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FOREWORD

This final report presents work conducted for the Marshall
Space Flight Center (MSPC) in response to the requirements of Con-
tract NAS8-36548. The work presented here was performed by REM-
TECH, Inc., Huntsville, Alabama and is titled, "Measurements for
Liquid Rocket Engine Performance Code Verification."

The project manager for this project was Dr. Sarat
C. Praharaj. The project was very much aided by the technical sup-
port of the NASA contract monitor, Mr. Klaus Gross, EL 24 of the

Systems Performance Branch of the Mission Analysis Division.
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Section 1.0

INTRODUCTION

The various performance 1losses for 1liquid rocket thrust
chambers are currently calculated by computer programs such as
CICM, SDER, TDK, BLIMPJ and BLM. Systematic measurements to verify
the calculated losses individually hardly exist, and the ones that
exist are associated with high degree of uncertainty. Several
years ago, the "JANNAF Rocket Engine Performance Test Data Acquisi-
tion and Interpretation Manual" (CPIA Publication 245) (Ref. 1) was
prepared with reference to the recommended performance methodology.
The procedures in this manual provided basic considerations for
measuring various performance losses. The objective of the present
work is to establish a procedure which complements the above CPIA
publication. This work provides a general directory which would
guide the test engineer to select the appropriate type of test, the
parameters to measure, necessary test facility, required instrumen-
tation with associated operation complexity and perform an uncer-
tainty analysis to obtain the highest quality of test information.

The JANNAF thrust chamber evaluation procedures are based on a
physical model that accounts for the major processes occurriqg in
the thrust chamber, losses associated with these processes, and in-
teractions among the processes. The basic processes are shown in
Fig. 1.1. Propellants enter the combustion chamber through the in-
jector, are mixed, vaporized and combusted. Deviations from

complete homogeneous mixing and vaporization (or combustion) to
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equilibrium are referred to as energy release losses or as injector
losses. These losses have been theoretically modeled by previous
investigators, and among the codes developed over the years, the
currently-accepted ones by the propulsion community and recommended
by JANNAF are the following injector characterization codes:
Coaxial Injection Combustion Model (CICM) and Standard Distributed
Energy Release Model (SDER).

The reaction products are expanded subsonically in the conver-
gent part and supersonically in the divergent part of the nozzle,
where the reactions continue. Deviations from 1local chemical

equilibrium are referred to as reaction kinetic losses. These

kinetic losses can be predicted by using the inviscid reacting flow
code called the One-Dimensional Kinetics code (ODK) and comparing
the results with the One-Dimensional Equilibrium code (ODE) solu-
tion.

In the physical expansion process, velocity components normal
to the direction of thrust may develop. The 1losses due to the
non-uniform expansion of the available momentum in the direction of

thrust are referred to as two-dimensional or divergence losses.

These losses can be calculated from the Two-Dimensional and
One-Dimensional code solutions.

In the region close to the nozzle wall, viscous effects are
significant. The losses due to the momentum decrement at the wall
because of momentum and heat transfer in the wall region are

referred to as boundary layer losses. These can be calculated by
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using such codes as Boundary Layer Integral Matrix Procedure - Ver-
sion J (BLIMPJ) and Boundary Layer Module (BLM).

Graphically, ali the above-described 1losses are given in
Fig. 1.2 which was reproduced from Ref. 1. All the losses are sub-
tracted from the ideal Isp calculated by the ODE program based on
one-dimensional assumptions. The heat losses due to radiation and
large-scale turbulence in the combustion gases and not included ei-
ther in the boundary layer or injection analysis are lumped in the
non-boundary layer heat losses.

This effort addresses the contract objectives in four sec-
tions. These topics yield answers to the following questions ad-
dressed in the contract Scope-of-Work:

How shall we conduct the testing for the best results?

What can we afford to be tested?

Are the final test data sufficient and accurate?

The first section focuses on identifying the potential meas-
urements which directly relate to parameters in the input or output
of the relevant computer code, the relationship between the meas-
urement and associated parameter, direct measurement, if possible,
for the specific performance losses, and measurement location in
the thrust chamber. Measured parameters needed for data interpre-
tation are vacuum thrust, flow rates, pressures, enthalpies, com-
positions, temperatures and velocities. These parameters are
usually combined into meaningful performance parameters such as

specific impulse (Isp)., various efficiencies (or 1losses), exhaust
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properties and boundary layer properties. The above information
has been summarized in charts and tables to make it easily accessi-
ble.

The second section specifies which type of test would produce
the magnitude of individual losses without confounding the measure-
ments with other effects. Many valuable suggestions were made in
Ref. 1 as to how to measure individual losses. The recommendations
given here extend these ideas and organize them in a systematic
manner. Considerations were given to cold flow, hot flow, reactive
flow, scaled model, full size configuration, small or large area
ratio nozzles, hot wall, controlled heat transfer, etc. The
results from these tests will provide the best data for verifica-
tion of the analytical model.

The third section describes an uncertainty analysis procedure
recommended for pre-test and post-test uncertainty evaluation of
the measured data. Since it is imperative that these uncertainties
be within certain specified bounds to represent useful data, such
an analysis is essential particularly for individual loss gquantifi-
cation. Also, an error propagation analysis is provided with the
objective to reach an overall performance (specific impulse) uncer-
tainty of approximately one-quarter percent.

The last section identifies leading candidate instrumentation
for making various measurements. It describes its manufacturer,
presently quoted accuracy, complexity of calibration and operation,
advantanges and limitations as well as current cost estimates.

Some of the more modern and promising instrumentation are also
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presented with their relative advantages or limitations over con-

ventional instruments.
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Section 2.0

IDENTIFICATION OF POTENTIAL MEASUREMENTS

The basic measure of rocket engine performance is the thrust
per unit mass flow rate of expended propellants, commonly known as
specific impulse (Isp). The characteristic velocity (C*) is also
used as a measure of the basic impulse of the engine prior to ex-
pansion beyond choked conditions. Measured parameters needed for
performance data interpretation are vacuum thrust, flow rates,
pressures, enthalpies, compositions, temperatures and velocities.
These parameters can be combined into such meaningful performance
parameters representing various performance losses or efficiencies,
exhaust properties and boundary layer properties in addition to Isp
and C*, Both the data analyst and the test engineer must realize
that the parameters of interest may not always be measured
directly, but instead may be measured indirectly and related to the
parameter through an analytical procedure. It should further be
noted that the parameters of interest cannot always be measured
directly at the location of interest.

Since the thrust of the present work is to gquantify each in-
dividual loss present in a thrust chamber, one necessarily has to
subtract the actual measuréd Igsp from the ideal or theoretical
(ODE) calculation of Isp. In some cases such as the boundary layer
losses, they could be measured directly by probing the boundary
layer thus providing an alternative to quantify the individual

losses. In most rocket engine testing, all these losses may be
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present in various proportions thus confounding the results with
various effects. The procedure given in the next section separates

the individual losses. Thus, if an experiment could be devised to

measure only one loss then the loss may be calculated as follows:

Igp Loss = Igp (ODE) - Igp (measured) (2.1)
where Isp (ODE) = Theoretical (ODE) Isp calculation
and Isp (measured) = Measured value of Igp
including only one 1l0ss
quantity

In order to characterize the losses, it is necessary to gain
insight into such aspects as the flowfield, heat transfer, mixture
ratio, gas composition etc. in the thrust chamber. The various
parameters used in the performance codes both in their input and
output sections could be measured. If direct measurements of these
parameters are not possible, then certain related measurements
should be made and the parameters be determined from the measure-
ments via appropriate analytical procedures. The rationale behind
such painstaking measurements is to identify the current prediction
quality and to conclude what could be done to improve the overall
performance of the thrust chamber. Finally, the overall perfor-
mance can be assessed by making direct measurement of thrust and
the nozzle mass flow rate.

The measurements for various losses are summarized in the suc-
ceeding subsections. The procedures for converting the indirect
measurements to the desired parameters are summarized in the

attached tables. These tables specifically address the
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identification of individual 1losses and the related input/output

parameters in the performance codes.

2.1 INJECTOR LOSSES

As described earlier, the mixing and vaporization losses stém-
ming from less than ideal mixing between the fuel and the oxidizer,
improper atomization and vaporization in the case of liquid/liquid
or liquid/gas propellant system, and finally, the combustion to
equilibrium are lumped to yield the injector losses. The computer

codes used in the rigorous procedure are the following:

LISP (DER)

Liquid 1Injector Spray Pattern Subprogram (of the dis-
tributed energy release model) - Calculates droplet
spray pattern for liquid/liquid and gas/liquid injec-
tors.

3DC - Three-Dimensional Combustion Program - Calculates
simultaneous burning, dispersion, and collisions of
sprays following initialization by LISP.

CICM Coaxial Injection Combustion Model - Replaces LISP and

3DC for coaxial elements.

STC (DER)

Streamtube Combustion Subprogram of the DER Model -
Calculates combustion after initiation of
streamtube-type flow.

The most universally used parameter to characterize an injec-

tor is the characteristic velocity, C* defined by

C* PoAm (2.2)

oy
where Po = Effective Combustion Chamber Stagnation Pressure
Throat Area
Mass Flow rate

>
-3
[ I ]

This parameter is a measure of the maximum flow rate possible

for a given system pressure and is also proportional to both the
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specific impulse and sonic velocity. The C* parameter is often
used as a measure of the injector excellence since fully mixed and
reacted propellants generally have higher C* than poorly-mixed and
partially-reacted propellants. Since the objectives of the meas-
urements delineated in this section are to identify the discrepan-
cies between the theoretical calculations and measurements, it will
be necessary to check for the sources of error in the various pro-
cesses occurring in the combustion chamber.
The indications of potential error or inefficiencies are:

e Injector losses and C* measurements are inconsistent with pre-
dictions.

e The various efficiencies are very low.

e Injector pressure drops are significantly different than pre-
dicted.

e Boundary layer start point is significantly different than
predicted. (This basically refers to the assumption of 20M).

e Exhaust compositions are significantly different than pre-
dicted.

The sources of discrepancies may lie in:
® Droplet size
® Mixture ratio distribution
® Mass distribution (size distribution)
® Effective chamber pressure
e Inlet enthalpies
® Droplet heating and vaporization rates
® Combustion chamber temperature

Table 2.1 summarizes the measurement parameters related to the

- 10 -
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input/output parameters in the relevant computer code, potential
measurements relating to the parameter, relationship between the
measurement and parameter, direct measurement, if possible, for

specific performance loss, and measurement location in the thrust

chamber.

