reactor power and flow in PWR reactors to justify technical specification
input. However, the mathematical model is suitable for generalized application
to instrument measurement uncertainties.

This method was developed by the Pacific Northwest Laboratory for the Core
Performance Branch of the Division of Systems Integration of the Nuclear
Regulatory Commission. The purpose of the report is to provide NRC with a set
of guidelines which can be used.to inform applicants as to the information
necessary in a submittal containing measurement uncertainties. Moreover, it
provides NRC with tools which can be used to assess the adequacy and validity
of the information in a submittal .
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The structure of this report is to first provide a ten step summary of the |
proposed calculation methodology. This is followed by a development of the
calculation model including identifying parameters considered, types of errors,
sources of error information, mathematical development, and an example
calculation. Finally the statistical implications of the model are derived.

,

I

The appendix contains specific supplemental information.
1

SUMMARY OF THE UNCERTAINTY CALCULATION METHODOLOGY

This report recommends a method (model) for estimating the uncertainty in a
measured or computed quantity. The purpose of performing an uncertainty
analysis is to estimate the maximum error which can be reasonably expected to
occur when measuring or computing a desired quantity.

The following are a summary of the recommended steps for computing
uncertainties in measurements used in LSSS determinations. Details of the
development of the steps are provided in the body of this report.

1. Develop a list of all measured quantities that enter into LSSS
calculations.

2. Develop a block diagram showing what parameters are used and how they are
combined to yield a desired quantity. The block diagram in Figure 1 is a
typical example for the power transferred in the steam generator of a
PWR. Figure 2 shows a simple flow diagram of a pressurized water reactor
plant for obtaining reactor coolant system (RCS) flow.

Oso = We (H2 - Hi) Wr = KF G p AP

P2 T2 Pi Ti

H2 Hi P F K

4 'L
Wr Flowrate,

Oso :

S.G. Power (BTU)

[ Calculated

Figure 1 Example block diagram of parameters used in calculating a desired
quantity--the power transferred in a PWR steam generator

2
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Primary Side Secondary Side

-

Pressurizer

y Pressurized
{ Heated Water Steam

H, 2 Turbine = Gen.
,

N 5 Haat
~

Reactor | Exchanger , ,

; ;
,

(S.G.) | | Condenser
' '

C '1
'

Venturi
v

Q)*= Feed Water T &
|AP|

On = Oso - OP + OL Oso = Wr (H2 - Hi) Wr=KFVpAP

TH Ps Tc Pc P2 T2 Pi T,

Ha Hc H2 H, p F K

JJ
AH Wr

Oso :

Primary Losses , Primary Pump,

| Ot I[ OP |
, ,

"
Measured

Calculated
, ,

I : Wn

Wn = Oq/AH
, ,

j RCS Flow

Figure 2 Simple flow diagram of a pressurized water reactor power plant for
RCS flow
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3. Use the block diagram to identify all important parameters (and the
equations and/or tables used to relate the parameters).

4. Each item shown in the block diagram is a contrffutor to the; error in the
desired quantity. List each item in each block of the diagram.

5. Identify and determine the type of error (random / precision or
systematic / bias) for each item identified in step 3 and determine whether
the errors are independent one from another, or whether they are
dependent. Variables are considered indepenaent of each other if:,

there are no common measurements used in determining the variables.* e

there are common measurements but the uncertainty of either variable ise
only weakly dependent on the common measurement.

If possible, determine the type of distribution that the error is expected
to have, e.g., normal or uniform.

6. Determine a numerical value of the uncertainty of each primary measurement
in step 3, e.g., temperature and pressure, and justify the value of the
uncertainty. Unless otherwise specified, a i 2o deviation about the mean
should be used as the uncertainty. This two-standard deviation variation
about the mean corresponds to a 95% uncertainty interval. The
justification for the uncertainty value used should come from one of the
sources identified in this document in the section " Sources of Uncertainty
Data"--manufacturer's specifications, calibrations, etc.

7. Evaluate the sensitivity of the desired quantity to the uncertainty of
each measured parameter.

8. Evaluate the uncertainty of each computed parameter (e.g., flow rate) or
parameter evaluated using-tables (e.g., enthalpy). This is performed by
multiplying tne uncertainty of each input term by its sensitivity
coefficient, then statistically combining the uncertainties.

9. Evaluate the uncertainty of the final result, e.g., power, by combining
the uncertainties of each parameter. This step is identical to step 6
except that it is simply one step further along the block diagram.

The answer obtained in step 9 is the uncertainty associated with the
result. Unless otherwise specified it is assumed that all uncertainties
are 2a uncertainties. That is, 95% of all errors should fall within the
tolerance limits computed from the uncertainty analysis.

10. Any identified systematic or bias terms must be justified as negligibly
small or must be a direct additive term to the uncertainty in the desired
quantity.

4
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?ARAMETERS CONSIDERED
i

DThe plant parameters which are''used to date at the onset of DNB or fuel.
centerline melt are:.

10utlet -coolant temperature
Inlet coolant temperature -

cSystem pressure
Reactor power.

Reactor coolantLflow
Axial power distribution

,

Radial- power distribution -
''

' The parameters are divided into those1 measured directly and those measured
indirectly.. The -identification of these parameters as either directly or

. indirectly measured is plant dependent and must be specified.-

A ~directly measured parameter is' one which has an instrument to measure .the
: value of the parameter; a-pressure transducer connected'to-the top of_the

pressurizer to measure system pressure is an example.'

