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ABSTRACT

Uncertainty estimations are an important part of gas turbine performance assessment. A
program has been developed to calculate the uncertainties of basic performance
measurements and of derived parameters.  Functional requirements and software
specifications are presented, accompanied by sample calculations. Recommendations are
made for future work in this area.
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RESUME

L’évaluation du degré d'incertitude constitue une part importante de I'évaluation des
performances d’ une turbine a gaz. Un programme a été élaboré pour calculer |’incertitude
des mesures de performances fondamentales et des paramétres dérivés. Les criteres de
fonctionnement et les caractéristiques des logiciels sont précisés et sont accompagnés
d’ exemples de calculs. Des recommandations sur des travaux ultérieurs dans ce domaines
sont également faites.
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UNCERTAINTY ANALYSIS FOR GAS TURBINE PERFORMANCE TESTING

1.0 INTRODUCTION

A versatile software tool was required for uncertainty assessments of gas turbine engine
performance values. The program was to be compatible with gas turbines being tested at
the Engine Laboratory, NRC, such as the F404, T56 and J85 engines, using the NEFF
data acquisition system. The program was implemented on the laboratory MicroVAX with
menu-driven interactions.

2.0 OBJECTIVE

The objective of the program was the development and implementation of an uncertainty
assessment system for gas turbine performance parameters. The following is a list of
functional requirements that were to be met in a three-phase plan. This report will present
the design and application of Phases| and Il to aJ57 experimental setup. Phase I1l has not
been completed as yet and will await further development.

Phase |
a) to allow user input/edit of elemental error sources through a menu-driven interface;

b) to allow the user to type bias and precision error sources on the screen or load
previously saved input data files;

c) to alow the user to express input data in terms of % reading or % full scale;

d) to input the target or reference value at which the performance parameters are to be
evaluated,

e) to allow the user to input/edit influence coefficients or load previously saved files of
coefficients;

f) to propagate the elemental errors in the calculation of overall bias, precision, and
uncertainty for each performance parameter.

The objective for the first phase was to develop a working model that performed the basic
statistical calculations and propagated identifiable errors to the performance parameters,
providing an overal measure of uncertainty. Vauesof al elemental error sources were
assumed. These values were taken from Table C2 of the J85 NEFF System Uncertainty
Appendix A to provide typica bias and precision estimates. Influence coefficients for the
elemental sources were also assumed, and used as weighting factors in accurately
propagating the errors.
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Phase |1

a) to allow the user to select input data displaysfor each measurement of force, pressure,
temperature, fuel flow, speed, and area;

b) to incorporate an option menu that will allow the definition of the elemental error
sources, the sensors used in the calculations, the performance parameters, and the type
of uncertainty model (additive or root-sum-square model);

c) to facilitate the association of a sensor label with a measurement filename; (Therefore,
when, for example, a temperature fileis created, the user can provide a sensor label to
the program to identify the type of temperature file.)

d) to alow the association of a performance parameter label with an influence coefficient
filename;

€) to provide a student "t" table for t95 values, according to input degrees of freedom;
f) to facilitate automatic loading of all measurement and influence coefficient files;

g) to display the individual results of bias, precision, uncertainty, and reference value for
each measurement;

h) to print the error elements of the various performance parameters.

The second phase involved designing menus for each measurement of force, pressure,
temperature, fuel flow, speed, and area. The format for the menus closely follows that of
the error audit sheets from AEDC (Appendix B). Each measurement display contains a
complete breakdown of all elemental error sources (bias and precision) associated with
calibration, the sensor system, and the data acquisition system.

The option menu is intended to increase the flexibility of the package, alowing the user to
define performance parameters having any combination of dependent sensors. Therefore,
if, traditionally, a performance parameter is dependent on variables W, X and Y, it could
be tested for its response to additional variables (say W,X,Y,Z), or deleted variables (say
W and Y).

Phase I11

a) to allow elemental error sources (bias and precision) to be estimated from sensor data;

b) to incorporate I/O functions to retrieve incoming sensor data from an RS232 interface;

¢) to provide curve-fitting functionsfor calibrating individual sensors, using incoming data
and known measurement values;
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d) to calculate the bias and precision errors of the curve fits corresponding to each sensor,
and to use the results for estimating elemental error sources;

€) to calculate influence coefficients for each performance parameter;

f) to determine curve slope effects on performance parameters arising from errors in the
reference value reading;

g) to provide graphic output for bias, precision, and uncertainty results, i.e. bar graphs,
pie charts, line graphs, etc.

The goal of the final phase is to reduce the need for the user to input al of the elemental
error estimates. Many of theseinput valuescan be derived from sensor data. By supplying
the sensor and data acquisition systems with known input measurements and voltages, the
output can be recorded, and some of the elemental estimates can be calculated. Thus, the
Phase Ill program will help reduce set-up times when performing the error analysis on
different engines and sensor configurations.

Influence coefficients will be calculated by applying a one percent increase to each
elemental measurement, and observing the relative change of the performance parameter.
Curve slope effects are to be determined by propagating errors in measurements to the
independent and dependent performance parameters used in graphical and functional
anaysis (Ascough 1985). Graphic output will be obtained by linking the program to a
graphics library within the VAX system.

3.0 LITERATURE SURVEY

Although much has been written on the subject of uncertainty, few articles deal with its
automated implementation. Abernethy et al. (1980) have developed uncertainty methods
which are now considered to be an international standard for gas turbine measurement
analysis. However, a standard approach to coding computer algorithms has not been
defined.

Boedicker (1986) has developed and implemented a computer subroutine which basically
performs the same error calculations as Phases | and |1 of this project. Elementa errors
are input by the user and influence coefficients are calculated by applying a one percent
increase to the measurement values and observing the change in the performance parameter.
The errors are then combined in a root-sum-square equation, weighted by the influence
coefficients. Input for degrees of freedom have been ignored since they are assumed to be
greater than 30 for al elemental errors, therefore a "t" value of 2 is aways used to
calculate uncertainty.

Boedicker stresses the point that the influence coefficients are only valid for one operating
condition. The coefficients will change when different reference points are selected, and
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thus there will be a change in the performance parameter uncertainties. Furthermore, the
selection of the reference point should be such that sensors are not operating in the low end
of their range where uncertainty can be quite high.

Existing computer or agorithmicimplementationsincorporating the functional requirements
of Phase Il have not been developed as yet. Taylor (1988) describes a method for
calculating the elemental bias and precision errors of the data acquisition system (DAS).
This isdone by applying known voltagesat m number of pointsand making n observations
at each point. To estimate the DAS bias, Taylor suggests selecting the largest elemental
bias, rather than calculating the arithmetic average of n observations at each voltage point
and taking the root-sum-sgquare (RSS) of m points. DAS precision error is estimated by
calculating the standard deviation of n observationsat each of m points, then taking the RSS
of m standard deviations.