2.2 DIVERGENCE LOSSES

The divergence 1losses are a result of axial momentum being
lost to the radial component of the momentum as the flow contracts
and expands through a thrust chamber and thus, are a strong func-
tion of the geometry of the thrust chamber. It is well known from
the literature that for choked flow, the velocity (or Mach number)
distribution in the sonic throat is non-uniform. As the flow ex-
pands supersonically in the expansion section of the nozzle, the
velocity non-uniformity reduces because of the redistribution of
flow velocities.

The appropriate computer codes applicable to the calculation
of these two-dimensional losses are the following:

TDK - Two-Dimensional Kinetic Program - Calculates simultaneously
expanding and reacting gas flow without viscous effects.

TDE - Two-Dimensional Equilibrium Subprogram contained in the TDK
Code -~ Calculates non-uniform expansion effects using isen-
tropic equilibrium relationships.

TDY - Two-Dimensional Perfect Gas Subprogram contained in the TDK
Code - Uses perfect gas relationships to obtain properties
for analyzing non-uniform expansion.

All the above programs and subprograms are located in one code

and may be called as required.

- 13 -
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Theoretically, the divergence losses are calculated by either

Algp (Div.) = Igp (ODE) - Igp (TDE) (2.3)

or

Algp (Div.)

Isp (ODK) - Isp (TDK) (2.4)
Equation 2(2.3) is more accurate than Eq. (2.4) since the two codes
in Eq. (2.3) calculate the performance based on equilibrium com-
position of the species, whereas the calculations in Eq. (2.4) con-
tain the effects of kinetics in both codes and may not cancel
exactly. However, the advantage of using Eqg. (2.4) over Eg. (2.3)
is that only one run needs to be made to output the ODE, ODK and
TDK values. I1f an .inert gas or air at low temperature is used as
the flowing gas, both Egs. (2.3) and (2.4) would yield the same

. results. A few calculations need to be made to compare the loss
magnitudes from the above equations.

While making measurements on the thrust chamber to identify
two-dimensional losses, it is of advantage to measure auxiliary
parameters such as wall pressure, velocity distribution and mass
flow rate, which would substantiate areas of uncertainty. Poten-

tial errors in measurement are indicated when:

® Wall pressures are significantly different than predicted.
e Throat flow rate is significantly different than predicted.

® Measured thrust 1loss is noticeably different from predic-
tions.

® The exit plane velocity distribution is much different both
in magnitude and direction from predictions.

When these discrepancies are indicated by comparing the

- 14 -
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measurements with predictions, the sources of error lie in:

e Specification of potential wall contour

® Mixture ratio and mass distribution

e Inlet enthalpies (fuel and oxidizer)

e Effective chamber pressure

® Numerics in TDK in specifying characteristics mesh size

e Specification of the sonic line at the throat - This refers
to the transonic solution at the throat region for choked

flow situation.

e Non-boundary 1layer heat 1losses due to conduction, high
scale fluctuations etc. in the combustion chamber.

The performance parameters to be measured, measurements neces-
sary to relate to these parameters and measurements locations are

summarized in Table 2.2.

2.3 REACTION KINETIC LOSSES

The reaction kinetic losses are a result of deviations of the
reactions occurring in the thrust chamber from complete equilibrium
conditions. Because of high temperature and pressure conditions in
the combustion chamber, the reactions attain equilibrium. However,
as the reaction products expand through the thrust chamber, pres-
sure and temperature fall drastically in the nozzle expansion sec-
tion, and the reaction kinetics play a significant part in
determining reaction rates. The appropriate JANNAF computer codes
applicable for the calculation of kinetic losses are the following:

TDK - Two-Dimensional Kinetic Program - Calculates simultaneously
expanding and reacting gas flow without viscous effects.

- 15 -
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Table 2.2 -~ DIVERGENCE LOSSES®

RTR 157-01

Parameters in
Performance Code

Potential Measurements

Relating to the

Parameters and Specific
Performance Loas

Relationship between
Measurenents and
Paraneters

Location

INPUT PARAMETER

Mixture ratio -
o/F

Combustion chamber
pressure, p.

#8Inlet
enthalpies, H

888Combustion
chanber temp-
erature, Tc

Geometry of the

thrust chanmber

1. Subsonic portion

2. Throat

3. Supersonic
portion

Area ratio

Cold flow tests
(Conventional)

Combustion chamber
wall pressure

Temperature measure-
ments. CARS techniques
are potential future
measurements (uncon-
ventional) for measur-
ing temperature.

Thermocouple measure~
ments

Drawing

Drawing

Same as parameter
Simplified method for
Por given in Ref. 1

Temperature related
to enthalpy

Same as parameter

Same as paraneter

Mixing region
aft of injector

Combustion
chamber wall

Propellant feed
line

Combustion
chamber

OUTPUT PARAMETER

Mass flow rate

Pressure distri-
bution and profile

Velocity profile

Thrust loss

1sp

Feed system measure-
ment

Wall pressure measure-
ments at the nozzle
wall and probe studies
in the exit plane

Probe studies or LDV

Load cell (strain
gage measurements)

Thrust loss and mass
flow rate

Calculated from the
feed system measurement

Same as parameter

Same as parameter

Thrust loss = ideal

thrust - measured
thrust

AISP = AT/!‘IT

Feed system

Nozzle wall
and exit plane

Nozzle exit
plane

¢ TDK is the standard JANNAF performance code
% Real propellants option

&88 Perfect gas option

- 16 -
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ODK - One-Dimensional Kinetic Subprogram contained in the TDK Code
- Calculates kinetics effects for plane uniform flow.

Theoretically, the kinetic losses are given by
: - - (2.5)
Algp (Kin.) = Igp (ODE) - Igp (ODK) ,

The reason for subtracting the ODK value from the ODE value is to
calculate only the kinetic losses, since the other 1losses would
have already been taken out from the theoretical value to compare
with the measurement.

While making measurements for determining kinetic losses,
several auxiliary parameters relating to kinetic losses should be
measured. Normally, the Igp measurements would contain injector,
boundary layer and divergence effects. Thus, it is important to
identify and quantify these losses using the JANNAF codes before
trying to quantify the kinetic losses. In turn, the uncertainties
in the other measurements have a magnifying effect on the uncer-
tainty with respect to the magnitude of the kinetic losses. 1In ad-
dition to determining the kinetic losses, other quantities, such as
the mixture ratio, combustion chamber pressure, inlet enthalpies,
chamber geometry and area ratio which represent the input parame-
ters to TDK, and mass flow rate, pressure distribution, temperature
distribution and species composition, which represent the output
parameters to TDK, should be measured.

Potential errors in measurement are indicated when:

e  Wall pressures are significantly different than predicted.

e Throat flow rate is significantly different than predicted.

- 17 -
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® Measured thrust 1loss is noticeably different from predic-
tions.

e Exhaust composition and temperatures are significantly dif-
ferent than predicted.

e The exit plane velocity distribution is much different both
in magnitude and direction from predictions.

When these discrepancies are indicated in the measurements,

the sources of error may lie in:

e Specification of potential contour (If non-equilibrium ef-
fects exist in the boundary layer which are not accounted
for by the boundary layer code, BLIMPJ, there will be some
error in specifying the potential contour.)

® Mixture ratio and mass distribution

e Inlet enthalpies (fuel and oxidizer)

e Effective chamber pressure

e Numerics in TDK in specifying the sonic line and mesh size

e Table look-up reaction rates

e Non-boundary layer heat losses

The performance code parameters to be measured, measurements

necessary to relate to these parameters ad measurement location are

summarized in Table 2.3.

2.4 BOUNDARY LAYER LOSSES

The boundary layer losses in the thrust chamber are a result
of losses in the available thrust caused@ by transfer of momentum
and heat to the wall. 1In most rocket engines, these losses are
more significant than the other losses described earlier.
Especially in engines, which utilize high area ratios to achieve a

higher specific impulse, these 1losses might even be a higher

- 18 -
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Table 2.3 ~ REACTION KINETIC LOSSES®

RTR 157-01

Parameters in per-
forpance code

Potential measurements
Relating to the
parameters and apecific
Perfornmance loss

Relationship between
Measurements and
Parameters

Location

INPUT PARAMETER

Mixture ratio -
O/F

Combustion chamber
pressure, pg

Inlet enthalpies,
R

Combusiton chamber
tenperature, TC )

Geometry of the
thrust chamber

Area ratio

' CARS techniques are

Cold flow test
(Conventional)

Combustion chamber
wall pressure

Temperature measure-
ments

potontial future
measurements (uncon-
ventional)

Drawing

Drawing

Same as parameter
Simplified method for
Pos given in Ref, 1

Temperature related to
enthalpy

Same as parameter

Same as parameter

Mixing region
aft of injector

Combustion
chamber wall

Propellant feed
lines

Combustion
chamber

OUTPUT PARAMETER

Mass flow rate

Pressure distri-
bution on the
wall - expansion
rate

Pressure profiles
Velocity profiles

Exhaust gas
composition and
temperature

Thrust loss

ISP loss

Feed system
measurements

Wall pressure
measurepents

Probe studies

Probe studies
LDV

Nonintrusive
studies such as
radiometric studies

Load cell (strain

gage measurement)

Thrust loss and mass
flow rate

Calculated from the
feed system measurepents

Sape as paranmeter

Same as parameter
Same as parameter

Calculated from the
radiometric measure-
ments

Thruat loss = ideal
thrust - measured
thrust

AISP = “’5‘1

Feed system

Nozzle wall

Nozzle exit
plane

Nozzle exit
plane

Nozzle exit
plane

®TDK is the standard JANNAF performance code
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percentage of the total losses. The appropriate JANNAF computer
code applicable for the calculation of boundary layer losses is the

following:

BLIMPJ - Boundary Layer Integral Matrix Procedure: Version J -
Calculates viscous effects at the wall assuming equili-
brium composition in the boundary layer.

Theoretically, the boundary layer losses are given by

AIgp (Boundary Layer) = BLIMPJ calculation
(Straight calculation from
BLIMPJ using the computations
of s*and 9 )

In order to understand the flowfield and chemistry of the hot
gas in the nozzle boundary layer, several auxiliary measurements
are usually made. In addition to making direct thrust measure-
ments, other quantities such as mixture ratio, combustion chamber
pressure, total enthalpy, wall temperature, pressure distribution
along the wall an@ geometry of the thrust chamber, which simulate
the input parameters to BLIMPJ, and such guantities as heat
transfer to the wall, velocity and temperature profiles in the
boundary layer, turbulence in the boundary layer, and exhaust gas
composition, which simulate the output of BLIMPJ, need to be meas-

ured.