-

i

' An indirectly measured parameter is one ;whose value_ is obtained from physical
relationships or calculated.from other parameters. Reactor power, calculated'

.by the' product of a coolant flow rate and the energy ' increase of that coolant,
is, an example. The flow rate, energy in, and energy out are the input-*

'

parameters which are used'to calculate the desired parameter, the power. For
these cases the uncertainty evaluation has to consider the algorithm connecting,

the measured variables to the desired parameter as well as the uncertainties in
,

f .the measurements.
:

_
; CLASSIFICATION OF ERRORS

In general,' errors are classified as precision (random) errors or bias (fixed)
i errors'(see Figure 3). Precision errors occur because of numerous small

Eeffects which cause repeated measurements to differ in value. A precision
, error causes random deviations from the true measurement value. A statistical

measure of this random deviation is the standard deviation o. The larger the
,

' standard deviation, 'the larger the spread in the data.
,

4
*

L ; Bias (fixed) ' errors, also called _ systematic errors, are relatively fixed during
testing. - Large bias errors are generally removed during calibration. 'If all
,smail: bias errors _were known..the errors could be added directly. However,
since, in-general,'there are many small bias errors of which the magnitude and
: sign. are unknown, the probability that they are all plus or all minus is very,

small. Thus, the unknown values of these bias errors are embedded in the
calib' ration and will be ' combined in the same fashion that precision errors will

?- tw! combined. The method used to combine errors will be covered in the section
covering the "Overall Uncertainty Model."

:

) 5
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on = 0 + tw
True J

Average
True Value (p) l

Measurement
Population

Bias
;

Error ( )

Total _' (
Error (6 m) Random,

Error (tm)

Measured
Value (Xw)

Figure 3 Measurement error

SOURCES OF ERRORS

Errors nay result from all elements of the sequence used in determining a
value. Figure 4 is 3 schematic of the components used for a direct measure of
a quantity; the schematic will be used to identify the sources of errors that
occur along the sensing path from the sensing element to the measured output of
the desired value.

The following are lists of sources of possible errors associated with each
element of the sensing and instrumentation chain shown in the schematic.

Sensing Element and Sensing Location*

1. sensor elenent accuracy

2. sensor calibration

3. sensor drift and physical changes in sensor

4. Other variable effects on sensor (variables other than the one beino
sensed, e.g., the ef fect of temperature on a pressure sensor)

~

5. representativeness of sensing location properties to bulk properties.

6
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Quantity to be Signal Conditioning and
Measured Readout (Value Determining Location)

Output
Transmission u

(I
\|;/ u

%,

Sensing
Element q

- A/D Conversion
g

Sensing
Location

Digital Computation (Using
4- Algorithm to Compute Desired

Quantity)

- Desired Quantity (E.G.,
' I Flowrate, Power, etc.)

Figure 4 Illustrative schematic of components used for direct measurement of
a quantity

Output Transmission -o

1. drif t in properties, e.g., electrical resistance

2. environmental effects

a. crosstalk with electrical neighbors

b. effects of changes in temperature and pressure, etc.

Signal Conditioning and Readout*

~

1. electronic drift

2. environmental effects

3. spurious noise from neighboring electronics

4 power supply regulation error

5. readability and accuracy of output

6. rack drift / grounding difficulties.

7
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A/D Conversione

1. roundoff error

2. deviation from linearity

3. _ power supply error (regulation).

Digital Computatione

1. environmental effects, e.g., temperature

2. roundoff error

3. computer isolation drift (changes in input / output).

The sources of possible errors listed above are typical for directly measured
variables such as temperature and pressure.

Indirectly measured variables, such as power, power distribution, and flow
rates, require an algorithm that relates the directly measured variables to the
desired' quantity.

. SOURCES OF UNCERTAINTY DATA

-Information regarding the uncertainty associated with a particular quantity may
be obtained from a variety of sources. The following are sources of
uncertainty data.

,

purchase specifications may require that a vendor of a measuring device-e
provide sufficient documentation to assure that the error of a measurement-

using the purchased instrument will not exceed a specified value. The
specified uncertainty may be set at a particular level, such as a 95%
confidence, that any value obtained will lie between specific limits. Or
the specification may require that all test values fall between specific
limits. For this latter case, using these limits in a 95% uncertainty
estimate yields conservative values,

Manufacturinc specifications many times will provide assurance that alle

data obtainec will fall between specific limits. The use of this type of
data in an uncertainty analysis is conservative. Since all data should

! fall within the bounds set by the manufacturer, using these specified
limits for a 95% or even a 99% tolerance interval analysis will lead to a
conservative estimate of the error. That is, the experimental error
bounds determined by the uncertainty analysis will be wider apart than
should be.

Calibration data provided by the vendor or obtained on site may be used as*

a source of uncertainty data. In general, it is best to use calibration
data obtained in an environment as similar to the working environment as
possible. Many calibrations performed at the vendor's plant have proven

8



to be of little use because in the field different electrical leads or
different lengths of electrical leads were used, and the system did not
perform as expected. Wnen possible, instrument systems should be using
the total system from sensing element to the final output as shown in the
previous schematic.