Errors associated with the sensor system are more difficult to isolate. Error estimates
derived from sensor data typically are a combination of several elemental errors. For
example, Abdelwahab, Biesiadny, and Silver (1987) write that force calibration data can be
used to estimate sensor bias and precision errors. However, the resulting estimate is a
combined value of hysteresis, repeatability, nonlinearity, pressure, and temperature effects
on the test cell and service lines. Isolating each of these elemental errors would be quite
difficult in an automated process. At this point, the question concerning how far to isolate
the elemental errors should be given consideration. It is not useful trying to estimate errors
from sensor data if, in the end, a complete elemental breakdown is required. Perhaps the
best one can achieve isa "combined-elemental” error estimate, consisting of more than one
influencing error source.

A detailed uncertainty analysis methodology is given by Thompson, Kimzey, and Boals
(1987). They recognized that combined-elemental or overall measurement errors can be
calculated from measurement system end-to-end checks, where known inputs are compared
to observed outputs. For example, known voltages can be input to the data acquisition
system and the processed, digitized output can be recorded. In this way a combined-
elemental error estimate of data processing and data sampling can be automatically
calculated. However, some engineering judgement is required to establish the amount that
each of these individual errors contributes to this overall combined error. It is, therefore,
often the case that individua errors are estimated through special tests and engineering
judgement, and automated end-to-end checks are later used to validate the elemental
estimates.

Vleghert (1987) writes that accurate comparisons between tests require equally accurate
estimates of reference value uncertainty and curve slope effects. Any uncertainty in the
chosen basic of reference parameter Az trandates into a discrepancy in the performance
parameter Ay. Uncertainty in the reference value is due to the reference value being
dependent on some other variable, say x. Therefore an influence coefficient 6z/0x,
establishing the effect of x on the reference value z, can be determined. Asa result, a shift
on the performance parameter y-axisis equal to the product of the changein x, itsinfluence
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on the reference value z, and the slope of the y-z performance parameter curve. Thisyields
the following equation:

0z dy

Ay- AX -
y Ox dz

D

Equation (1), however, is incomplete since the variable x may also directly affect the
performance parameter y, causing an additional y-axis shift. Therefore, an additional
influence coefficient dy/6x must be determined to establish the direct effect of x on the
performance parameter y. The following equation incorporates the two simultaneous shifts
on the y-axis:

Ay-ax 2y 22 & 2
6x Ox dz

Therefore, knowing the uncertainty of the variable X, its influence on the reference value
and the performance parameter, and the slope of the performance parameter curve y-z, the
resulting uncertainty of the performance parameter y, can be calculated.

Ascough (1985) writes that in addition to the three main categories of error, viz. Calibration
Hierarchy, Measurement System, and Data Acquisition, an additional category, called Real
Effects, exists. This category consists of three error sources. Profiles, Fluctuations, and
Mechanics. Profile errors are mainly bias errors associated with the variance of
temperature or pressure profiles across a duct. Since only a finite number of probes can
be used to determine the profile, a curve fit must be made which, in turn, is likely to
incorporate some fixed error. Fluctuation errors are mainly precision errors caused by the
engine control system, not being completely steady, or are induced by the installation of the
particular test facility. Mechanic errors apply mostly to the engine test frame. Ascough
writes that this source of error is much moreimportant than that of the instrumentation, and
that day-to-day variations in thrust calibrations are due mainly to test frame mechanics.

Since the mechanicsand control system of each test facility are never exactly the same, Poti
and Rabe (1988) write that, during tests, performance parameter data should be repeated
at each of the basic operating conditions. Comparisons between the repeated data sets not
only evaluate the measurement capability of the data system, but also account for the
facility’s capability for accurately controlling and repeating an operating point.

4.0 PHASE | DESIGN
4.1 I ntroduction

During the preliminary design, the functional requirements for the Phase | design were
outlined as follows:
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a) to alow user input/edit of elemental error sources;
b) to allow the user to express input data in terms of % reading or % full scale;

c) to input target or reference value at which the performance parameters are to be
evaluated;

d) to input bias, precision, and degrees of freedom for each elemental error source;
e) to alow user input/edit of influence coefficients;

f) to propagate the elemental errors in the calculation of the overal bias, precision, and
uncertainty for each performance parameter.

All of the above requirements have been incorporated into the completed Phase | design.
While coding the program in VAX Fortran, it wasfound that a menu-driven interface, using
screen displays, would be very helpful since the user is required to input a large number
of data values. It was also found that Phase | was in need of a file storage and retrieval
facility to eliminate the need of re-typing al of the input data when performing successive
runs. These functions were originally going to be incorporated in Phase 11, however it was
quickly realized that the user interface and file facility were fundamental to the modular
structure.

The program contains two maininput displays. the measurement error source display and
the influence coefficient display. The user has the choice of either calling up new input
displays or updating old ones. Once the selected display is on the screen, the user can
control the cursor with the arrow keys to type data values in at the appropriate screen
locations. The contents of the display can then be saved by selecting the SAVE/LOAD
menu option and providing a filename. When the display is saved, the data values are
loaded into the system at the same time.  Once both, measurement error source and
influence coefficient displays, have been saved, the program is ready to run. The data from
each display are then combined in the proper bias, precision, and uncertainty calculations
for each performance parameter. The results are presented in the output display.

4.2 Modular Structure

The modules, or subroutines, have been organized as shown in Figure 1. The goal of the
structure design was to isolate program functions as much as possible and to eliminate
redundant coding. This simplifies the design considerably and makesthe task of modifying
the program much easier. For example, one module performs the editing for all the
displays. Upon completing Phase I, it was noticed that some improvements in modular
structure could be made. These improvements will be discussed in Section 5. A short
discussion of each module is given in Appendix A. The modules of Phase | are:
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a MAIN_MENU

The MAIN_MENU subroutine creates the main menu display (VD_MAIN) that presents
four menu options: FILE, RUN, OPTIONS, and EXIT.

b) FILE_MENU

The FILE_MENU subroutine performs all file input/output operations of measurement and
influence coefficients.

c) NEW_ERROR DISPLAY

This subroutine creates a display of new measurement errors, which contains zeros at the
screen locations where the user can type in nominal biasand precision values, and degrees
of freedom for each sensor.

d) NEW_IC DISPLAY

In NEW_IC _DISPLAY a new influence coefficient display is created, showing zeros at the
screen locations where the user can type in the coefficient values for each variable.

e) SCREEN_EDIT

The SCREEN EDIT subroutine performs the editing for both the error and influence
coefficient displays.

f) SAVE LOAD

The SAVE_LOAD subroutine creates a filenamedisplay (VD_FILENAME) that allows the
user to type/edit a name for the file.

g) RETRIEVE

The RETRIEVE subroutine creates the display VD_RETRIEVE, which prompts the user
to indicate the type of file they wish to retrieve (i.e. error display or influence coefficient

display).
h) RETRIEVE_ERROR DISPLAY

In RETRIEVE-ERROR DISPLAY the existing error measurement file is opened and all
data values in the file are read into a character array for presentation on the screen.
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i) RETRIEVE_IC_DISPLAY

In subroutine RETRIEVE_IC _DISPLAY theexisting influence coefficient fileis opened and
all data values in the file are read into a character array for presentation on the screen.