Potential errors in measurement are indicated when:

e Wall temperature measurements are significantly different
from predictions.

e Wall heat fluxes are significantly different from BLIMPJ
predictions.

e Total heat 1load from the boundary layer is significantly
different from BLIMPJ predictions.

- 20 -
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e Boundary layer composition, and temperature, pressure and
velocity profiles normal to the wall are significantly dif-
ferent from BLIMPJ predictions.

e The measured boundary layer thrust (or Igp) loss is quite
different from BLIMPJ math model predictions.

When these discrepancies are indicated in the measurements,
the sources of error may lie in:

e Computation of wall temperature profile

e Starting point of the boundary layer

e Non boundary layer heat losses

® Mixture ratio and mass distribution

e Gas transport table look-up properties being incorrect

e Nonuniformity of pressure in the boundary layer, as evident
in thick boundary layer situations.

e Presence of chemical kinetic effects in the boundary layer
e Friction and heat transfer correlations (turbulence model)
e Engineering assumptions made in computing boundary layer
losses
The updated performance code (BLIMPJ) parameters to be meas-
ured, measurements necessary to relate to these parameters and

measurement locations are summarized in Table 2.4.
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Table 2.4 -~ BOUNDARY LAYER LOSSEs®

RTR 157-01

Parameter in Per-
formance Code

Potential Measurements
Relating to the
Parameters and Specific

Specific Performance Loss

Relationship between

Measurements and
Parameters

Location

INPUT PARAMETER

Mixture ratio -
O/F

Combustion chamber
pressure, p.

Edge gas total
enthalpy, Ho

Wall enthalpy, H"

Gas transport
properties

Pressure distri-
bution on the wall

Geometry of the
thrust chamber =
combustion chamber,
converging/
diverging nozzle

Wall roughness, if
present - may also
develop in the whole
of parts of the
chamber wall while
in operation; equi-
valent sand roughness

Particle or conden-
sation (two-phase)

effects - particle

size

Hass flow rate
through the nozzle
throat

Cold flow test
(conventional)

Combustion chamber
wall pressure

CARS techniques are
potential future
measurement (uncon-
ventional)

Wall temperature and
C_ from thermocouple
tBbles

Not measured - JANNAF
tables

Wall pressure

Drawing; measured
area for either short
or long duration
testing

Roughness density,
roughness profile data

Particle density and
particle size

Feed system measure-
ments

Same as parameter

Simplified method for
PC’ given in Ref. 1

Combustion temperature
equal to edge gas
temperature and temp~
erature related to
enthalpy

H" = CCTu

Used in BLIMPJ

Same as parameter

Same as parameter

Same as parameter;
equivalent sand rough-
ness is related to
roughness parameters by
expressions given in
Ref. 4

Same as parameter
Calculated from the

fesd system measure~
ments

Mixing region
aft of the
injector

Combustion
chamber wall

Combustion chamber

Nozzle

Nozzle wall

Nozzle wall

Particle
generator and
nozzle exit
plane

Feed system

SELIMPJ is standard JANNAF performance code.
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Table 2.4 - BOUNDARY LAYER LOSES - (CONT.)

RTR 157-01

Parameters in
Performance Code

Potential Measurements
Relating to the

Parameters and Specific
Performance Loas

Relationship between
Measurements and
Parapeters

Location

OUTPUT PARAMETER

Heat transfer rate
at the wall

Velocity and temp=
perature profiles in
the boundary layer

Turbulent length
scale and turbulent
shear stress vari-
ation ip the bound-
ary layer

Exit plane velocity

Exhaust gas
temperature
composition

Thrust loss

ISP loss

1. Thermocouple
measurements

2. Heat transfer gage

3. Phase change

4, Calorimetric measure-
ments

Probe studies for vel-

ocity and temperature,

Integration of velocity
profiles yields thrust

loss.

Hot-wire anemometric
measurements yield
turbulent fluctuating
quantities.

LDV or probe studies

Nonintrusive studies
such as radiometric

Load cell (strain
gas measurement)

Thrust loss and mass
flow rate

Y. Thin~akin or thick-
akin relationship

2. Same as parameter

3. Time-dependent

4, Temperatures related
to heat transfer rate

Same as parameter

Turbulent fluctuation
quantities related to
Reynolds shear stress by
standard methods. Fromw
this shear stress, by
length scales can be
derived and compared
against BLIMPJ
turbulence models.

Same as parameter
Calculated from
radiometric measure-
ments

Thust loss = ideal
thrust - measured
thrust

QISP = Ar/"n.r

Nozzle wall

Nozzle boundary
layer profiles

Nozzle boundary
layer profiles

Nozzle exit
plane

Nozzle exit
plane
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Section 3.0

TESTS TO SEPARATE INDIVIDUAL LOSSES

The previous section dealt with the types of measurements
necessary either to measure the individual performance loss
directly or to measure important parameters which characterize a
specific performance loss. For example, in determining the total
boundary layer 1loss, it was advised to measure wall heat transfer
rates in addition to the thrust loss measurement.

Many ideas have been tried in the past to design tests to
measure individual losses without confounding the measurements with
other effects. Many valuable suggestions were made in Ref. 1 how
to measure individual losses. The recommendations given here ex-
tend these 1ideas and organize them in a systematic manner. Con-
siderations were given to cold flow, hot flow, reactive flow,
scaled model, €£full size configuration, small to large area ratio
nozzles, hot wall, controlled heat transfer, etc. The results from
these tests will provide the best data for verification of the
analytical model.

There are at least two philosophies in trying to measure these
losses. One is to design tests so that measured losses may be com-
pared against results from the performance codes. In such a case,
more than one nozzle design could exist and tests could be per-
formed at various facilities to measure the appropriate losses.
The other philosophy is to conduct various tests to improve the

efficiencies of a particular nozzle in the design phase.

- 24 -



RENMTECH INC.
RTR 157-01

3.1 General

The overall philosophy and recommendations for separating in-
dividual losses with associated test designs are given in the fol-

lowing subsections.

3.1.1 Injector Losses

Injector design can influence engine performance more signifi-
cantly than any other component design. For many propellants and
operating conditions, injector design and analysis procedures are
still not clearly defined and testing is the only way to ultimately
prove the superiority of a design concept. For high area ratio
engines, it is necessary to test in an altitude facility. The ex-
pense of testing in such a facility is high and inexpensive ways
must be employed in order to characterize the injectors.

Low area ratio nozzle tests are well suited substitutes which
do not need elaborate altitude facilities. Information from these
tests can be used to evaluate the relative performance of the in-
jectors and to reduce the overall uncertainty in the high area
ratio nozzle performance predictions. For these low area ratio
tests, specific impulse is the primary parameter of interest in as-
sessing injector performance. However, the characteristic velo-
city, C* can also be used.

The low area ratio nozzle (See Table 3.1 Set-up 1) is particu-
larly suited for characterizing the injector, because

® Reaction kinetics and boundary layer effects are small.
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The two-dimensional or divergence effects are more impor-
tant in low area ratio nozzles than high area ratio nozzles
for both hot flow and cold flow situations. The divergence
effects could, however, be separated from either computer
code results or other test results (described later).

Major concerns in setting up low area tests are:

Some

Avoiding separation - This was an important consideration
in the combustor design undertaken by REMTECH and reported
in Ref. 2. This testing was done on a short-duration basis
in the IBFF (Impulse Base Flow Facility) at Marshall Space
Flight Center.

Accurate thrust measurement - This could be accomplished
using a load cell adjusted for vacuum thrust situation.
The accuracy is somewhat compromised when the thrust
chamber is calibrated with all the piping and attachements
for the injector. Inaccuracies also result if the thrust
is calculated from exit plane measurements with intrusive
probes.

Minimizing aspiration - This can be accomplished with a
scaled model in a small altitude facility.

Simulating actual propellant injection condition to accura-
tely model injector behavior.

key data that can be obtained from such tests are:

Energy release efficiency or injector Isp losses comptising
mixing and vaporization losses

Heat transfer effects on the nozzle throat and other areas
Wall pressure distribution in the chamber

C* energy release efficiency

3.1.2 Divergence Losses

As

previously described, the two-dimensional effects or the

divergence losses are usually much more pronounced in low than in

high area ratio nozzles, since the two-dimensional efficiency

decreases rapidly at low area ratios for the same percent length.
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Cold-flow tests are particularly suitable for characterizing

the divergence losses, because

® These losses are not functions of propellant combination,
thrust, pressure, and mixture ratio.

e It is less expensive to test.

e Either full-scale or subscale nozzles can be used.

® By designing the right range of cold-flow temperatures, the

heat transfer rates at the wall can be minimized. Depend-
ing on the size of the nozzle, the boundary layer effects
can also be minimized.

The test Set-up could be similar to the one given in Set-up 1
of Table 3.1 except that no injector is required (Set-up 2). This
would yield divergence losses only. In order to change the area
ratio, an additional nozzle section could be attached to the exist-

‘ ing section as shown in the above Set-up.
Some key data that can be obtained from such test are:

® Two-dimensional losses

e Variation of these 1losses as a function of area ratio,
length, etc.

® Since teéting was done on the same nozzle in Set-up 1 of

Table 3.1, the two-dimensional losses necessary to correct
those measurements can be evaluated from this set-up.

3.1.3 Kinetic Losses

These 1losses are a result of non-equilibrium effects of the
reacting gases flowing through the thrust chamber and can only oc-
cur in reactive systems. Since reaction kinetic effects are vir-
tually absent in the combustion chamber and in 1low area ratio

nozzles, one should examine high area ratio nozzles with high
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expansion rates. Low pressures in the divergent part of tﬁe nozzle
are usually responsible for non-equilibrium effects.

Major steps in setting up this test are the following:

® The Set-up 3 given in Table 3.1 may be used for this meas-

urement so that the injector element mixes the propellants

well and the mixture is allowed to react in the combustion
chamber.

e A medium to high area ratio nozzle must be used for the
kinetics to be of significance in the nozzle expansion.

e Approximately two or more nozzle sections should be tested
in order to differentiate the kinetic effects due to the
size and the expansion ratio of the nozzle.

e Boundary layer effects will be present in the performance
measurements. The measured thrust data must be corrected
for boundary layer losses.