I

Drif t data are usually obtained by prior experience, in observations ofe

how the measurements of a particular sensor change over time. Instrument
-drif t errors can be reduced through more frequent calibration of the
instrumentation and crosschecks with comparable instrumentation. Drif t
over a specific time interval is obtained by noting the differences
between the calibration at the start of the interval and the calibration
at the end of the interval. Drif t uncertainty is somewhat difficult to
define since intermediate values of drift are rarely obtained for the time
interval desired; the assumption that drift is a linear function of time

is sometimes used, which may not necessarily be valid,

The representativeness of the data is an area of uncertainty. In manye

cases, a local measurement of temperature, pressure, or flux is used to
represent bulk properties associated with a volume or area that is much
larger than that sensed by the sensing element. The degree of uncertainty
in this case may be handled by theory or additional experimental data. An
example of poor representativeness would be the use of a point temperature
measurement in a thermally stratified fluid, without regard to the thermal
stratification.

Detailed design analysis can also provide input into an uncertaintye
analysis. Tne analysis can calculate the effects of the geometrical
configurations used, sensing locations, size, and flow blockage
introduced, as well as a host of other factors associated with the
pnysical and electrical design of a sensing system and the system into
which the sensing system is placed.

The data spread about empirical curve fits of correlation data can be usede
to estimate the uncertainty of the empirical correlation value.

DEVELOPMENT OF THE UNCERTAINTY METHOD

The uncertainty of a quantity is the maximum reasonably expected departure of a
measurement from the true value of the quantity. It is necessary to establish
a permissible percentaga of' time during which this error can be exceeded. For
instance, a 95% uncertainty analysis permits up to 5% of the values obtained to
exceed the tolerance interval calculated from the uncertainty analysis.

The following discussion develops a systematic model for estimating the
uncertainty of a result.

,

9
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A result, e.g., mass flow rate or power, is a value which has been computed
using an equation, the terms of which are variables, each with an uncertainty
in its value. The following model examines how the uncertainties in the
variable propagate into the uncertainty in the desired result.

The procedure for calculating the uncertainty in any result will consist of the
following two steps:

1. Obtain an estimate of the uncertainty in each of the variables, e.g.,
temperature, pressure. These uncertainty estimates may be calculated
using tne following model or may simply come from vendor specifications or
other sources of ut. certainty data listed in the previous section.

2. Combine the uncertainties obtained for each of the variables according to
the following model to obtain the total uncertainty in the result.

This analysis assumes that any vendor-supplied uncertainties have been
evaluated and are valid.

MATHEMATICS OF THE MODEL

Generally, the desired result is a function of many variables (X ), e.g., massj
flow rate, power. That is,

Result = R = f(X ,X 'X ***X }1 2 3 n

Tne change in R resulting from changes in the variables (X 's) would be4

dR = dXg+ dX ... dX III
2 n

Each variable X , X , ...X can be either negative or positive. This may bei p n
nandled statistically by averaging, <()>, the square of dR.

<(dR)2>=<(hdX)2) +<(hdX)*****#(|X dX )g 2 n
1 2 n

0 "
+2(< dX dX ' + *** # dX dX ' + ***

ax 3 2 X X g n a
2 1 n 2 3

+ < dX dX d
X n-1 n...

n

10
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For any two independent variables X and X , the cross product is zero:m n

< dX dX > = 0.
X m n

n

That is,~ the cross-product terms involving independent variables in Eq. (2) are
equal to zero and may be deleted from the equation. For those variables that
are dependent (correlated) the cross-product terms remain. For these dependent
variables,. Schwarz's inequality (Parzen 1960) shows that

< dX dX > < | || |oX,"X (3)
4 3 j

where o and o are the square root of the variances of X j and X , e.g.,3X
4

oX " ("X )1/2 = (<(dX )2 )1/23jj g

The term o is sometimes referred to as tne RMS (Root Mean Square) value of Xj
X

ortnestanharddeviationofXj;ineithercase,itisthesquarerootofthe'

variance of Xj about X 's mean.j

Using Eq. (3) in Eq. (2) results in

<(dR)2' " "R'I ) "X +I "X
+

g 2

BR BR iBR

+ 2 { |BRj! !aX !"X"X !aX ! BX l "X "X
+ ***} I4)+

aX k j k i m 1 m

where the cross products subscripted with a letter are the cross products of
dependent terms.

If all the variables were independent, a{l the cross-product terms would be
zero, and the variance of the result, oR , would simply equal the sum of the
variable variances times their respective coefficients. Or:

+ *** I ) "X
(for independent variables)oR "I ) "X +I ) 8X 6i n

(5)

11

. . - _ - . -_ -_ - . _ . - . _ - - . .- __ .



|

I

l
|

Where some of the variables are dependent, Eq. (4) may be written:

i 2

BRg"X)* gar2+I{R}"X 2+
+EgBR "X +2'IBR )2 B

DX "X E BX BX BX 'R
2 g j 3 k ky g

+[| |o +| |"X+....] ... (for independent and dependent variables)
X

m m n n

(6)

where the terms subscripted by integers are independent, those subscripted by
1, j, k ... are dependent one to another, and those subscripted by n, m, ...
are dependent one to another. Eq. (6) provides a conservative estimate of the
value of the variance of the result: that is, Eq. (6) will give a value which
exceeds or equals the expected variance of the result. The RMS value of the
result is simply the' square root of the variance or

oR " I"R ) < [right side of Eq. (6)] (7)

Tne uncertainty in R may now be expressed in terms of the uncertainty of each
of. the variables. For instance, both sides of the equation could be

multiplied b , giving us a value of 2aR. Assuming that R is normally
distributed, a 2cR value infers that the probability is greater than 95%
that the actual value of R lies between the measured value
of R + 2 o and R - 2 oR*R

Many times uncertainty is written as a ratio of the uncertainty, U , of theR
result to the value of the result, R. That is, from Eq. (7)

X X X

[U < ((8R }(R * I + *** + *** (0)
3X B BX R

g $

where U is the uncertainty in the variable Xj and where the numericalX g

subscripts denote independent variables and letter subscripts denote dependent
variables. Unless otherwise specified, it is assumed that UX is equal toj
2ax,.