]) READ_ERROR_DISPLAY

Once called, the READ_ERROR _DISPLAY subroutine will read all data values from their
assigned screen locations into a character array and store them in a sequential file.

k) READ IC-DISPLAY:

The READ_IC DISPLAY subroutine performs the same function as the
READ_ERROR_DISPLAY module, except the read commands are set for the VD _IC

display.
) RUN_MENU

The RUN_MENU subroutine performs all the bias, precision, and uncertainty calculations
for each performance parameter.

4.3 Recommendations for PHASE 11

While coding the Phase | program, some possibleimprovements were noticed, which would
increase the structure of the design. The following is a list of recommendations for the
Phase Il development:

a) to initialize (create) al displays in one module so they can  simply be pasted and
unpasted when necessary, rather than re-creating them each time their routines are
called;

b) to incorporate al editing functions for all displaysin one module. This can be easily
accomplished by numbering the displays and using a computed GOTO control structure
that selects the correct cursor control option, according to the value of
CURRENT-DISPLAY. Therefore, whenediting for any display isrequired, smply call
the one existing edit routine.

c) todesign the input data displays such that all data values are spaced at regular intervals
on the screen. Thiswill alow easy reading of the data from, and writing to, the screen,
usng a WHILE loop, rather than having to position the cursor with separate
SMG$READ_FROM_DISPLAY and SMG$PUT_CHARS statements for each data
value.

These changes were made during Phase 11.
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5.0

5.1

PHASE n DESIGN

Introduction

The functiona requirements for Phase Il were outlined as follows:

a)

b)

f)

9)

h)

5.2

to allow the user to select input data displays for each measurement of force, pressure,
temperature, fuel flow, speed and areg;

to incorporate an option menu that will allow the user to define the elemental error
sources, the sensors used in the calculations, the performance parameters, and the type
of uncertainty model (additive or root-sum-square model);

to provide the facility which allows the user to associate a  sensor label with a
measurement filename. Therefore when, for example, a temperature fileis created, the
user can provide a sensor label for the program to identify the type of temperature file
it will be.

to provide the user with the capability to associate a performance parameter label with
an influence coefficient filename;

to incorporate a Student "t" table for t95 values according to input degrees of freedom;

to facilitate the automatic loading of al measurement and influence coefficient files;
The user can create and edit a list of measurement files, then save the file list under a
user defined name. Thus, an entire file set can be loaded by specifying the file set
name.

to provide a series of displays showing the individua results of bias, precision,
uncertainty, and reference value for each measurement. The displays are pasted on top
of each other such that only the measurement nameisvisible. By positioning the cursor
on the highlighted area of any display, the user can pop the chosen display into view and
move it to any area on the screen. This allows himto select and compare randomly
the individual error results of each measurement file.

to provide a hardcopy output of error results for elemental measurements and
performance parameters.

Modular Structure

The modular structure of Phase Il is shown in Figure 2. The design has changed
considerably from that of Phase I, mainly due to the development of the OPTIONS MENU
and the automatic file loading facility LOAD_FILE _SET. The RUN module of Phasel is

no

longer present in the MAIN_MENU. The automatic loading facility, contained in the

FILE_MENU, merely calls the CALCULATE and PROPAGATE_ERRORS subroutines
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as it isloading in each of the input data files. It should be noted that the Phase Il design
is much more flexible than the one of Phase I, allowing the user to define error types,
performance parameters, and a list of all the sensors involved in the error analysis.
Appendix B lists the maximum number of error types, performance parameters, and sensors
that the user can define. A short discussion of each of the Phase |1 subroutinesis given in
Appendix C. The subroutines covered are:

a) INITIALIZEDISPLAYS

The INITIALIZEDISPLAY S subroutine creates most of the displays used in the program
as well as updates any displays which have been modified by the OPTIONS MENU.

b) MAIN_MENU

The first three main selections are displayed in MAIN_MENU: FILE_MENU,
OPTIONS MENU, and EXIT.

c) OPTIONS MENU

The OPTIONS _MENU module alows the user to select which setup parameters (errors,
sensors, performance parameters or uncertainty model) he wishes to define.

d) DEFINEERRORS

Elemental error names for each measurement file, such as temp, press, force, etc., can be
typed in and are saved in a file used to update the corresponding display.

e) DEFINESENSORS

The DEFINE-SENSORS subroutine allows the user to define a list of all sensors or
elemental measurements that are involved in the error analysis.

f) DEFINE-PERFORMANCE PARAMETERS

All performance parametersare defined intheDEFINEPERFORMANCEPARAMETERS
subroutine.

g) DEFINE-UNCERT-MODEL

The user may select either the root-sum-square uncertainty model or the additive model by
choosing the DEFINE_UNCERT_MODEL option.

h) CALCULATE_IC

The CALCULATE_IC moduleis currently empty and will be developed in Phase I11.
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i) FILE_MENU

The FILE_MENU subroutine accesses all file input/output operations as well as the
automatic loading and error propagation routines.

j) RETRIEVE-DISPLAY

All types of measurement files, such as temp, press, force, etc., as well as influence
coefficient files, are selected from the RETRIEVE-DISPLAY .

k) SAVE/LOAD DISPLAY

The SAVE/LOAD-DISPLAY subroutine calls the READ ERRORS or READ _IC module
depending on which display is currently displayed.

) EDIT_CURRENT DISPLAY

Selecting this option from the FILE_ MENU will allow the user to jump into the display
currently showing on the screen, with editing control.

m) PRINT_RESULTS

Selecting this option from the FILE_MENU allows the user to obtain a hardcopy of the
error results.

n) LOADFILESET

The LOAD_FILE_SET subroutine performs automatic loading and error calculations for
each measurement and influence coefficient file.

0) EDIT
The EDIT subroutine performs all editing functions for al displays in the program.
p) RETRIEVE ERRORS

Existing measurement files are uploaded by the RETRIEVE ERRORS subroutine from
memory or new files are created through it.

g) RETRIEVEJC

Existing influence coefficient files are uploaded by the RETRIEVE IC module from
memory or new IC files are created by it.
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r) READ ERRORS

The READ_ERRORS subroutine facilitates the reading of all error valuesfrom their correct
screen locations and stores them in a sequential file.

s READ IC

All influence coefficient values are read from their screen locations through the READ _IC
subroutine and stored in a sequential file.

t) CALCULATE

The CALCULATE subroutine performs all error calculations for each of the measurement
files.

u) PROPAGATE ERRORS

Error results calculated from the CALCULATE subroutine are combined with influence
coefficients to propagate each of the measurement errors to the performance parameters.

v) INDIVIDUAL RESULTS

The results from the CALCULATE module are written by the INDIVIDUAL _RESULTS
subroutine to small, individual displays, one for each sensor, and are presented on the
screen.

w) MOVE_DISPLAY

The MOVE_DISPLAY subroutine alows the user to move each of the individual displays
to any location on the screen and to compare error results between different sensors.

x) STUDENT t TABLE

Given input degrees of freedom, the correct t95 value is returned by the
STUDENT _t_TABLE subroutine.