Some key data that can be obtained from such a test are:

. ® Kinetic losses
e Heat transfer rates to the wall
® Wall pressure distribution in the nozzle

e Exit plane product composition

3.1.4 Boundary Layer Losses

Boundary 1layer 1losses are a regular feature of all nozzles.
An example of theoretical 1loss calulation relative to the 20K
engine is given in Fig. 3.1. It is obvious that for such a modera-
tely 1ar9e area ratio nozzle, the boundary layer 1losses will be
significant. It is expected that as the area ratio increases,
these losses will also grow.

The moderate to large area ratio nozzles are suitable for mak-

ing boundary layer loss measurements. Moreover, hot flow tests
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than reactive flow tests are more appropriate for measure-
because

Injector losses and kinetic effects are absent.

It is more cost effective to run a hot flow test than a
reactive flow test.

As the area ratio increases, the divergence losses are

minimized. The measured data could be corrected for any
divergence effects by using the data from the previous
described testing.

The test Set-up is similar to the one described in Set-up 3 of

Table 3.1, but the injector is not necessary. Major concerns in

setting up this test (shown in Set-up 4 of Table 3.1) are:

Some of the
®

Using air only at moderately high temperatures (T= 300°F)
in the chamber to avoid reaction between Ny and 0j;.

Using an inert gas such as argon, freon, etc. which do not
react when heated to a high temperature.

Avoiding nozzle flow separation

Test duration - 1In short duration testing it is hard to
measure thrust by a load cell. Also, it is more difficult
to probe the boundary 1layer. In long-duration testing,
however,

1. Scaling problems are alleviated.

2. More than one measurement per run can be made.

3. High altitude simulation requires a very large
facility.

4. Depending on the nozzle size and test duration,
cost can be a factor.

key data that can be obtained from such tests are:
Boundary layer loss measurement

Heat transfer effects on the nozzle wall

e Boundary layer probe measurements in the nozzle - An exam-

ple is the tests by Back and Cuffel (Ref. 3).
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3.2 PROCEDURE TO SEPARATE INDIVIDUAL LOSSES

Given the recommendations in Section 3.1, two procedures are
suggested here to proceed with a test program and separate the in-
dividual losses from the test results.

® Rigorous Procedure
e Simplified Procedure

3.2.1 Rigorous Procedure

In this procedure, the test Set-ups required to measure the
appropriate quantities are given in Table 3.1.

1. A base-line configuration needs to be designed first con-
taining the combustion chamber section and a nozzle throat section.

2. The design should include ways to attach various area
ratio nozzles to the base-line configuration.

3. 1Injector sections and the required lines should also be
designed to be attached to the base-line configuration.

4. In this procedure, care must be taken to match po, Tc and
throat mass flow rate in various Set-ups.

5. Assuming that A,B,C,D represent pure injector, divergence,
kinetic and boundary layer losses, respectively, the corresponding
measured quantities in the 4 Set-ups are Lp, Lp, Lg, and Lp, where
L is defined by

L = Igp (ODE) - Igp (measured) (3.1)
Each measured quantity contains the various losses in certain pro-
portions as shown in Table 3.1 (column 4). Some comments are made
in the next column as to the magnitudes of the confounding losses

present in these measurements.
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6. A procedure is given in Table 3.2 to separate individual
losses from the above measurements. The separated individual
losses (Linjr Lpivs LKins and Lpgj,) still contain other losses in
negligible quantities, which can be identified from the performance
codes.

More details of the test set-up and instrumentation necessary

to conduct these tests are given later in Section 5.0.

3.2.2 Simplified Procedure

Since it is extremely troublesome to match P, Tg and mp in
each of the Set—ups.given in Table 3.1, it is suggested that a more
simplified approach be adopted to separate the individual losses.

l. Test Set-ups 2 and 4 in Table 3.1 can be conducted with
the nozzles at the the same facility or subscale nozzles at a dif-
ferent facility (test site) than Set-ups 1 and 3.

2. P, To and mp need not be matched between set-ups (1,3)
and (2,4), so long as they are the same within their groups.

3. Set-ups 2 and 4 could be designed with reasonable values
of Po, To and mp using a hot or cold gas depending on the require-
ment.

4. Various gases and various chamber conditions could be used
in set-ups 2 and 4 in order to check the validity of the measure-
ments against the appropriate performance -code and establish a math
model for divergence and boundary layer losses.

5. A procedure is given in Table 3.3 to separate the indivi-

dual losses from the measurements.
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Section 4.0
MEASUREMENT ACCURACY

The accuracy of test results has always been a concern of the
engineering community but the subject has been a source of con-
troversy, argument and confusion. This has led some in the testing
community to ignore the problem in hopes it would go away.
However, all measurements have error and attempting to understand
all the sources of error possible\in the measurement one is making
can indeed help eliminate or decrease this error. It will also
lend confidence in using the measurement in analysis, design or for
whatever purpose the measurement was made. Uncertainty is an esti-
mate of the maximum measurement error. As has been stated earlier,
the purpose of this document is to outline a sequence of tests that
will permit an engineer to make measurements for Rocket Engine Per-
formance Code Verification. The goal for the measurement uncer-
tainty of the Specific Impulse (Isp) for the code verification
tests has been set at 0.25%. One of the tasks of this study was to
provide guides in the selection of instrumentation and determine
the uncertainty of the measurements for code verification testing.
The absence of an uncertainty calculation standard has made compar-
isons of test results between facilities, companies, and labora-
tories difficult, if not impossible. However, a literature survey
was conducted to select a Test Measurement Accuracy standard, which
is presented in detail in Appendix A. This standard has relied

heavily on the work of R.B. Abernathy and uncertainty standards
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used at the Arnold Engineering Development Center (AEDC). The list
of references is included with the appendix.

The specific impulse has been identified by JANNAF as the most
significant performance parameter. Its value is either predicted
analytically or obtained from measurements. In regard to the
specified loss methodology the impulse is also used as a measure to
determine the delta losses in the approach presented in this study.
The effect of errors in the measurement of the variables used to
determine the vacuum specific impluse (Ispvac)' is analyzed. Ac-
tually 'Istac is the parameter normally reported and is deter-

mined as

. _ Fvac  FgiTe * P2 Re | (4.1)
8 = . = . ’ .

where: Fgirep is the measured thrust,
P, is the ambient or test cell static pressure,
RAe is the nozzle exit area,
and mp is the mass flow rate to the thrust chamber.
Table 4.la gives the method of determining the propagation of un-
certainty in the calculation of Ispvacusing the measured variables
and Table 4.1b gives a sample calculation. The effects of the
measurement uncertainty for the variables in the propagation of er-
ror in Isp is presented in Fig. 4.1. From Appendix A we see that
tgsS (4.2)
Yn

For simplicity in the examples of this study we have assumed that

Uapp = (B +

the bias term (B) has been eliminated by calibration, the tgs term

is equal to 2 (more than 30 samples), and the n term is equal to 1

(oné'iest bbint): so that
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TABLE 4.1 - PROPAGATION OF UNCERTAINTY IN MEASUREMENTS IN

THE CALCULATION OF‘Is

pvac

a. Equations

©
o
!
[

arsp alsp alsp _
AIsp"c - __&) A:’nT 4| ——Y8C). AF_,. .. + ——vacl, AP,
amT ' F _ite ap

' A .S
[ S. F [ P
1, = (F . +poa ). [BT) (—site | —2
vae site 8 e 53 0 R
. T T T
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I
%I sp
stacs = ——Y2% x 100
*Pyac
v _ 28
ada - B * Vo
Assume B=0 and =n=1, then Uadd = 28

%I %I
stacU = 2 ( spvacs)
add

b. Example using SSME and U= 0.25% for all parameters and

Bias (B) = 0,

F = 405,300 1b,, S = 507 1b_, U = 1014 1b
site £° CF oo £ OF, £
fip= 1032 1lbm/sec, S, =+1,29 1bm/sec, U. = £2.58 lbm/sec

T T

P = 10 psia, S =%0.,0125 psia, U_= % 0.025 psia
s Py Py

» 3 3
A,=44.9 £t (6465.6in ), S, = £8.082in", U, =116.164in
[} e

I =
Pvac

Fsite-f-p‘-A° - 405,300 + (10x6465.6)

ﬁr ' 1032

= 455.4 1bf sec/lbm
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3
(Fsite + pa'Ae) Sﬁ P _ 345,116.3
[ ] T -
n

s |2 '
o = 257,049
2
(A .S ) = 6531.9
-] pa

a.sAe) = 6531.9

)

P
Yo« ) =345116.3 + 257049 + 6531.9 + 6531.9

=615,229.1

SIs =
Pyac
St
%I stac -
pvacs = X 100= 0,1669
I
*Pvac
Uadd = Z‘SI = 1.520
sp
vec
% I 2 %I
stacU = ( stac;)- 0.334
add
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Uapp = 1.(28) : (4.3)

From Fig. 4.1 we can see that the thrust and mass flow uncettainty‘
terms are the primary drivers in the overall uncertainty calcula-
tion and that if all the variables are measured to an uncertainty
of 0.25% the overall uncertainty in Igp would be 0.33%. The fig-
ure also shows that if tﬁe ﬁeasurement uncertainty for thrust and
mass flow rate were both 0.19% and the measurement uncertainty of
the pressure and nozzle area terms were both 0.25%, then the
propagated uncertainty would approach the 0.25% uncertainty goal.

As has been described previously, the approach proposed for
determining the losses in the Igp for the code verification is to
run a seqguence of 4 tests that are designed to isolate the 4 sets
of losses: (1) Injector Losses, (2) Divergence Losses, (3) Kinetic
Losses, and (4) Boundary Layer Losses. Since the Boundary Layer
Losses are the largest, at least for long nozzles, and require a
combination of the measurements necessary to support the various
loss verifications, the propagation of uncertainty for the measure-
ments to determine the boundary 1layer losses are the only ones
presented; Similar efforts need to be made to propagate uncertain-
ties in other measurements. Table 4.2a gives the equations for
propagating the uncertainty of measurements made to compute the
input parameters of the ' boundary layer code and Table 4.2b gives
the equations for propagating the uncertainty of measurements made
to compute values representing the output parameters of the same

code. The same assumptions for B, tgs, and n that were used
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previously have been made. However, if such data is available, the
bias (B) term is caiculated with the same equation as the precision
(S) term and the tgs term can be determined as shown in the Ap-
pendix A.