(a) By the central limit theorem, the more variables R is a function of, the
more assured we are. that R is normally distributed. \ho, if each of the
variables were normally distributed, R would be normally distributed. If

some of the variables were normally distributed and some uniformly
distributed or if all were uniformly distributed, tne assumption of
normality of R would be conservative for the uncertainty analysis.

12
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- Many times when differentiation is difficult it 1s more convenient to
~

numerically calculate the sensitivity' coefficient, BR/8X , by
4

calculating R+AR from an equation using X9 + AX , and using the4

,

_ ratio AR/AX in lieu of 3R/aX . One must be cautious, however, to
g j

keep AX small so that AR/AX, represents the local slope of a curve relating R4- j
and Xj.

Eq. (8) may also be written

U
R 1 8 tn R)

T ' I(B(tn R)6(in X ) X[)2 + I (in X )2)2 + '"a(
1 2

U
X

+[|3(tnR) i,, 2 1/2y (g)
0(An X ) Xj j

Some experimentalists prefer the form of Eq. (9) because the coefficients in
front of each variable uncertainty are a measure of the percentage of the'

amount that the result would vary for a 1% change in the uncertainty of the
variable. This is sometimes useful in determining which variables cause the
largest uncertainties in the result.

At this point. a value for the uncertainty of a result has been determined.
If conservatism has been built into obtaining this result, such as some of the
variables being dependent, having uniform density distributions, or simply,
that conservative estimates in the. uncertainties of the variabler were used,
no further computation may be warranted. However, one may wish to impose a
confidence limit on the uncertainty value obtained. For instance, if the
uncertainty analysis were performed for the 12a value of the result, i.e., 95%
tolerance interval, nne may also wish to be 95% confident that this tolerance

- will not be exceeded. To evaluate this confidence limit, one should use the
statistics associated with the noncentral t-distribution.

It should also be noted that the analysis developed in this report assumes
tnat the uncertainties associated with each variable act over a region which
can be considered linear. If extremely large uncertainties are expected and
they occur over strongly nonlinear calibration regions, then a Taylor series
expansion using higher-order terms may be warranted (Golden 1982). It should
also be noted that the model presented is consistent with the International

- Organization for Standardization Committee (1981), Kline (1953), and with
NUREG/CR-2459, except that the model presented addresses the issue of
dependent variables. The model presented uses a conservative form for
evaluating the uncertainties associated with dependent variables. A less
restrictive model should be used only if the joint frequency distribution of
dependent variables is known, for which case Eq. (2) could be used directly.

13
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Further, note tnat the uncertainty of a variable, e.g., temperature, can be
reduced by a factor of 1// T when taking the average of readings from n
independent sensors.

An example of this would be using the mean value of temperature obtained by
averaging the temperature obtained from n similar independent sensors.

Tg+T1+T3 + ... T
' II0ITave " n

From Eq. (5) the uncertainty in Tave' UT , " "Id D'

U = (( ) U + *** ( ) U } II2 1/2
(U +U + ...U I=

T T I T T T Tave 1 1 n n 1 2 n

(11)

Since the uncertainty of each similar temperature sensor would be the same,
the uncertainty in the average temperature value would be

U
T

U =1 60 =
T n Tave j g

Where UT is the uncertainty associated with any one of the similar
temperatdresensors.

Summary of the Uncertainty Method

The uncertainty of a result, such as flow rate, may be computed by:

1. estimating the uncertainty of each variable

2. computing the uncertaint t of the result from the equation that relates
the variables to the res.ilt and using the relations given by Eq. (7),
Eq. (8), or Eq. (9).

Estimating the uncertainties in the variables may itself require an
uncertainty analysis. That is, the variables may be functions of other
parameters; for example entnalpy, wnich is a variable used in computing lower
absorbed in a steam generator, is a function of temperature and pressure. In
this case, an uncertainty analysis on the variable. -enthalpy, is required to
obtain the variable's uncertainty to be used in the uncertainty analysis of
the final result--power transferred in a steam generator of a PWR.

14
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Note that the equations formulated for adding variances to obtain the variance
of the result are conservative when any of the variables are uniformly
distributed. Also conservative is the practice of summing the RMS values of
dependent variables and tnen squaring this sum to add to the variances of the
independent variables.

Representative lists of variables that should be considered are given in
Appendix E.

5

Example of the Uncertainty Method
v

'

Suppose that the uncertainty in the value of the power transferred in a steam
generator is desired. For this case the following equation relates power
(P ), to the inlet enthalpy (
through the steam generator (m%

), outlet enthalpy (h ), and the mass flow rateA s,andthesystemloss8s(O).
t

PA = (h - h )m + 0 (13)
o i L

The numerical values in the example are deliberately chosen to represent no
particular nuclear reactor or operating condition.