6.0 PROGRAM VALIDATION
The following is a discussion of how the elemental error estimates are processed and
combined with the influence coefficients to obtain the performance parameter errors.

Sample calculations are provided to verify the correctness of the program.

Each measurement of temp, press, etc., hasthree main sections containing elemental errors.
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These sections are;

a) Calibration Hierarchy
b) Measurement System
c) Data Acquisition

The CALCULATE module of the program calculates a first bias, precision, uncertainty,
and overall degrees of freedom estimate for each of these three main sections. Root-sum-
square equations calculate the bias and precision errors, while the Welch-Satterthwaite
formula is used for determining the overall degrees of freedom for each section. The
degrees of freedom then obtain a t95 values from a Student T table. Uncertainty is
calculated by either the additive or the root-sum-square model, as specified by the user.

The results from each of the three sections are then combined to obtain an overall estimate
of bias, precision, uncertainty, and degrees of freedom for the sensor. These calculations
are performed using the same method as described for the three main sections of
measurement error.

Once theindividual error resultsfor each sensor have been calculated, the program is ready
to propagate these errors to the performance parameters, using the influence coefficients.
Each dependent variable, i.e. each influencing sensor, of the performance parameter is
multiplied by its corresponding influence coefficient in a root-sum-sgquare equation. This
is done for both bias and precision errors. The overall degrees of freedom for each
dependent variable of the performance parameter are multiplied by their influence
coefficients in the Welch-Satterthwaite equation. Once again, a t95 value is obtained from
the Student 'f Table. Uncertainty is calculated either by the root-sum-square approach or
the additive one, as specified by the user.

For the sample calculations, the performance parameter P3Q1 will be used. In test cell
No.5, P3Q1 is typically influenced by the sensors P3 and PI, having influence coefficients
of 0.85 and 0.15, respectively. Elemental error sheets containing fictional data are shown
in Tables 1 and 2. Hand calculations for this set of input data are shown in Appendix D.

7.0 RECOMMENDATIONS FOR FUTURE WORK

Although Phases | and Il were quite challenging, as far as developing the file input/output,
flexibility, user friendliness, and calculating routines are concerned, more theoretical work
will be required in Phase Ill. Since the goal of Phase Il is to develop an on-line system
that will help calculate elemental errors from curve-fits of test data and from measurement
responses to known inputs, it will be difficult to isolate errors that are due to a change of,
say, only one variable. The automated process will likely lump many elementa errors
together and will therefore only be capable of evaluating acombined elemental error, which
is a function of perhaps three variables. If oneis trying to determine a curve slope effect,
and the uncertainty of the variable x affecting the reference value y, is a function of more
than one variable, the calculations become confusing very quickly. Therefore, it is
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advantageous to try and isolate errors as much as possible, rather than following the more
convenient method of grouping them together.

As a fina note, care should be taken in passing parameters between modules, when
common blocks are used. It should be ensured that the blocks are identical and typed in
the same order, wherever they are used in the program. To be safe, all variables in the
common block should also be declared at the beginning of the routine, whether they are
used in the routine or not.
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Table 1. P3 elemental error sheet

REF: 81.00 psi

BIAS  PRECISION EF
. } CALIBRATION HIERARCHY 0.267 0.001 30
- 0.000 0.000 00
— INSTALLATION EFFECTS 0.020 0.000 30
| SENSOR HYSTERESIS 0.080 0.004 20
| NON-LINEARITY 0.040 0.050 20
n 1 REPEATABILITY 0.060 0.050 30
| TEMPERATURE EFFECTS 0.034 0.050 30
| VIBRATION EFFECTS 0.020 0.002 30
| PRESSURE EFFECTS 0.010 0.000 30
| 0.000 0.000 00
1 0.000 0.000 00
— 0.000 0.000 00
1---- SAMPLING ERROR 0.040 0.004 30
| MEASUREMENT CHANNEL ERROR 0.040 0.004 30
| DATA PROCESSING ERROR 0.040 0.004 30
1 0.000 0.000 00

Table 2. Pl elemental error sheet

REF: 14.73 psi

BIAS  PRECISION EF
R - CALIBRATION HIERARCHY 0.057 0.003 20
___ 0.000 0.000 00
[— INSTALLATION EFFECTS 0.030 0.050 20
| SENSOR HYSTERESIS 0.030 0.060 20
| NON-LINEARITY 0.001 0.050 20
n 1 REPEATABILITY 0.002 0.006 20
| TEMPERATURE EFFECTS 0.010 0.006 20
| VIBRATION EFFECTS 0.020 0.070 20
| PRESSURE EFFECTS 0.060 0.070 20
| 0.000 0.000 00
| 0.000 0.000 00
i 0.000 0.000 00
— SAMPLING ERROR 0.200 0.000 20
HI 1 MEASUREMENT CHANNEL ERROR 0.050 0.400 20
1 DATA PROCESSING ERROR 0.300 0.050 20
S 0.000 0.000 00
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Figure 1. Phase | modular structure
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DESCRIPTION OF PHASE | MODULES
a MAIN_MENU

The MAIN_MENU subroutine creates the main menu display (VD_MAIN) that presents
four menu options: FILE, RUN, OPTIONS, and EXIT. Most of the work in Phase | has
been concentrated in the FILE option. This option, as shown in Figure 1, contains all the
file input/output and editing facilities. The RUN moduleis simply a routine that performs
bias, precision, and uncertainty calculations, and displays the results on the screen. The
OPTIONS module has not been coded yet. Thisis to be left for Phases Il and Il where
the user will be able to select output displays or indicate the manner in which he wants to
run the program, eg. if he wishesto link the program to certain modules that will calculate
influence coefficients, curve fit sensor data, etc. The EXIT option simply terminates the
program.

The VMS Screen Management Library has been used throughout the program to create and
control the pop-up displays. Before modifying the code, one should become familiar with
this relatively easy-to-use set of functions. (See Section 8.2 of the VMS Programmers
Manual, and Section RTL-146 to RTL_236 of the VMS Programming Support Manual.)
The Screen Management Library also alows the programmer to create a virtual keyboard
that enables the user to select menus by pressing specific keys. (See RTL-218 of the VMS
Programming Support Manual for a list of corresponding key codes.)