A letter was sent to members of the rocket testing community
to acquire information as to the present measurment uncertainties.
The results of the survey confirmed thatthere is no universally ac-
cepted standard of reporting measurement uncertainty. Inter-
estingly enough, the two major sources of information for the
uncertainty standard have reported measurement uncertainties very
nearly the same. Information was requested for measurement‘of
thrust (Axial and Side Force), mass flow rate, pressure, and tem-
perature. Table 4.3 gives the summary of the information received
with some information excluded due to the difficulty of interpreta-
tion. Since part of the proposed testing will be conducted in a
controlled, non-reactive environment, data from some facilities
other than rocket engine test facilities have been included. Over-
all, it appears that in a hot fire test, the goal of 0.25% uncer-

tainty in Igp measurement is not being achieved at present.
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Section 5.0
INSTRUMENTATION

If only the vacuum specific impulse was required for verifica-
tion of the rocket engine performance codes, then only 5 measure-
ments would be required, one geometry measurement prior to the test
(nozzle exit area) and four instrumentation measurements during the
test (Thrust or Axial Force, Test Cell or Ambient Pressure, and
Fuel and Oxidizer Mass Flows). These measurements are combined to
give the vacuum specific impulse. For verification of routines in-
volved in the analysis, additional measurements are necessary with
locations shown in Table 5.1. This table divides the measurements
into 5 components: (1) injector system; (2) fuel and oxidizer
system; (3) combustion chamber; (4) nozzle; and (5) complete
system. Each component will be considered as it applies to the
code verification tests, both reactive and non-reactive, whichever
is applicable.

In addition to describing the measurements required and/or
desired, manufacturer specification for specific instruments and
their guoted accuracies are also included. The mentioned specific
instruments and manufacturers do not constitute endorsement of ei-
ther, but are given as examples to show what accuracies and costs
can be expected.

Before beginning the discussion of the individual components,
a general discussion of the possible testing techniques is in

order.
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Table 5.1

LOCATION AND MEASUREMENT REQUIREMENTS
FOR CODE VERIFICATION TESTING

l. Pre-test, Injector Sub-system

a. Injector Mixing Characteristics
b. Injector Spray Droplet Size

2. Fuel and Oxidizer System

a. Mass Flow (Fuel and Oxidizer)
b. Pressure Upstream and Downstream of Measurement Device
c. Temperature Upstream or Downstream of Measurement Device

3. Combustion Chamber

a. Wall Pressure

b. Wall Temperature

c. Wall Heat Transfer Rate

d. Total Temperature (Hot Gas Simulation)

4. Nozzle
a. Wall

(1) Pressure Distribution
(2) Temperature Distribution
(3) Heat Transfer Rate

b. Boundary Layer (Hot Gas Simulation)
(1) Pressure Profile
(2) Temperature Profile
(3) Turbulence

c. Exit

(1) Pressure Profile

(2) Temperature Profile

(3) Turbulence (Hot Gas Simulation)
(4) Exhaust Gas Temperature

(5) Exhaust Gas Composition (Reactive)

5. Complete System

a. Thrust (Force)
b. Side Load (Side Force)
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5.1 TESTING TECHNIQUES

The method of separating the various losses for the perfor-
mance codes verifications that has been proposed in this study
calls for 4 basic test Set-ups (2 reactive and 2 hot gas simula-
tion, see Table 3.1). If at all possible, it is desirable to have
an exact simulation in pressure, temperature, and mass flow of the
actual conditions that exist during the reactive tests or during
the hot gas simulation tests. This would be virtually impossible
with an operational rocket engine; however, if a test article were
designed specifically for codes verification testing, then near
simulation should be possible with both operations. Of course the
fuel used during the reactive tests would need to burn at a low
enough temperature so that close simulation could be accomplished
during the hot gas tests as well. An example of a possible model
design is shown in Fig. 5.1. Care would need to be taken in sizing
the components for flow simulation. At least two hollow balances
of the type proposed have been built and operated with high pres-
sure gases and fluids passing through the center, one is at NASA
Ames Research Center (Ref. 5) and the other is at AEDC (Ref. 6).

In the event that an operational (or experimental) rocket
engine is used for the reactive tests and a separate simulation
model is used for the hot gas tests, then separation of the losses
is still possible through use of the performance codes as described
in Section 3.0, but with some compromising of the data accuracy.

In the event that the two test-article approach is taken, the
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/—HOT AIR PASSAGE

l il
5 COMPONENT WATER JACKETED BELLOWS
HOLLOW BALANEE\\ / FOR HOT AIR INJECTION
(REPLACED BY FUEL LINES
FOR REACTIVE FLOW)

AAAMNAAR A

YW W WA

IR
'
1 - -
) \j_ \. \—WATER COOLED
o s\ gy oy e
PERFORATED PLATE COMBUSTION CHAMBER
BOUNDARY LAYER
HOT AIR INSTALIATION LOSS DETERMINATION
(REPLACE WITH INJECTOR

FOR REACTIVE FLOW)

1. Nozzle Diameter = 2.521N
Nozzle Area = 4.91 IN

2. Chamber Diameter = 4.3 IN. 2
Chamber C.S. Area = 14.55 IN

3. Hot Air Duct Through Balance Diameter = 4,3 IN.
H.A. Duct C.S. Area = 14.55 IN

4., Hot Air PFeeder Line Diameter = 6 IN.
H.A. Feeder Line C.S. Area = 28.27 IN2

. Fig. 5.1 - Sketch of Rocket Model Concept for Both Reactive and Hot Gas Testing
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instrumentation on the rocket engine may be somewhat limited, with
the majority of the distribution and profile measurements being
made on the hot gas model. If the special one model approach is

used, then the instrumentation would be basically the same.

5.2 INJECTOR

The injector mixing characteristics and spray droplet sizes,
along with the other combustion chamber flow characteristics, have
until now remained problems hard to solve. Because of the hostile
environment in the combustion chamber during operation, it has been
difficult to make any meaningful measurements. Most of the injec-
tor characteristics and droplet size measurements have been made on
the injector sub-system, sometimes as a single element and some-
times as multiple elements, using compartmental techniques for mix-
ing characteristics and hot wax for droplet sizing as examples.
However, in recent years, due to the advances in instrumentation
and measuring technigues, much progress is being made in the areas
for nonintrusive measurement of injector performance. Most of
these studies are being supported by individual rocket engine
manufacturers and are proprietary in nature. However, advances in
fiber optics have made it possible to look directly into the com-
bustion chamber to measure the mixing characteristics in the actual
operational environment. One such probe is shown in Fig. 5.2.
This probe uses a single cable and through the use of back~scatter
the focusing and receiving optics can be contained in one probe.

Another technique that is being studied (basically for mixing
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characteristics) is LDV measurements in a water facility (Ref. 7).
The use of photogrametric techniques (Ref. 7) using laser 1lighting
has good potential for application to both mixing characteristics
and droplet sizing.

In summary, the measurement of the injector mixing character-
istics and droplet sizes is a very important parameter in the veri-
fication of the rocket engine performance codes. Great strides are
being made in the field of instrumentation and measuring techni-
ques. However, to recommend a standard measuring technique at the
present time would be senseless. It is nearly impossible to quote
an uncertainty value to the injector mixing characteristics and
droplet size measurements. Laser velocimeter type measurements can
be made to high degrees of accuracy (0.1%) in carefully controlled
experiments, however, to suggest that measurements of 1.0% uncer-
tainty can be made for injector performance would be extremely op-
timistic (Ref. 8). The engineer involved in a test Sequence, or
designing a test, for verification of rocket engine performance
codes, should select the best technique available at the time, that

will give the required input information for the performance codes

in question.

5.3 FUEL AND OXIDIZER SYSTEM

The measurement of the mass flow of the engine during a reac-
tive test is usually obtained by measuring the mass flow of the
fuel and oxidizer separately and then combining the two

measurements to get the total quantity. Precise measurement of
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these quantities is critical for accurate determination of the
engine Igp (see Fig. 4.1 in previous section). The mass flow meas-
urement uncertainty goal set by Ref. 9 was 0.25% of the operating
point. Uncertainty of this magnitude, however, will not yield an
overall uncertainty in Igp of 0.25%. Therefore, the measurement
uncertainty should be considerably less than 0.25%. Traditionally,
the fuel/oxidizer mass flow has been measured with a turbine
flowmeter. The nominal uncertainty reported in Table 4.3 appears
to be + 0.5%, although one rocket company reports a much better ac-
curacy, possibly due to the method of determining uncertainty or to
the numerous times the exact same system has been calibrated in
place.

The manufacturer's specification sheet for one turbine flowme-
ter is given in Fig. 5.3. The accuracy for this meter is quoted to
be + 0.05% for 1liquid measurement. It should be noted that the
linearity is quoted to be + 0.5%. Through calibration this meter
should give an overall operational accuracy somewhere between these
two quoted values.

The specification for a non-intrustive (sonic) flowmeter are
given in Fig. 5.4. This meter utilizes the comparison of sound
waves transmitted upstream and downstream through the liquid to
determine the mass flow rate. Since the meter uses the sound speed
difference rather than absolute speed, the effects of such factors
as process temperature, pressure, density, or viscosity cancel out.
This meter, however, still quotes only an accuracy of + 0.5% F.S.

(Full Scale). This meter is non-intrusive and it may be possible
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Design Specifications

PERFORMANCE
Accuracy .. ......... > 0.5 of full
wale flowe
Repeatability ....0.... 2 0.03 11 sec
Resolution ........... * 0.00 ft sec
Rangeability................. J0.1°*

Mimmum Full Scale Flow ... 3 (s

ELECTRONICS OPERATING

PARAMETERS

Temperature 32 to 122° F (Standard)
-20 to 130> F (Optional)

Humidity ............... 0 to 100G
Enclosure .. NEMA 34x Weatherprool
(Standard)

NEMA 7 9 Explosion Proof
(Optional)

OQutputs.... 4-20.0-20 ma Grounded
(Standard)

(1000 ohms max) -

4-20 ma ISolated

, (Optional)

(1000 ohms max)}

010 10 VDC (Optional)
$amp 28 VDC. 120 VAC
Form C dry contact retays
(4 cach)

(Optional)

" Power....... 115.230 VAC (£ 1073)

$0 Warts

- Special Materais

ORIGINAL PAGE (S
OF POOR QUALITY

RTR 157-01

PROCESS PARAMETERS

Temperature 0 to 250 ° F (Standard)
<364 10 +500° F (Optional)

Pressure ... Up to 500 psi (Standard)

Up 10 3.000 psi (Optional)

Flow Range . 0.03 to 200,000 GPM*

: ! {Depending on line size)
Standard Materiais. .. %o 14”°
316 S.S. flow section

and tranducers.