The first step in assessing the uncertainty in PA is to determine
the 2a uncertainty in h , h , m, and Q . For 100% power the nominalg j L
conditions are assumed to be

6
6m = 15x10 lbm/hr, QL - 2x10 Btu /hr

Pj = 830 psi, P = 830 psi,
o

Tj = 434 F, To = 522.5*F
hj = 413 Btu /lbm, h = 1195 Btu /lbmo

10
PA " (h -h)*+OL =1.1732x10 Btu /hr.io

DETERMINING THE 2a UNCERTAINTIES OF THE VARIABLES

The value of h is a function of temperature, T, pressure, P, and the accuracy
of the steam ta,ble interpolation, I. All parameters may be considered
independent and thus Eq. (6) may be used, yielding:

Dh Dhi
2*I0"i) 2 2+ISI )2 "I3

i 2 1/2
ch " EIST )2 "T U

SP Pi o o

or

l!" EI I "T *I P) "P +I I) "I 3 (14)c
Th i o o
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For this case the sensitivity of h4 to temperature would be numerically
calculated from the steam tables, as would the sensitivity of hj to
pressure. Also for this case let us assume that the variance of the

interpolation, og , is negligible, that the variance of the temperature (from
manufacturer's sp8cifications) is equal to (2*F)2 and the variance of the
pressure (from calibration tests) is equal to (5 psi)2 From steam

4

tables, ah /AT is 1.125 Btu /lbm *F and ah /AP is 0.0008 Btu /lbm-psi.j j
'

Eq. (14) may now be evaluated:

= [(1.125 Btu /lbm up)2(2up)2 + (0.0008 Btu /lbm-psi)2 (5 psi)2 + 0]IIo
h

4

(15)

= [5.0625 + 0.0000?; + 0]I/2 = 2.25 Btu /lbm

Thus the.20 uncertainty of hj (symbolized 2a h ) is 4.5 Btu /lbm. This is the
value of inlet enthalpy uncertainty computed from temperature, pressure, and
steam tables. Similar computations would be performed for 2oh , 2o , and 2ag .mg
For this example assume that the uncertainty calculations yielded
2a = 4.0 Btu /lbm, 2o. = 150,000 lbm/hr and 2a = 100,000 Btu /hr.

n g
g

DETERMINING THE DESIRED UNCERTAINTY FROM THE 2a UNCERTAINTIES OF THE VARIABLES

The uncertainty in the power absorbed in the steam generator may now be
computed using Eq. (8), Eq. (13), and the 2a values of the variables. Eq. (8)
would become (note the U here is the 2a value of X):x

2 1/2
U = [( A)2 U +( A) U +( A) U 2( A)2 U 3p n n g g

A o o i i SM L L

(16)
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4

: From Eq. (13)

~
BP

-A =. '6
= m = 15 x 10 lbm/hr

o

BP
A 6..

= - m = -15 x 10 lbm/hr
Bh

i

SP
A'

=.(h - h ).= 782 Stu/lbm
0 I*

3,n

8P
A =1

' Eq. (16) may now be evaluated:

6
..U = [(15'x.10 lbm/hr)2 (4.0 Btu /lbm)2 + (-15 x 106 lbm/nr)2 (4.5 Btu /lbm)2p

+ (782 Btu /lbm)2 (150,000 lbm/hr)2 , _[g)2 (100,000 Btu /hr)21/2
-

3

8= 1.48 x 10 Btu /hr

or

U
P 8

~ { , 1.48 x 10 Rtu/h1 = 0.0126 = 1.26%a

10 Btu /hr1.17 x 10

This is the computed uncertainty in the value of the power transferred in the
steam generator.

Appendix C provides guidance on the elimination of small uncertainties which
- can reduce the number of computations required in the uncertainty analysis.

17



STATISTICAL IMPLICATIONS OF THE METHOD

Tne objective of an uncertainty analysis is to obtain limits on the value of a
quantity. The limits are selected so that some specified proportion of the
collection of all values of the quantity will fall within the limits. Any
particular determination of a value is subject to error; i.e., the particular
value "x" is tne nominal or "true" value x plus an error, "e":n

x=xn + e.
An uncertainty analysis is not concerned with the magnitude of a particular
error so much as with the magnitude of the average error or the spread of a
population. The average magnitude of an error is usually quantified by the
standard deviation, which is the square root of the average squared error.
This is also called the RMS (root mean square) value. The standard deviation
is multiplied by a factor to obtain the uncertainty. The factor depends on
the type of interval, the source of the standard deviation, the level of
coverage, and the degree of confidence.

Type of Interval

There are two types of statistical intervals that are used in uncertainty
analysis:

1. Confidence Interval: an interval around an estimated value of a
parameter, such as the population mean, which contains the true value of
the parameter with at least a specified degree of confidence.

2. Tolerance Interval: an interval which contains at least a specified
proportion of a population with a specified degree of confidence.

For most uncertaiaty analyses the final result should be expressed in tne form
of a tolerance interval. If the mean and standard deviation of the population
are known exactly, the tolerance interval can be obtained from the area under
the appropriate p cbability distribution curve. For instance, if it is known
that a population has a normal distribution with mean m and standard deviation
s, then 95% of the population is contained between m - 1.96s and m + 1.96s.
However, in most cases the population parameters, m and s, are not known
exactly but are e';timates. Since they are estimates, they are subject to
random variation. This variation must be taken into account in constructing
the tolerance inte rval. This is accomplished by inflating the multiplying
factor by an amount that reflects the precision of the estimate.