All global variables have been defined in common blocks, such as COMMON /DISP/ and
COMMON /DISP2/. The MAIN_MENU subroutine cycles in a continuous loop,
performing a read operation each cycle to determine the selected key. Once the key is
selected, the corresponding moduleis called.

b) FILE_ MENU

If the FILE_MENU is selected, four options are presented: NEWERRORDISPLAY,
NEW IC-DISPLAY, SAVE/LOAD, and RETRIEVE. Thefirst two optionsdisplay blank
measurement error and influence coefficient sheets. The data values in these displays
appear as zeros and are to be filled in by the user. The SAVE/LOAD option will read the
contents of the current display and load the data into their corresponding variables. The
RETRIEVE option will display an existing error file or influence coefficient file on the
screen. Once again, a loop cycles continuously until a key selection is pressed.

c) NEWERRORDISPLAY

The NEWERRORDISPLAY subroutine creates a new measurement error display, which
contains zeros at the screen locations where the user can type in nominal, bias, precision
values, and degrees of freedom for each sensor. Theglobal variable CURRENT-DISPLAY
is set to "one" to indicate the currently active display. Once the display is on the screen,
the SCREEN_EDIT moduleis called to enable screen editing of the display.
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d) NEWJC-DISPLAY

A new influence coefficient display is created in the NEW_IC_DISPLAY module. Each
performance parameter is listed with its dependent variables. Again, zeros appear at the
screen locations where the user can type in the coefficient values for each variable. The
global variable CURRENT _DISPLAY issetto "two". The SCREEN_EDIT moduleisthen
called to enable editing of the display.

e) SCREEN_EDIT

The SCREENEDIT subroutine is a continuous loop that cycles until the user decides to
save the contents of the screen by pressing <F17>. The read statement which is
performed on each cycle places the keyboard character in the variable INPUT_STRING.
The codes for the arrow keys are held in the variable TERMINATOR. By checking the
integer value of TERMINATOR on each loop cycle, the cursor can be moved in the
appropriate direction using the SMG$SET_CURSOR_REL command. If any key other than
the arrow keys has been pressed, the value of KEY will equal "one", causing the pressed
character to be displayed on the screen. This subroutine performs the editing for both the
error and influence coefficient displays.

f) SAVE LOAD

Once a display has been filled with the desired data values, the FILE key can be selected,
<F17>, and the SAVE/LOAD key pressed, <PF3>. The SAVE_LOAD routine creates
afilenamedisplay, VD_FILENAME, that allows the user to type/edit a name for the file.
After pressng <RETURN>, ether the READ_ERROR_DISPLAY or the
READ_IC DISPLAY routines will be caled, depending on the vaue of
CURRENT-DISPLAY.

g) RETRIEVE

The RETRIEVE module creates the display VD_RETRIEVE, which prompts the user to
indicate the type of file he wishes to retrieve, i.e. error display or influence coefficient
display. Once the type of file is selected, the filename display, VD_FILENAME is
presented on the screen, prompting the user for afilename. After pressing < RETURN > ,
the INQUIRE command is used to check if the file exists. If the file does not exist, the
VD_NOEXIST display iscreated and flashed on the screen for one second. Control is then
passed back to the beginning of the editing loop for the VD FILENAME display, again
prompting the user for an existing filename. Once an existing file has been found, either
the RETRIEVE_ERROR_DISPLAY or RETRIEVE IC DISPLAY modules are called,
depending on the type of file which was selected in the VD _RETRIEVE display.
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h) RETRIEVE ERROR DISPLAY:

In the RETRIEVE ERROR DISPLAY subroutine, the existing file is opened and all data
valuesin thefile are read into the character alray MENU_STRIN(72). The error display,
VD_ID, isthen presented on the screen, followed by aloop which inserts all the stored data
values at their appropriate locations, using the command SMG$PUT_CHARS. The
SCREEN_EDIT moduleis then called to enable editing of the retrieved file.

i) RETRIEVE IC DISPLAY

The RETRIEVEICDISPLAY subroutine performs the same function as described in
paragraph h) above, except that the influence coefficient display VD _IC is presented on the
screen. Since the VD _IC display has its data values placed at irregular screen locations,
it was difficult to insert the MENU_STRIN(39) at the correct screen locations, using aloop,
as was done in the RETRIEVE ERROR DISPLAY module. Thus, the
SMG$PUT_CHARS command is used for each stored data value. This could be overcome
by re-designing the VD IC display to ensure regular spacing of data values.

]) READ ERROR DISPLAY

The common block COMMON/DATA/ iscreatedintheREAD_ERROR_DISPLAY module
to hold all the read data variables, which will later be passed to the RUN module for the
calculations. As mentioned earlier, the READ_ERROR_DISPLAY subroutine is called
from the SAVE_LOAD module. Once called, the subroutine will read all data values from
their assigned screen locations into the character array MENU_STRIN(72), using the
SMG$READ_FROM_DISPLAY command. Thisisaccomplished by aloop similar to that
of the RETRIEVE _ERROR _DISPLAY subroutine. The character values now held in
MENU_STRIN(72) must be converted into real data types in order to perform the
calculations.  Therefore, a READ statement is used to convert each vaue in
MENU_STRIN(72), and assign it to a real variable which can be passed to the RUN
module. Once the data have been read into the variable names, the values held in
MENU_STRIN(72) are written to a sequential file.

k) READ IC DISPLAY

The READICDISPLAY subroutine performs the same function as the
READ ERROR DISPLAY module, except that the SMG$READ FROM_DISPLAY
commands are set for the VD_IC display, and the real variable namesare different. Again,
since the data values are irregularly spaced, a "brute force" method of reading the display
IS used.

) RUN_MENU

The RUN_MENU module performs all the bias, precision, and uncertainty calculations for
each performance parameter. The common block COMMON/DATA/ is declared at the
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beginning of the routine to access all the previously loaded data values. The measurement
error estimates, weighted by the influence coefficients, are then combined in a root-sum-
square calculation of the bias and precision errors. Uncertainty is obtained by adding the
biasand total estimated scatter. (Note: total estimated scatter = 2 x precision). It has been
assumed that a minimum of 30 degrees of freedom are required to merit the use of the "t"

factor = 2.
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ARRAY SIZE LIMITATIONS FOR PHASE H

INPUT LIMIT

Number of different sensors for each measurement:

TEMPETAIUIE ... n e ne e sne e e e e e nn e e anr e e anneennes 10
S S U | < 10
0] (7= 5
S0 o USSR 5
[ 1S I 1 5
F AN 1= 5

Number of different performance parameters .......cccceevvvviviees o o v v v v vw oo .. 20

Number of elemental error sources for each measurement section (for all measurements):
Calibration Hierarchy ..o o o o oo e e e 2
Data ACQUISITION .ooviiiiiiiiiiiviiiiiiiies e e e e v e e e e e e e e e e i e e, 4
Number of virtual displays handled by EDIT routine .......cccccoceeeee o v v o v v v o ... 40