2%10 48":
Carbon Steel flow section
and Ryton transducers

OPTIONS

Isolated Current Output
Tripie Limut Alarms
Fail Safe Quiput
Bi-directional Flow
Totalizer

Isolated Pulse Output
Anailog Meter

Sampier Contact Quiput
Steam Jacketing
Vacuum Jacheung

Oxyvgen Cleaning
Mirror Finish
Tranducer Wells
Anti-corrosion Coatings
Purge Ports

ACCESSORIES
Pipe Mounung Kit
Extender Board

External Counter

*Assuming a consistant flow protile. Flow protiies otten vary, however,
in which case accuracy and ranpahibty will depead on specilic tluw

parameters.
DIMENSIONS
P
size s ¢
i) 1000 87
1200 60
M 1% 00 [ 3]
19 24 00 8s
2 210
2'y 21 0
3 210
3 hE. B ]
230
8 260
0 280
12 0
*a 320
1% 59
1l ] 350
20 00
21 380
Br] 530
8 520
22 00
<4 "6 0

Transmitter Housing:
IS$ Hs13.'Wxa.D

Flowsection:

TECHNULUGIES. INC g

Fig. 5.4 - Example Specifications of a Nonintrusive (Sonic) Flowmeter

- 61 -



REMTECH INC.
RTR 157-01

to better the overall uncertainty with multiple in-place calibra-
tions and continuous use.

The temperature of the cryogenic fuels is normally measured
with resistance temperature devices (RTD). The specification sheet
for a series of ceramic RTD elements capable of measuring the cryo-
genic fuel temperatures is given in Fig. 5.5.

Although the turbine flowmeter described in Fig. 5.3 can be
used with either liquid or gas, the usual and most reliable way to
measure the mass flow of gaseous propellants (both fuel and ox-
idizer) during reactive testing and the mass flow during a hot gas
simulation is with a venturi flowmeter. For the hot gas testing
condition, the temperature limits on the turbine flowmeter would
restrict its wuse, therefore a venturi flowmeter will be required
for the mass flow measurements for this type of test. A sketch of
the standard venturi design used in the Propulsion Wind Tunnel
Facility (PWT) at the U.S.A.F. Arnold Engineering and Development
Center (AEDC) is shown in Fig. 5.6. The present quoted uncertainty
(see Table 4.3) for this type venturi flowmeter is approximately +
0.4% of the measured value, however, a special calibration is being
conducted on several of the AEDC/PWT venturi flowmeters that is ex-
pected to decrease the uncertainty. The table also shows the NASA
Lewis Research Center venturi flowmeter to give similar uncer-
tainty. It should be noted here that the uncertainty in the meas-
urement of the mass flow with the venturi flowmeter is a function
of the uncertainties in measurement of throat area, differential

pressure, gas temperature, and composition of the gas. The in-
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strumentation for measurement of the pressure and temperature will

be dealt with later.

5.4 COMBUSTION CHAMBER

There are normally three basic measurements made in the com-
bustion chamber during a reactive test: (1) combustion chamber
wall pressure, (2) combustion chamber wall temperature, and (3)
combustion chamber wall heat flux. The wall pressure is used to
determine the combustion chamber pressure (Pc) (see Table 4.2 in
the previous section). An additional measurement for combustion
chamber total temperature is desired for using it in the perfor-
mance code verification. However, because of the high temperature
and hostile environment during reactive testing, this temperature
is usually calculated with the combustion code and not actually
measured in the combustion chamber.

The combustion chamber pressure can vary from 120 psia to 3500
psia dependent on the type of rocket engine and fuel used, and the
location of the pressure orifice can vary from behind the injector
face to near the nozzle throat. For a hot gas simulation test the
pressure should be measured at several locationsbalong the chamber
wall starting just aft of the injector face and ending just forward
of the throat contraction. This will provide better information
for determination of P, for input into the performance code. The
specifications for a series of high accuracy pressure transducers
that cover the range of normal combustion chamber Apressures are

given in Fig. 5.7.
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The combustion chamber wall temperature and heat flux which
are also used in the performance code verification are normally
measured. The heat flux can be obtained from calormetric measure-
ments by measuring the chamber coolant temperature (cryogenic fuel
wvhen used as the coolant or water in the case of hot gas simula-
tion) at various stations élong the coolant passages and then using
the ATcoolantr mass flow of coolant, and Cp for coolant from a
thermodynamic Table (see Table 4.2 previous section) to calculate
the heat flux. The same RTD specifications shown in Fig. 5.5 could
be used for these measurements.

The combustion chamber total temperature during reactive test-
ing is usually not measured but rather calculated based on the
enthalpy of the propellant. However, advances in instrumentation
technology, specifically in the field of fiber optics, are making
it possible to measure this temperature. The use of Coherent
Anti-Stokes Raman Spectroscopy (CARS) has been demonstrated by UTRC
(United Technology Rocket Center) in measurement of temperature in
reactive hydro-carbon combustors. The work reported in Ref. 7 is
primarily for open flames but with the advances made in the use of
fiber optics it should be possible to apply this technique to the
measurement of the combustion chamber total temperature. The un-~
certainty of these measurements may be in the order of 5.0% based
on a comparison given in Ref. 7. Another option that is now avail-
able is a sapphire black body optical fiber thermometry system that

has been tested by the National Bureau of Standards and certified
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to be accurate to 0.2% at approximately 4000°R. The specifications
for this probe are given in Fig. 5.8. It should be noted, however,
that the cost of measuring the combustion chamber total temperature
during normal reactive testing will not be low.

The measurement of the combustion chamber total temperature
during the hot gas simulation testing can be made with a standard
high temperature probe of similar design as those used in the stil-
ling chamber of a hypersonic wind tunnel wheré‘ total temperature
measurements of 1500°F may be required.

The specification sheet for high temperature insulations and
thermocouple wire of the order required for use with the tempera-
ture probe is given in Fig. 5.9. The measurement of the combustion
chamber total temperature is required during the hot gas simulation
testing since there are no combustion characteristics to permit

calculation of this temperature and this temperature is required to

determine one of the inputs into one of the performance codes.

5.5 NOZZLE

The nozzle measurement will be considered in three groups:

(1) Wall, (2) Boundary Layer, and (3) Exit.

5.5.1 Wall
There are three sets of measurements desired along the nozzle
wall to aid in the verification of the performance codes: (1)
Pressure distribution (2) Temperature distribution, and (3) Heat

transfer rate. During normal reactive testing of a 1liquid rocket
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engine, measurements of this type are usually limited to tempera-
ture measurements and these are concentrated on measuring the tem-
perature of the nozzle coolant. However, if the measurements are
made in the fashion described earlier, the heat-transfer rate can
be determined by the calorimetric method. Since most engine
manufacturers do not like to drill holes through the nozzle wall,
the measurement of pressure distribution is usually very limited.
Therefore, the basic nozzle wall data required for code verifica-
tion should be obtained with hot gas simulation.

The nozzle design for the hot gas simulation model should be
such that static pressure orifices and thermocouples can be located
along the nozzle wall starting as near the throat as possible and
continuing at moderate intervals to the exit. Normally
Chromel-Alumel thermocouples are used for the temperature measure-
ments, although most of the basic thermocouple types could be used.
A specification sheet for basic thermocouples is given in
Fig. 5.10. The temperature measurements could also be measured us-
ing RTD's as described earlier (specification shown in Fig. 5.5).
The accuracy of the temperature measurements 1is usually the ac-
curacy of the curve fit used to convert the thermocouple millivolt
output to degrees. The measurement of the static pressures is made
with pressure transducers. The specification for a pressure
scanner that could be used to measure the static pressures is given
in Fig. 5.11. This particular pressure transducer system quotes an

accuracy of + 0.10% Full Scale.
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PRESSURE
SCANNERS

Pressure Systems line of pres-
sure scanners are transducer per
port electronically scanned in-
struments designed for multiple
pressure measurement applica-
tions where high data rates and
accuracy are paramount. These
pressure scanners incorporate sil-
scompressure transducers, internal
muitiplexing and amplification with
an integral calibration valve. They
are designed to accurately measure
pressures of dry, non-corrosive
gaseous media. Several configura-
tions are avaitable, all fully compat-
ible with the 780B Pressure
Measurement System.

MINIATURE

The ESP Pressure Scanner line
is designed to offer miniature high
transducer density modules which
satisfy applications where space is
critical as in wind tunnel model
testing. All ESP scanners interface
to the 780B Data Acquisition and
Control Unit using the Scanner
Interface Modules.

RACKMOUNT

The S1600. S1600D and
S3200 Pressure Scanners are rack
mounted instruments for use in
test stand applications where
pneumatics can be brought to a

central location. These scanners
feature complete field repairability
down to the transducer level and
include front panel quick discon-
nects of all input pressures.
Electrical interface to the DACU is
provided by the Scanner Interface
Racks where all pneumatic and
electrical connections to the pres-
sure scanners are automatically
made once secured in the rack.

ESP

o.0f
oo
o0
o 6
go
4
6 o
6.6

ESP- | ESP- | ESP- | ESP- | ESP- | ESP-
Scanners 167L 327 32 325L 48 48SL
INPUTS 16 2 | 2 | 3 48 48 { CHANNELS
RANGE +1-100]| =1-100 | = 1-100} £1-100] =1-100 | =1-100 PSID
sTaTic || . N N N N
or Il =010 [ =010 | 2010 | =040 | =010 | =010 9FS.
s |l 20000 | 20,000 | 20,000 | 20,000 | 20000 | 20,000 || READINGS/SEC
TRANSDUCER
ANSDUC 76 | 76 | 71 | 89 | 107 | 134 [TRansoucer/nz
Rack g
sk 51600 $1600-D $3200
I
INPUTS 16 16° 32 CHANNELS
*10" *=10" *10" wC
RANGE 500 100 250 B30
et +0.10 £0.10 +0.10 %FS.
gCA‘T‘g 20,000 20,000 20,000 READING/SEC
FIELD
REPAIRABLE YES YES VES
DENSITY
PER T RACK 96 96 192 CHANNELS

Price Range: $150 to $200 per channel (Basic Transducer)

*S1600-D are True Differential

Fig. 5.11 - Example Specifications for High Accuracy Miniature Pressure Scanners

- 73 -



RENMTECH INC.
RTR 157-01

Since the heat-transfer rate along the wall is one of the out-
put parameters in the boundary layer losses code, it is very desir-
able to have an accurate measurement of this parameter. It would
be difficult to measure the heat transfer rate using the thin skin
technique and it is difficult to determine the accuracy of the
calorimetric method, therefore, it would be better to design the
hot gas simulation model so that heat flux transducers could be
used to measure the heat-transfer rate. Some calorimetric measure-
ments could be made in the coolant passages as a back-up if
desired. The specification of a heat flux transducer is given in

Fig. 5.12. The accuracy gquoted for this specific transducer is +

3%.