An index of precision of the estimated standard deviation is provided by the !
degrees of freedom of the estimate. In the case of the sample standard j
deviation, s:

j
n '

s=[ }, (x - x)2/n-1]1/2
-

i
i=1

18
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where
n

x= 1 x /n
i=1

The estimate has n-1 degrees of freedom, where n is the sample size. If the
estimate of the standard deviation is obtained through the use of a
propagation formula such as the RMS value of the standard deviations of
multiple parameters, the Welch-Satterthwaite (Welch 1947; Satterthwaite 1946)
formula may be used to obtain an approximate degree of freedom. For example,
if

s total = asjj

where aj is a weighting function, then an approximate degree of freedom, f, of

total ISS

f=sfotal/r (a s
2 4

j j /f )j

is the degree of fregdog/fassociated with sj. For the case where sj
where f j
is known exactly, the term a S becomes zero.j j j
Level of Coverage and Degree of Confidence

The level of coverage of a tolerance interval is the proportion of the
population that is to be included within the tolerance limits. Frequently
used values are 90%, 95%, and 99%.

The proportion of a population contained within an interval is a fixed
quantity, not a random variable. If the endpoints of the interval are derived
from estimates which are random, then the interval may not cover the specified
proportion of the population. The level of confidence of a tolerance interval
is a measure of the likelihood that the calculated interval does, in fact,
cover at least the specified proportion of the population. Thus, a tolerance
interval that covers 95% of a population with 95% confidence (also called a
95/95 probability / confidence interval) can be interpreted as follows:

If the process leading to the determination of the interval is
repeated a large number of times, 95% of the calculated intervals
will cover at least 95% of the population.

In some safety-related uncertainty analyses, one is primarily concerned that a
quantity be below (or above) a bound. The appropriate bound in these cases is
a one-sided upper (lower) tolerance limit. One-sided tolerance limits are
calculated as the mean + (tolerance factor)*(standard deviation).

19
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Tables of both one- and two-sided tolerance factors are included in the
Appendix B. The tables are indexed by the number of degrees of freedom and
confidence level, and are given for coverage levels of 90%, 95%, and 99%.

Independence

An important consideration in the combination of several sources of
uncertainty is the statistical independence of the sources. In many cases it
can safely be assumed that the sources of uncertainty are independent, for
example, measurements taken by separate instruments which are independently
calibrated and are physically distant from one another.

Distribution of Errors

The determination of an uncertainty limit depends on the underlying
probability distribution of errors. While appropriate multiplying factors
could be developed for any probability distribution, the task would be
mathematically dif ficult. Most practical applications can be assumed to have
either a normal or a uniform distribution (see Figure 5). A normal
distribution can be used if observations or measurements tend to be
symmetrically clustered around a central value, with frequency decreasing with
increasing distance from the center. A uniform distribution can be used if
the range of possible values is limited and the frequency is equal (or
uniform) over the entire range.

Normal

Uniform

Figure 5 Normal and uniform distributions

; ?0
l
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APPENDIX A

FLOW ELEMENT FOULING

There is a potential uncertainty in the feedwater flow measurement which is
neither random nor distributed in a statistically definable manner.

This uncertainty arises from fouling of the feedwater flow venturi. The
fouling, when it occurs, increases with time and results in an increased
pressure dif ference for a given flow rate. The higher pressure difference
causes the indicated flow to be higher than the actual flow.

Expected Flow Variations Caused by Scaling in a Venturi

The equation for tne volumetric flow rate through a venturi is:

A P -P II2Q=C A II ~ I ) }-l/2 {2g (.P _ T) + - Zg (A-1)y T

where:

Q = volumetric flow rate
Cy = venturi flow coefficient
A _ = area of throat of venturi7

Ap = area of upstream pipe
PT = pressure at throat of venturi
Pp = pressure at upstream pipe
Zy = elevation of throat pressure tap venturi
Zp = elevation of pipe pressure tap
y = specific weight of fluid

If tne dif ferential pressure (Pp - Pr), the elevation difference (Z, - Z I
Tand the density of the fluid are neld constant, Eq. ( A-1) may be written. '

K (R xR )T (A-2)Q = -- 4 4 2
(R -R Ip T

where:

K = constant

RT = radius of throat
Rp = radius of upstream pipe

22



If, over a period of time, fouling or deposition of material occurs at the
locations designated P and/or T, the ratio of the flow rate (Q ) after the

ffouling to that (Q ) before fouling is
4

2 4 4 1/2
Q (R Rp ){ (p -RT )if T p

-

4 l{ (^ }k (R
2

R )j { ,RT )fT p

(Note: The pressure differential and fluid density are held constant.)

Eq. (A-3) was evaluated for representative degrees of scaling for a typical
venturi wnere R =2R. Cases were considered for fouling of the pipe
diameteronly,$hroatblameteronly,andbothdiameters. Tne postfouling to
prefouling flow ratio for a given pressure differential is plotted as a
function of the radius change normalized to the throat radius. This is shown
in Figure A.1.

These representative calculations show that, typically, only scaling of the
throat has aiy significant effect on the indicated flow and that the indicated
flow will be larger than the actual flow.