Number of characters used for a fileNaME ....cceeeeeeeeeeeeeeeeeeee 10

Number of characters used for sensor and performance parameter labels.................... 4
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DESCRIPTION OF PHASE H MODULES

a) INITIALIZE DISPLAYS

The INITIALIZE_DISPLAY S module creates most of the displays used in the program, as
well as updates any displays which have been modified by the OPTIONS MENU. Displays
created here are stored in common blocks so they can be passed to other modules and
simply be pasted when needed. When the program is started, this routine will upload the
current .OPT files which were previously defined in the OPTIONS MENU. There are
eight .OPT files, six files for error definitions of temp, press, force, speed, fuel flow, and
area, and two files for the sensor list and the performance parameter list. They are named
as follows:

1) T ERRORS.OPT

2) PERRORS.OPT

3) FERRORS.OPT
4) S ERRORS.OPT

5) FF ERRORS.OPT
6) AERRORS.OPT
7) SENSOR_LIST.OPT
8) PP LIST.OPT

b) MAIN_MENU

The first three main selections are displayed in the MAIN_MENU module: FILE MENU,
OPTIONS _MENU, and EXIT. Thisisa continuousloop that cycles until the <F20> key
is pressed. A SMG$READ_STRING command is executed on each pass of the loop to
obtain the TERMINATOR value of the user’s keystroke.

c) OPTIONS MENU

The OPTIONS _MENU moduleallows the user to select the setup parameters to be defined,
i.e.errors, sensors, performance parameters or uncertainty model. Once al setup
parameters have been defined, the user may quit the menu with the <Do> key. The
INITIALIZE_DISPLAY Sroutineis then called to update theerror displays, sensor list, and
performance parameter list.

d) DEFINE ERRORS

Elemental error names for each measurement file (temp, press, force, etc.) can be typed
in and are saved in a file to update the corresponding display. This subroutine is called
from OPTIONS _MENU. The new error names can be typed on the screen, and are then
saved in the appropriate X ERRORS.OPT file, when the < RETURN > is pressed. To
backup to the previous menu, press <Do>.
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e) DEFINESENSORS

The DEFINESENSORS subroutine allows the user to define alist of all sensors that are
involved in the error analysis. In this routine, a display is pasted to the screen which
allows the user to typein the labels for all sensors to be used. The sensor list can then be
saved in the SENSORLIST.OPT file by pressing <RETURN>. To backup to the
previous menu, press <Do>.

f) DEFINE PERF PARAM

All performance parameters are defined in the DEFINE_PERF_PARAM module. A display
is pasted to the screen, allowing the typingin of all the performance parameters used in the
analysis. The labels can be saved in the PPLIST.OPT file by pressing < RETURN >.
To backup to the previous menu, press <Do> .

g) DEFINEUNCERTMODEL

The user may select either the root_sum_sguare (RSS) uncertainty model or the additive
model through the DEFINE_UNCERT_MODEL option. Each time the <PF4> key is
pressed, the name of the current model setting (additive or RSS) will be displayed on the
screen.

h) CALCULATEJC
The CALCULATE_IC moduleis currently empty and will be developed in Phase I11.
i) FILE_MENU

The FILE_MENU subroutine accesses all file input/output operations, as well as the
automatic loading and error propagating routines. To quit this menu, press <Do> .

]) RETRIEVE DISPLAY

All types of measurement files (temp, press, force, etc.), as well as influence coefficient
files are selected from the RETRIEVE-DISPLAY. This subroutine is called from
FILE_MENU. It providesalist of seven selections, viz.six measurement displays and one
influence coefficient display.

When a measurement file is selected, a small display is pasted, prompting the user for a
filename. Once a name has been typed in, and < RETURN> is pressed, the program
checks to see if the file exists, and if it does, it will simply be recalled from memory and
pasted to the screen. If the file does not exist, a second display is pasted, prompting the
user for a sensor label. Thisisdone so the program identifies the new fileis, for example,
a temperature file for the sensor PSI. |f the sensor label typed inis not found in the sensor
list, previously defined in the DEFINE SENSORS routine, a message will flash on the
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screen, telling the user the label was not found. If the user has forgotten the labels defined
previously, he may backup to the MAIN_MENU with the <Do> key and call up the
OPTIONS_MENU to check the sensor list. Once a legal sensor label is typed in, a new
measurement file for that particular sensor is created and displayed on the screen.

When an influence coefficient file is selected, the filename display is once again pasted.
If the file exists, it is uploaded and displayed. If the file does not exist, a second display
IS pasted, prompting the user for a performance parameter label. If the typed label is not
found in the performance parameter list previoudy defined in DEFINEPERFPARAM
module, a warning message will flash on the screen.

k) SAVE/LOADDISPLAY

The SAVE/LOAD DISPLAY subroutine callsthe READ_ERRORS or READ_IC module,
depending on which display is currently on the screen.

) EDIT CURRENT DISPLAY

Selecting the EDIT_CURRENT_DISPLAY option from the FILE_MENU will alow the
user to jump into the display currently showing on the screen, with editing control. The
global variable CURRENT_DISPLAY ischecked to see which display is on the screen, and
the EDIT routineis called.

m) PRINT RESULTS

Selecting the PRINT_RESULTS option from the FILE_MENU provides the capability of
obtaining a hardcopy of the error results. The error results are those from the most current
run of the program. Individual results from each sensor, as well as the bias, precision, and
uncertainty of each performance parameter, are printed. The user has the option of
obtaining a hardcopy from either the laser or the dot matrix printer.

n) LOAD FILE SET

The LOAD_FILE_SET subroutine performs automatic loading and error calculations for
each measurement and influence coefficient file. When called from the FILE_ MENU, a
small display is pasted, prompting the user for a data set name. If the file does not exist,
a new file is created under the filename. The sensor and performance parameter lists are .
then written adjacent to the screen location, where the user will type in the filenames of all
the measurement and influence coefficient files of the analysis.

The user must typein an 'END’ statement after the last influence coefficient file, otherwise
a warning message will flash. Also, al filenames must be matched with a sensor or
performance parameter label, or a warning message will flash. Finally, if one of the
filenames typed does not exist, a "does not exist" message flashes.
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Once all legal filenames are typed, < RETURN > may be pressed to begin the automatic
loading. The RETRIEVE ERRORS moduleis called to write the first sensor file to the
screen. The READ_ERRORS and CALCULATE modulesare then called to evaluate the
sensor errors. Once all sensor files have been loaded and calculated, the RETRIEVE_IC
and READ_IC routines are caled to load the influence coefficients. Finally, the
PROPAGATE_ERRORS routine is caled to evaluate errors for the performance
parameters.