5.5.2 Boundary Lavyer

The boundary layer measurement being considered here are in
the nozzle (as opposed to the exit plane) and are normal to the
nozzle surface. It will be very difficult to make boundary layer
measurements during a normal reactive test, therefore, they are
only recommended for the hot gas simulation tests or controlled
reactive testing such as described in Section 5.1. Measurement of
three profiles are desired: (1) Pressure profile, (2) Temperature
profile, and (3) Turbulence profile.

There are two things that must be considered in obtaining pro-
file measurements: first, the measuring device and second, the
support or survey device. For pressure or temperature profile

surveys there are actually three methods that have been used
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64 Series HEAT FLUX TRANSDUCERS

DESCRIPTION
MEDTHERM 64 Series Heat Flua T ducers of fer b
dwect of heat tot rates in a vatiety of applice-

tions due 10 careful design, rugged quslity construclion and
wersatile ] iy Each d will provide »
seli-generaied 10 millivolt output 8t the design heat liux level.
Conunuous resdings from 2sro 1o 150% design heat flux are
made with infini l The transducer Guipu is directly
Proporiional 1o the net hest 1ransfer rate absorbed by the sen-
sor. Each ransducer is provided with a cenifwd calibration

OPERATING PRINCIPLES

The 64 Series transducers are of TwO Desic sensor types, the
+Gardon iype 15 10 4000 BTU/MZsec) and the Schmich-Bosher
thermopile type (0.2 10 5 BTU/Mi23c). In both type sensors
heat flux is absorbed a1 the sensor surface and is transferred 10
an integral hadt sink which remains a1 & temperature below that
of the semo1 surface. The difference in temperature beiwesn
1wo points along the path of the heat fiow trom the sensor to
the sink is proportional 10 the hast being trensterred, and, there-
fore proporiionsl 10 the hest flux being absorbed. At two such

through 10 the Nationat Buresu points, MEDTHERM d have th ‘
ot S . These d 3 have been proven in thoussnds which form 8 difl il 1ic circun pr 9 » self-
of ©0ns In P , heat st h, F d emi b the two outpul leads directly propor-
and boiler design. tional 10 the hen eate. No refl I N is nesded

FEATURES

* LINEAR OUTPUT

* OUTPUT PROPORTIONAL TO HEAT TRANSFER RATE
ACCURATE, RUGGED, RELIABLE

CONVENIENT MOUNTING

UNCOOLED, WATER COOLED, GAS PURGED MODELS
RADIOMETER AND LIMITED VIEW ACCESSORIES
MEASURE TOTAL HEAT FLUX

MEASURE RADIANT HEAT FLUX

* REMOTE MEASUREMENT OF SURFACE TEMPERATURE

CONSTRUCTION FEATURES

ACCURACY, RUGGEDNESS AND RELIABILITY are provid-
#d by the thoroughly proven Gardon and Schmiot-Boeiter sen-
018,

LONG TRANSDUCER LIFE AND SIGNAL STABILITY are
snhanced by the massive body of pure copper, goid plated to
protect agoinst €orrosion, contamination, and excess radiant
heat absorplion Ly the hed sink,

PROTECTION AGAINST ROUGH HANDLING in mounting it
provided Dy » siamniess siee! flange when specitied.

SIGNAL INTEGRITY s protected by the use of welded con-
nections, stranded lesd wire with braised copper shisiding snd
tetion imwi firmly in the O body with
strain seiief 10 enisure resistance 10 rough handiing and siray
signals.

ACCESSORIES

REMOVABLE SAPPHIRE WINDOW ATTACHMENTS are svail-
abie 10 limit the basic 1 sment of rad
heat flux only.

VIEW RESTRICTOR ATTACHMENTS are avsilabie to limit
the angie ©f view for the basc uansducer to 60°, 309, 15 °, or
72 tor narrow view angle messurements.

DIRECT READING HEAT FLUX METER Model H-200 is
aveilable for direct meter readout in any hest flux units from
any linsar heat fiux transducer input. A 0-1 volt recorder oul-
put 18 also proviced. Ask for Bulietin 700.

BODY TEMPERATURE THERMOCOUPLE measurement is
prowded by an optional copper constantan 30 AWG solid con-
ductor te, TIG wel i , with fi itr

ond metall

Gardon Gaupes absorb heat in » thin metallic circular foil snd

fer the heat radwlly | 10 the absorbing surface) to
the heat sink atiached a1 the periphery of the foil; the diflsrence
in P is wken the center and edge of the foil.

Schmidh-Boglter pouges absord the heat 8t one surface and trans-
for the heat in 3 tiraction normal 10 the sbsorbing surface; the
difi in 5 wken the surfacs and a
plane bensath ne suriace.

OPTIONAL FEATURES include tour ing ti

weter ling pr 9as purge pr s, OF 1h L

tar body Waer iing should be
fied 1f the d L is 10 reach above

400°F, i

.
The gas purging Provision shauld be included on eadiation teans.
ducers 10 Le used (3 300ty environment. The MEDTHERM
purge is designed 10 pass tigid NASA performance tests with
{uelrich ony-acetylene flames directed towarg the window a1
close range.

STANDARD CONFIGURATIONS

The basic tronsduce may be ulocud';mh sither of {our Mmount-
ing conligurations and with or without provisions 101 water
<ooling of wansducer body. it may als0 be provided with ges-
Ous PurgiIng 10 keep the fac 9 wi ciean,
but when the purging pi "i d, the window is in-
sialied and iy NO1 an accessory.

RADIOMETER WITH GAS PURGING PROVISIONS

—— 1 . s Puses warse
St s
1 -

a1

u

Tae e n regae

« ol
00 memen e

Wonr aveims ponan
1.0 ieams w128
L ey

Fig. 5.12a - Example Specifications for Rapid Response Heat Flux Transducers
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The four i i fi j are ill d below. Thers is the smooth body with fiange, the thweaded body with fiange, the
snooth body without flangs, and thc threaded body without fiange. All mounting fianges are 1.75" dia. with .150" dia. mounting holes aqual-
Iy aced on s 1.38” dia. boit circle. Water cooling tubes {when specified) are . 1/8™ dis. stsiniess nesl snd gas purge tubes are 1/8” dia. s1ain -
lexs stenl. All tubes are 2 long. The thresded tramsducer bodies are 1-12 UNF-2A threads.

-1 -
- T 1

L.

SMOOTH BODY WITH FLANGEH THREADED BODY WITH FLANGEFMOOTH BODY, NO FLANGE|THREADED BODY, NO FLANG&

VERSION MODEL NO. VERSION MODEL NO. VERSION MODEL NO.|( VERSION MODEL NO.
BASIC, BASIC, BASIC, BASIC,
NO COOLING 64-xx-16 NO COOLING 64-xx-17 NO COOLING  64-xx-14 NO COOLING 64-xx-15
WATER WATER WATER WATER
COOLED 64-xx-20 COOLED 64-xx-21 COOLED 64-xx-18 COOLED 64-xx-19
RADIATION, RADIATION, RADIATION , RADIATION,
PURGED PURGED PURGED PURGED
COOLED GAP-xx-24 COOLED GATP-xx-25 COOLED 64P-xx-22 COOLED 6ATP-xx-23
SAPPHIRE WINDOW ATTACHMENT may be added for siimi- SPECIFICATIONS
nation of convective heat transfer, thus making the transducer a
radiomaeter or radiation heat flux transducer. Three view angies RANGES AVAILABLE: 4000, 3000, 2000, 1000, 500, 200,
sre svailable: 80, 1209, and 150°, Windows are removabie 100, 50, 20, 10, 5, 2, 1, 0.2 BTU/t2sac. design hest fiux
and replaceable by user. When the window is used the sensitivity level.
of the basic d is reduced 10 » inal fraction of the OUTPUT SIGNAL: 10 millivolts ¢ 1.5 millivolts at full range.
original a5 follows: 900, 43%: 1200, 64%; 150°, 79%. Thick- MAXIMUM ALLOWABLE OPERATING BODY TEMPERA-
. ness of the stachment variss with view sngle and sensor type TURE: 400°F.
from 1/16” 10 3/8". OVERRANGE CAPABILITY: 150% for 5-2000 BTU/t1 25 .
ranges; 500% tor 0.2-2 BT/t 2 sec ranges.
& e ¢ MAXIMUM NON-LINEARITY: 22% of full range
Rk 4 80DY STYLE “D” CALIB? MODEL 7 REPEATABILITY: +1/2%
< ACCURACY: 3% for most ranges
T_ SMOOTH 1.0 NO Swa.YY CALIBRATION: Certified calibration provided with sach trans-
gy THREADED B4 NO SW2.YY ducer.
l SMOOTH 10 YES Swacvyy SENSOR ABSORPTANCE: 92%, nominal, from 0.6 1o 15.0
THREADED B4 YES SW-2C-YY microns,
e e e SPECTRUM TRANSMITTED BY SAPPHIRE WINDOW (When
VIEW RESTRICTOR ATTACHMENTS for limiting ths ares used): 85% nominal from 0.15 10 5.0 microns.
view Of sesn by the sensor are sometimes desired 1o making . LEAD WIRE: 24 AWG siranded copper, two conduciof, telion
o of remote insulation over sach, " rbraid, iefion i, 36"

long, stripped enos.
RESPONSE TIME (63.2%):
500 10 4000 BTU/f12sec: less than 50 maec.
50 10 200 BTU/i1Zsec. less than 100 msec.
510 20 BTU/tt2sec: bass then 290 maec.
0.2 to 2 BTU/f12sec: tess than 1500 msec.
SENSOR TYPE
. 5 10 4000 BTU/1125ec: Garcton Gauge
0.2 10 4 BTU/#t2sec: Schmidi- Boelrer
NOMINAL tMPEDANCE:

“ ‘,2'{ Less than 10 ohms on Gardon Gauges
- s S Hown ammg & . Less than 100 ohms on Schmidt-Boelher Gauges.
VIEW NOMINAL % BASIC MODEL Amount of heat M'fnch can ue sbsorbed by transducer in an
ANGLE “A"  SENSITIVITY NO. adubatic [uertectly insok Hy) Inualtation belore ex-
aweding the 400°F Limitation

70 3.9 A% VR-7 M water ling p ions: 6.2 BTU

15 2.3 1.7 VR-15 Models with weter ling pr tut without weter in
30 1.6 €6 VR-30 passages: 4.2 BTU.