1.1

Pipe Only -

k Pipe and Throat

%}y' -

Throat Only k
.8 I I I I 'A

0 .02 .04 .06 .08 .1

AR
Br

Figure A.1 Calculated representative affect of flow element fouling
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APPENDIX B

NONPARAMETRIC TOLERANCE INTERVALS
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APPENDIX B

NONPARAMETRIC T0LERANCE INTERVALS

If the desired quantity or result (R) does not have a normal or near-normal
distribution, the methods given previously for establishing tolerance
intervals are not valid. An alternative to an extensive mathematical
derivation is to establish the tolerance intervals using the theory of order
statistics. This requires taking a sample large enough to establish that a
specified proportion of the population is contained between the extremes of
the sample with a specified level of confidence. Let F(x) = Pr(R < x) be the
cumulative distribution function of R. Suppose a sample xt, x ' * * * * *n has2been obtained and suppose the sample has been ordered so that x is the

ismallest sample value and x is the largest sample value. Then it can ben
shown that (Hogg and Craig 1970)

1
d (1-u)"'I+1 du (B-1)Pr[F(x ) - F(x ) > p] = (1-j) n-i +j ) ! uj 3 p

This technique will be used most often with i = n and j = 1, so that one is
computing the probability that some specified proportion of the population
lies between the smallest and largest observations. For this choice

Pr[F(x ) ~ *1
* " II ~ ~N" * PDn 1

This formula can be used to obtain the smallest sample size such that at least
a fraction p of the population will fall between the largest and smallest
sample observation with confidence a by solving

1 - p"~ [(1-p)n+p] = a (B-3)

For example, a sample of size 93 is required to ensure with 95% confidence
that 95% of the population will fall between the extremes of the sample. The
table below gives minimum sample sizes to get specified coverage probability
for specified confidence for several combinations of probability and
confidence.

MINIMUM SAMPLE SIZE

Confidence Level
Probability _ 0.9 0.95 0.99

0.90 7 ~4T~ 64

0.95 77 93 130
0.99 388 475 661

.
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All Tables 'B.1 tnrough B.6 proviae tolerance factors for various confidence
and probability levels.

Table B.1 One-sided tolerance factors for a confidence level of 0.90

Degrees of Probability level
Freedom 0.9 0.95 0.99

3 3.19 3.96 5.44
4 2.74 3.40 4.67
5 2.49 3.09 4.24
6 2.33 2.89 3.97
7 2.22 2.75 3.78
8 2.13 2.65 3.64
9 2.07 2.57 3.53

10 2.01 2.50 3.44
12 1.93 2.40 3.31
14 1.87 2.33 3.21
16 1.82 2.27 3.14
18 1.78 2.23 3.08
20 1.75 2.19 3.03
25 1.69 2.12 2.94
30 1.65 2.07 2.87
40 1.59 2.00 2.79
50 1.56 1.96 2.73
60 1.53 1.93 2.69
80 1.49 1.89 2.64

100 1.47 1.86 2.60

Table B.2 One-sided tolerance factors for a confidence level of 0.95

Degrees of Probability Level
Freedom U.9 U.95 U.99

3 4.16 5.14 7.04
4 3.41 4.20 5.74
5 3.01 3.71 5.06
6 2.76 3.40 4.64
7 2.58 3.19 4.35
8 2.45 3.03 4.14
9 2.35 2.91 3.98

10 2.28 2.81 3.85
12 2.16 2.67 3.66
14 2.07 2.57 3.52
16 2.00 2.49 3.41
18 1.95 2.42 3.33 i

l

20 1.91 2.37 3.26
25 1.82 2.28 3.14
30 1.77 2.21 3.05
40 1.69 2.12 2.93
50 1.64 2.06 2.86
60 1.61 2.02 2.80
80 1.56 1.96 2.73

100 1.53 1.92 2.68
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Table B.3 One-sided tolerance factors for a confidence level of 0.99

Degrees of Probability Level
Freedom 0.9 0.95 0.99

3 7.38 9.08 12.39
4 5.36 6.58 8.94
5 4.41 5.41 7.33
6 3.86 4.73 6.41
7 3.50 4.28 5.81
8 3.24 3.97 5.39
9 3.05 3.74 5.07

10 2.90 3.56 4.83
12 2.68 3.29 4.47
14 2.52 3.10 4.22
16 2.41 2.96 4.04
18 2.31 2.85 3.89
20 2.24 2.77 3.78
25 2.11 2.61 3.57
30 2.01 2.50 3.42
40 1.89 2.35 3.23
50 1.81 2.~26 3.11
60 1.76 2.20 3.03
80 1.69 2.11 2.92

100 1.64 2.05 2.85

Table B.4 Two-sided tolerance factors for a confidence level of 0.90

Degrees of Probability Level
Freedom 0.9 0.95 0.99

3 4.16 4.91 6.37
4 3.50 4.14 5.39
5 3.14 3.72 4.85
6 2.91 3.46 4.51
7 2.75 3.27 4.27
8 2.64 3.13 4.09
9 2.55 3.03 3.96

10 2.47 2.94 3.85
12 2.36 2.81 3.68
14 2.29 2.72 3.54
16 2.23 2.65 3.47
18 2.18 2.59 3.40
20 2.14 2.55 3.34
25 2.07 2.46 3.24
30 2.02 2.46 3.16
40 1.96 2.33 3.06
50 1.91 2.28 3.00
60 1.89 2.25 2.95
80 1.85 2.20 2.89

100 1.82 2.17 2.85
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Table 8.5 Two-sided tolerance factors for a confidence level of 0.95

Degrees of Probability level

Freedom 0.9 0.95 0.99

3 5.37 6.34 8.22
4 4.29 5.08 6.60
5 3.73 4.42 5.76
6 3.39 4.02 5.24
7 *3.16 3.75 4.89
8 2.99 3.55 4.63
9 2.86 3.39 4.44

10 2.75 3.27 4.28
12 2.60 3.09 4.05
14 2.49 2.96 3.89
16 2.41 2.87 3.76
18 2.35 2.79 3.66
20 2.29 2.73 3.58
25 2.20 2.62 3.44
30 2.13 2.54 3.34
40 2.05 2.44 3.21
50 1.99 2.38 3.12
60 1.96 2.33 3.06
80 1.91 2.27 2.98