0) EDIT

The EDIT subroutine performs all the editing functionsfor all displaysin the program. It
uses a computed GOTO statement and the value of CURRENT DISPLAY to provide
editing control over the display currently on the screen.

p) RETRIEVE ERRORS

Existing measurement files are uploaded from memory or new files are created by the
RETRIEVE_ERRORS module. New files are displayed on the screen with zeros printed
at the input locations. Where error names have not been defined, the printed zeros can be
simply left at their screen locations. All measurement files are written to the screen in this
routine, using a computed GOTO statement, which uses the integer value of the global
variable CURRENT_DISPLAY to write characters to the correct display. Once thefileis
on the screen, the EDIT subroutine is called, enabling the user to type in data. After the
data are typed, the file key <F17> may be pressed to call up the FILE_MENU and to
select the SAVE_LOAD_DISPLAY key to save thefile.

g) RETRIEVE IC

Existing influence coefficient files are uploaded from memory or new IC files are created
by the RETRIEVE_IC subroutine. When an influence coefficient (1C) fileis uploaded, the
sensor list is aso uploaded. Each IC file has its corresponding performance parameter
printed at the top of the screen. The sensor list is written to the screen beside all the user
input locations. Therefore, each IC file is for one performance parameter, alowing the
user to type in IC values next to any influencing sensor. Sensors, having no effect on the
performance parameter, are ssimply left as zeros. Once the IC values are typed in, the
editing and save functions operate in the same manner as described in paragraph p).

r) READ ERRORS

All elemental error values are read from their correct screen locations and are stored in a
sequential filein READ ERRORS. There must be at least one non-zero value in each of
the three main sections, Calibration Hierarchy, Measurement System, and Data Acquisition,
of the measurement file, otherwise a message will flash on the screen telling the user there
are insufficient data.
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s READIC

All influence coefficient values are read from their screen locations by the READ_IC
module and stored in a sequentia file. There must not be any numerical values typed at
screen locations not having an adjacent sensor label. If this condition is detected by the
program, a message will flash explaining that there is an unpaired numerical value and
sensor |abel.

t) CALCULATE

The CALCULATE subroutine is used to perform the individual calculations for all the
sensors. The sensor list is first searched to find the correct array position for the
calculations that follow. The routine calculates a bias, precision, uncertainty, and overal
degrees of freedom estimatefor each of the three main sections. Root-sum-sguare equations
calculate the bias and precision errors, while the Welch-Satterthwaite formula is used to
calculate the overall degrees of freedom for each section. The degrees of freedom then
obtain a t95 values from a Student 't table. Uncertainty is calculated using either the
additive or root-sum-square model, as specified by the user. The results from each of the
three sections are then combined to obtain an overall estimate of bias, precision,
uncertainty, and degrees of freedom for the sensor. These calculations are performed by
the same method as described for the three main sections of measurement error.

u) PROPAGATE ERRORS

Error results calculated from the CALCULATE routine are combined with influence
coefficients in the PROPAGATE_ERRORS module to propagate each of the measurement
errors to the performance parameters. This subroutine contains three nested DO WHILE
loops. The outer loop cycles through all of the performance parametersin the performance
parameter list, the middle loop marks whether the calculation is for propagation of bias,
precision, or degrees of freedom, and the inner loop cycles through all of the sensors in the
sensor list. Before stepping to the next performance parameter, a t95 value is obtained
from a STUDENT _t TABLE and the uncertainty is calculated, using either the additive or
RSS model. After the calculations are completed, the results are displayed on the screen.

v) INDIVIDUAL-RESULTS

Once the performance parameter error results are written to the screen, the user has the
option to view the individual error results of each sensor by means of the
INDIVIDUAL-RESULTS module, or quit to the FILE_MENU. When viewing the
individual results, the bias, precision, and uncertainty of all three main sections, as well
as thetotal and reference values, will be pasted to the screen in small displays, one for each
Sensor.
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w) MOVE DISPLAY

The MOVE_DISPLAY subroutine allows the user to move each of the individual displays
to any location on the screen and compare error results between different sensors. By
positioning the cursor on the highlighted area of any display, the <4>, <8>, <6>,and
< 2> keyson the keypad may be used to pop the display up into view and move it around
the screen.
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SAMPLE CALCULATIONS

This section provides a sample calculation to illustrate the algorithms which are
implemented in this package. The complete uncertainty calculation is shown for the
compressor pressure ratio, P3/P1 (P3Q1). It involves calculations for P3 and Pl initially,
and then propagation through the influence coefficientsto the bias, precision and uncertainty
for the parameter, P3/P1. Throughout, results are given for both additive and root sum
square (RSS) error models. Details are also included of the degrees of freedom and the
associated 95th percentile point for the two-tailed Students "t" distribution (t95).

The nomenclature for the intermediate resultsis:
Vstation_class type

Pl for Pl
P3 for P3

where station

class CALI for the calibration hierarchy error class
MEAS for the measurement methods error class
DATA for the data reduction error class

TOTAL for the total error from all classes

BIAS for the bias contribution

PREC for the precision contribution

DF for the degrees of freedom

UNCERTA for the total uncertainty with the additive error model
UNCERTR for the total uncertainty with the root sum square error
model

type

The influence coefficients for P3Q1 are P1 IC and P3_IC with respect to Pl and P3,
respectively. For the P3Q1 parameter, the nomenclatureis:

P3QI _type
where the type follows the nomenclature for the intermediate results.

Sample Calculations
1) P3

a) Calibration Hierarchy
P3_CALI_BIAS - 0.267
P3_CALI_PREC - 0.001

P3 DF - 30, Therefore t95 - 2.0




IME-MET-LM-006

D-3

b)

P3_CALI_UNCERTA - 0.267 +(2.00x0.001)
- 0.269 (additive)

2
P3_CALI_UNCERTR - ((0.267)% +(2.00x0.001)?)?
- 0.267 (RSS)
Measurement System
2
P3_MEAS_BIAS - (0.02% +0.08% +0.04% +0.06% +0.34% +0.02% +0.01%) 2
- 0.117
2
P3_MEAS_PREC - (0.004% +0.05% +0.05% + 0.05 + 0.002?) 2
- 0.087
p3 MEAS BE - - 0.004% +0.05° +0.05% +0.052 +0.002°)% _____
(0.004)* , (0.05) . (0.05)* . (0.05)* . (0.002)*
20 20 * 30 * 30 30
- 260, therefore: t95 - 2.0
P3_MEAS_UNCERTA - 0.117 +(2.00x0.087)
- 0.291 (additive)
2
P3_MEAS _UNCERTR - (0.117% +(2.00x0.087)%) ?

- 0.209

Data Acquisition System
2
P3_DATA_BIAS - (0.04% +0.04% +0.04%)?

- 0.069
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2
P3 DATA_PREC - (0.004% +0.004? +0.004%)?
- 0.007
P3_DATA _DF - (00042, 0.004% , 0.004%)>—
(0.004)" . (0.004)* , (0.004)*
30 " 30 30

- 89, therefore: 195 - 2.0

P3,DATA_UNCERTA - 0.069 +(2.00x0.007)
- 0.083 (additive)

2
P3_DATA_UNCERTR - ((0.069)* +(2.00x0.007)%)?
- 0.070 (RSS)
d) Total Sensor Error
2
P3_ TOTAL_BIAS - (P3_CALI_BIAS? + (P3_MEAS BIAS? + P3_DATAJBIAS??
2
- (0.267% +0.117% + 0.069%)?
- 0.300
2
P3_ TOTAL_PREC - (P3_CALI_PREC? +(P3_MEAS_PREC? + P3_DATA_PREC??
2
- (0.001% +0.087% +0.007%)2

- 0.087

(P3_CALI_PREC? + P3_MEAS PREC? <+P3 DATA_PREC??
(P3_CALI_PREC)* , P3_MEAS PREC)* , (P3_DATA_PREC)*
P3_CALI_ DF * P3_MEAS DF * P3_DATA_DF

P3_TOTAL_DF -
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2) Pl

b)

P3 TOTAL DF -  (0-001° +0-087° +0.007%)*—
(0.001)" , (0.087)" . (0.007)*
30 260 89

- 263, therefore; t95 - 2.0

P3_TOTAL_UNCERTA - 0.300 +(2.00x0.087)
0.474 (additive)

2
((0.300)* + (2.00x0.087)%)?

0.347 (RSS)

P3_TOTAL_UNCERTR

Calibration Hierarchy

P1CALIBIAS - 0.057

P1_CALI_PREC - 0.003

P1 CALI_DF - 20, Therefore: t95 - 2.086

P1_CALI_UNCERTA - 0.057 +(2.086x0.003)
- 0.063 (additive)
2
((0.057)* + (2.086x0.001)%)?
0.059 (RSS)

P1_CALI_UNCERTR

Measurement System

2
P1_MEAS_BIAS - (0.03? +0.03% +0.001% +0.002% + 0.0107 + 0.020? + 0.060°) 2

- 0.077
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2
P1_ MEAS_PREC - (0.05 +0.06% +0.05% + 0.006° + 0.006° + 0.006 + 0.07% + 0.07%)

- 0.136

(0.05% + 0.06% + 0.05% + 0.006> + 0.006° +0.07> + 0.07%)?
(0.05)* . (0.06)* . (0.05)" . (0.006)* . (0.006)* . (0.07)* (0.07)*
20 * 20 * 20 * 20 * 20 20 20

- 130, therefore: t95 - 2.0

P1_MEAS_DF =

PI.MEASJINCERTA - 0.077 +(2.00x0.136)

- 0.349 (additive)

2
P1_MEAS_UNCERTR - (0.077° + (2.00x0.136)?)?
- 0.283 (RSS)
¢) Data Acquisition System
2
P1_ DATA_BIAS - (0.200% +0.05% +0.30%) 2
- 0.364
2
PI-DATA-PREC - (0.04% +0.05%)2
- 0.064

- B (0.09)* ., (0.05)*

20 20
- 42, therefore: t95 - 2.0

P1 DATA_UNCERTA - 0.364 +(2.00x0.064)
- 0.492 (additive)
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2
P1_DATA_UNCERTR - ((0.364)” +(2.00x0.064)?)?

- 0.386 (RSS)
d) Total Sensor Error

P1_TOTAL_BIAS - (P1_CALI_BIAS? + (P1_MEAS BIAS? + P1_ DATA BIAS?
2
- (0.057% +0.077% + 0.364%)?

- 0.376

2

P1_ TOTAL_PREC - (P1_CALI_PREC? +(P1_MEAS PREC? +P1_DATA_ PREC?)?2
2
- (0.003° +0.136° +0.064%)°

- 0.150

Pl TOTAL DF - (P1-“~' .PREC?"* P1 MEAS PREC? +P1 DATA PREC??’_
(P1 CALI PREC)" . PL MEAS PREC)*, (PL DATA PREC)"

PL CALI DF * P1_ MEASDF * P1_DATA_DF

0 0032 + o_1362 + 0 0642 )2

PL_TOTAL_DF - <
(0.003)" , (0.136)* . (0.064)"

20 130 42
- 169, therefore; t95 - 2.0

P1 TOTAL_UNCERTA - 0.376 +(2.00x0.150)

- 0.676 (additive)

2
((0.376% + (2.00x0.150)%)?
0.481 (RSS)

P1_TOTAL_UNCERTR

3) Propagation to P3Q1

influence coefficients: P3 IC - 0.85
P1L IC - 0.15
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P3Q1.BIAS - [(P3_ICxP3 TOTAL_BIAS)? + (Pl JCxPl_TOTAL_BIAS)]

2
-[(0.85x0.300)? + (0.15x0.376)?] >

- 0.261

P3Q1 PREC - [(P3JCxP3_TOTAL_PREC)? +(Pl_ICxPI_TOTAL_PREC)]

2
-[(0.85x0.087)? + (0.15%0.150)%] 2

- 0.077

P3Q1 DF - [(P*-'“*P® .TOTAL PREC)®>+ (Pl ICxPl TOTAL PREC)%?
(P3_ICxP3_ TOTAL_PREC)*  (PI_ICxPI_TOTAL_PREC)"

P3 TOTAL_DF * P1 TOTAL_DF

P3Q1DF - [(>-*°.987)2* (0 |5x0.15)%]
(0.85x0.087)" , (0.15x0,15)"

263 " 130
- 18004 therefore: t95- 2.0

P3Q1JINCERTA

0.261 + (2.00x0.077)
0.415 (additive)

2
((0.2617 +(2.00x0.077)%)

0.303 (RSS)

P3Q1L.UNCERTR
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Table DI.

Pl ERRORS
Reference Pl = 14.73 psi

Uncertainty model: RSS

BIAS | PRECISION

UNCERTAINTY

CALIBRATION
HIERARCHY

0.057 0.003

0.057

MEASUREMENT
SYSTEM

0.077 0.136

0.282

DATA ACQUISITION

0.364 0.064

0.386

TOTAL

0.376 0.150

P3 ERRORS

Reference P3 = 81.00 psi

0.482

BIAS | PRECISION

UNCERTAINTY

CALIBRATION
HIERARCHY

0.267 0.001

0.267

MEASUREMENT
SYSTEM

0.117 0.087

0.209

DATA ACQUISITION

0.069 0.007

0.071

TOTAL

0.300 0.087

PRECISION

0.346

UNCERTAINTY

0.077

0.303
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Table D2. Uncertainty model: additive

Pl ERRORS
Reference Pl = 14.73 psi

BIAS | PRECISION | UNCERTAINTY

CALIBRATION 0.057 0.003 0.063
HIERARCHY

MEASUREMENT 0.077 0.136 0.349
SYSTEM

DATA ACQUISITION 0.364 0.064 0.492
TOTAL 0.376 0.150 0.677

P3 ERRORS

Reference P3 = 81.00 psi
BIAS | PRECISION | UNCERTAINTY

CALIBRATION 0.267 0.001 0.269
HIERARCHY

MEASUREMENT 0.117 0.087 0.290
SYSTEM

DATA ACQUISITION 0.069 0.007 0.083
TOTAL 0.300 0.087 0.474

PRECISION | UNCERTAINTY
0.077 0.415
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