100 1.87 2.23 2.93

Table B.6 Two-sided tolerance factors for a confidence level of 0.99

Degrees of Probability level
Freedom 0.9 0.95 0.99

3 9.42 11.12 14.40
4 6.65 7.87 10.22
5 5.38 6.37 8.29
6 4.66 5.52 7.19
7 4.19 4.97 6.48
8 3.86 4.58 5.98
9 3.62 4.29 5.61

10 3.43 4.07 5.32
12 3.16 3.75 4.91
14 2.97 3.53 4.62
16 2.83 3.36 4.41
18 2.72 3.24 4.24
20 2.63 3.14 4.11
30 2.38 2.95 3.87
40 2.24 2.83 3.71
50 2.16 2.57 3.38
60 2.10 2.50 3.29
80 2.03 2.41 3.17

100 1.98 2.36 3.09
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APPENDIX C

ELIMINATION OF SMALL UNCERTAINTIES

For those cases where uncertainties are combined through the RMS calculation,
those uncertainties whose magnitude are small have very little effect on the
combined uncertainty. A rule of thumb is tnat any uncertainty whose value is
less than one-fifth the largest value can be ignored. For example, if two
uncertainty values, one of 1.0 and one of 5.0, are combined through the RMS
technique, the uncertainty is:

RMS = /52,12 = 5.1.

which is only 2 percent larger than the value calculated if the small
uncertainty was not considered. Even if there were five of the smaller values
the overall RMS uncertainty would be:

RMS = /52,g2,g2,g2,32+1 = 5.48*

wnich is less than 10 percent larger than the value calculated if the five
small uncertainties were ignored. Overall uncertainties encountered in core
performance analysis are of the order of 5 percent or less. A 10 percent
error in a 5 percent uncertainty would lead to an error in the uncertainty of
0.005, which is small indeed.

The potential gains in time and labor from ignoring tne small uncertainties
are not as large as they might seem. Tne sources of uncertainties have to be
identified, their magnitude has to be quantified, and tne quantified values
have to be justified. Once these steps have been completed, tne RMS summation
is trivial. However, these considerations do lead to the implication that
once a value has been determined to be small, further efforts to refine its
magnitude are not warranted.

Once the reviewer checks that the smaller numbers are negligible, the
correctness of the larger uncertainties can be reviewed more completely.

;
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APPENDIX D

PROBABLE VALUE OF UNCERTAINTIES

The probable value of the uncertainty of each of the several components of an
overall uncertainty is difficult to ascertain and define. The uncertainty
will depend upon, for example, the component system, upon the quality (and
cost) of the component, or upon the quality of instrument maintenance, i.e.,
frequency of calibration. However, the following listing provides guidance in
assessing uncertainty values.

1. The single largest type of error is a noninstrument-related error, i.e.,

how well a senser is actually measuring the desired value. There are
four places of concern here:

Hot leg temperature--Flow streaming and temperature stratificatione
can occur in the hot leg. Multiple temperature sensors or sampling
devices will minimize the error. However, an uncertainty less than
2'F should be justified.

. Flow venturies or orifices. Unless a venturi is installed with
appropriate upstream configuration (calming section or straightening
vanes) or unless the meter was calibrated in the configuration as it
is installed for use, significant errors will be introduced.
Presumably, good engineering practices would be used in the
installation of the meter,_ but this should be justified.

e Reactor neutron flux distribution--The measurement of the flux
distribution has significant uncertainties. These dependent on the
system and should be evaluated on a case-by-case basis.

. Pressure measurements--The difference in elevation between a
pressure sensor and the point at which the pressure measurement is
desired causes an error. It is usually small, but should not be
ignored.

2. Drif t--Drif t is the extent of variation of an instrument between
calibrations. For new plants its value would be set by instrument
purchase or manufacturer's specification. A value of 1.0 percent would
be reasonable. For older plants, a history of as-left to as-found
calibration values may modify this value.

3. Sensor accuracy. Acceptable values of basic sensor accuracies are:

Temperatures 0.5% of reading
(Resistance Temperature Detector)

' Pressures 1.0% of full scale
-Delta pressures 1.0% of full scale
Venturi coefficient' O.5% of reading
Digital Voltmeter 0.1% of reading
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APPENDIX E
'

REPRESENTATIVE LISTS OF VARIABLES TO BE CONSIDERED

The following lists give the variables whose uncertainties are used in
representative Limiting Safety System System (LSSS) calculations and whose
uncertainties should therefore be evaluated. The variables used in the LSSS
calculations are plant and vendor specific. _The list is not, therefore,
comprehensive; however, it should include most cases.

WESTINGHOUSE ITDP PLANTS

The variables used in the uncertainty analysis of Westinghouse plants using
the Improved Thermal Design Procedure (ITDP) are:

Pressurizer Control
Average Temperature
1st Stage Turbine Pressure
Feedwater Temperatures
Feedwater Pressure
Feedwater A 7 vesture (venturi) .

Pressurizer Pressure
Hot Leg Temperatures
Cold Leg Temperatures
Elbow Tap Flow Measurement

COMBUSTION ENGINEERING SCU PLANTS

State parameter measurement
(temperature, pressure, flow rate and ASI)

Incore/Ex-core detector measurement
CEA position measurenent
CECOR Fxy measurement
Computer processing
Startup test acceptance band
Systen Parameters

BABC0CK AND WILCOX SCD PLANTS

Core flow
Inlet temperature
Core pressure
Radial power peak
Axial power peak
Location of axial power peak
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