60 1.2 2.0 VR 80 Maximum gas pressure for gos purged models: 150 paig.

Fig. 5.12b - Example Specifications for Rapid Response Heat Flux Transducers
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successfully: (1) survey rake, that is multiple pressure or tem-
perature probes that record the profile from one fixed position;
(2) single survey probe that is inserted through a hole in the noz-
zle wall and moved from position to position, normal to the wall,
by means of an external drive mechanism; and (3) single survey
probe that is mounted to a support mechanism that is inserted
through the exit of the nozzle with a provision to remotely move
the probe normal to the nozzle wall and also be remotely moved from
one nozzle station to another. The latter will be the most expen-
sive to build, but will also be the most versatile. Regardless of
which method used, all are subject to causing interference in the
boundary layer and should be designed to minimize this interfer-
ence. All of these supports can be water-cooled if required by
test conditions.

The probes used for measurement of the pressure profiles are
usually small diameter tubes that are flattened slightly on the end
to allow surveying nearer to the nozzle wall. The type of material
used for the tubes will depend on the combustion chamber total tem-
perature. It is not recommended that measurement of nozzle boun-
dary layer profiles be attempted if the temperature is such that
the actual probe must be cooled because the size of the probe and
the accompanying interference would yield data that would be very
questionable. The pressure transducers used to make the measure-
ment should be rated to measure the pressure behind the normal

shock based on the lowest supersonic Mach number occurring at a
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measurement location nearest the throat. Transducers of the type
given in either Fig. 5.7 or 5.11 could be used.

There are two types of temperature probes that are used: (1)
exposed thermocouple, where the thermocouple wires extend out of
the end of a support tube and the thermocouple junction is external
to the support; and (2) shielded junction, where a shield covers
the thermocouple to prevent radiation and bleed holes are located
in the shield aft of the thermocouple junction to permit flow to
pass the junction. A sketch of both types is shown in Fig. 5.13.
There are pros and cons for both types. With the exposed junction,
measurements can be made nearer to the wall but there are radiation
losses, whereas, with the shielded junction, measurements start
further from the wall but the shield prevents the radiation losses.
In either case, if the total temperature (Tg) has been accurately
measured in the combustion chamber and the freestream temperature
(Tm) has been determined with the probe, then the Ty/To factor can
be applied to the measurements taken through the boundary layer
with a reasonable degree of confidence.

To measure the turbulence in the boundary layer requires the
use of a hot-wire probe (thermal anemometer). Hot-wire probes have
been used to measure flow turbulence in wind tunnels for many years
with varying degrees of success. Basically the same type of single
probe support system used for the pressure or temperature profile
measurements could be used with the hot wire probe. However, since

not only the possibility, but the probability, exists that the
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TC Junction
727277 /
<= FLOW

Exposed Thermocouple Junction

TC Junction
‘\
T -~
-—d//

Shielded Thermocouple Junction

Recovery = 'I‘m/To

where Tm is temperature measured with probe in the
freestream (¢ of nozzle)

and T_ is total temperature measured in the
cAinbustion chamber

Fig. 5.13 - Sketch of Two Types of Temperature Probes
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probes will have to be replaced several times during a test, be-
cause of the fragile nature of the sensing element, the system
should be designed for easy access. Hot-wire results are usually
very repeatable, so accuracy is really a function of how closely
the calibration conditions are reproduced in the flow to be meas-
ured. In practice, contamination, temperature changes, and other
factors generally limit the accuracy to 2 to 3%. The hot-wire can
be used to resolve one, two, or all three components of a flow
field, depending on the type of probe used. The specifications for

a variety of probes are given in Fig. 5.14.

5.5.3 Exit

The majority of the measurements made on the nozzle during a
reactive test are in the region of the exit. The reason for this
is accessibilty. There is space to put water-cooled equipment
without causing interferance in the flowfield, space for setting up
non-intrusive type measurement equipment, and for CARS or infared
type measurements there is no requirement for windows to provide an
optical path. There are four different types of measurements that
are desired during the reactive testing, all of which have been ac-
complished in the past with some degree of success. These four
measurements are: (1) Pressure profile, (2) Temperature profile,
(3) Flowfield characteristics, (4) Exhaust gas composition. The
same measurements should be made with the hot gas simulation test
except that the exhaust gas composition requirement is eliminated

and a turbulence measurement requirement should be added.
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CYLINDRICAL PROBES
’ Model
Description : 01 Ne.
Gon Porpose ——= T NON-CYLINDRICAL
High Temp. Straight 1220 PROBE s
Extreme High Temp. Straight 1226
[ Mini. Straight 1260A Straight Conical | 1230
Submini. Straight 1276 Standard 90° Conicat © "~ | 1231
Standard =" IR Miniature Conical Probe ~ . .~ [ 1264A
[HighTemp. ~»~+ me e 173220 Standard Straight Wedge == | 1232
Extrome HighTemp. -~~~ - o] 1228 High Temp. Straight Wedge 1232H
Submin. T 1277 90° Wedge 1233
1 Sensor (Sensor Upstream) _ | 1212 Standerd Flush Surface g | 1237
High Temp. 1 Sensor 1222 [ Mini. Flush Mnt. Sens. Element 1268
Mini. Probe ‘i 1262A Minl. Flush Mat. Surf. Sens. .. . 1471
Submini. Probe 1279 Subminl. Flush Mnt. Surl. Sens. 1472
1 Sensor 45° 10 Probe = 1213 45° Sensor Edge—Wedge Gec=—| 1238
TSensor45°w Probe . - . - | 1263A [Ruggedized Homisphere .| 1230W
Mini. 1 Sensor—Boundary Layer ' { 1261A Ruggedized Side-Flow = | 1269W
1 Sensor— Streamlined F 1214 Ruggedized Metal Clad =1 1286
1 Sensor—Boundary Layer 1218 Side Flow Wedge = | 1229
~ | Standard “X" T == | 1240 High Temp. - Side Flow Wedge 1234H
High Temp.*X" - .-~ = [ 1250 R
Mini. “X" ae e T 1247A
Std. "X" Wire assaL | 1241 .
[Figh Temp. “x" Wire 1251 TEMPERATURE
Mini. “X" Wire 1248A
Boudey Gy =T COMPENSATED
| Standard 80° "X” ==} |_1246 PROBES
Mini. 90° X" 1249A
Parsllel Sensor - - - =4 | 1044 Std. Temp. Comp. (1200 Series) 1310
Spit Film Boundary Layer — <=5 | 1287 mq;;gg:ﬂ':‘;')ﬂp- Comp. 1314
Split Alm e 1268
- — Std. Temp. Comp. —o5% 1330
3 Component High Turb. = | 1294 - High Tomp. —Temp. Co =24 1332
. . gh Temp.—Temp. Comp.
3ComponentStd. =~ =] 1285 Ruggedized Tomp. Comp.___ —<ie | 1366

Fig. 5.14a - Example Specifications for Hot Wire and Hot Film Sensors
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~e Speciﬁcations
Hot Wire and Hot Film Sensors ’x

£/ 2
3 sk £
Type 2 i/ YRRV 2 P N
yYp . 5; - 3,:»\ s [ SE.F 1334 ?E 30 | £368 [E5Ess [ _&f ‘_f'é'g’ £
§ (848 (3855 | £piE I R EH I O A
Hot Wire € [538E [ddsE [ [ FcEE [ FEF |3 86T (85852 |E6538 | L8k | B8k | 885¢
Tungsten ‘4 128 15 15 200
i\
Qannum M3 | oooms)| 0080 | 008 | (5 ooy | 150 300 | 600kHz | 750 108 | 00042
P 5 125 15 1% 100
atinum 2| odon | 080 | ok | (3 A% 750 BOO | 500kHz | 450 6 12 | 0003
Platinum 63 1.25 15 15 350
it mes | o820l 020 | ade | (38 [ 0388 | 0 8o | 200keiz | 500 "s 14 0.0008
Plainum 127 25 35 15 3850
Platnam, ioy) OB PRI S S L L 750 800 okHz | 120 38 45 | 000094
Hot Film
) 25 25 75 15 350
10A (0001) (0010 (003) (8 (1000) 150 425 200 kH2 70 65 9 0.0024
25 51 125 15 350 s
Gas 10 (0001 10 020! (068 (5) (1000) 150 425 300 w2z 75 65 9 00024
- 5 10 167 15 350
Hot| -2 | %) | Q0w | @8] (5 | by | 150 | 42 [2owa| 20 65 8 | oo
-— Film 152 20 30 15 350
8 80 {odos) | doso. | @120 | (s | coooy | '5° 425 | 200kHz 3 6 85 | 00024
Ll ]
- solt | 152 20 35 5 350 i
] Rim | (0006) | (0080) | (018) | (5 | (1000) 150 350 | 20knz 3 leasensory ' 00024
: .
- 25 25 75 03 10 :
5 toaw | 25 | 2s | e | O 2 100 |80t woes | eso 58 58 | 00024
O 25 51 125 03 10
o tow | 2L os @ | & & 100 |80(H:0)| Notet | 850 6 64 | 00024
Liquid
51 10 167 03 10 . 8 :
Hot 0w | %02 | 0000 | oees | (0n (30) 100 | 80(H:0) | Note 1 320 8 64 00074
Film 152 20 30 03 15
eow [as2 1 20 3% | & & 100 | 80(H,0)| Note 1 60 P 43 | oooz4
Split 152 10 35 03 15 . 6
Fim (0°006) (0040 018 (o1 () 100 80 (H:O" Note 1 60 (ea sensor) 64 00024
127 10 _ 15 350 _
weoge | 427 | 1o | 150 425 | 300kH: 5 7 00024
- 127 10 N 15 asg
Gas| conica 0okl | @8 s (aog) 150 425 | 150kHz 45 64 | ooo2e
Hot Flush | 127 10 15
» u - - - -
= Film| wount {0005 | (0040; (5) 150 425 45 64 | 00024
Q Metal 40 254 _ 15 66 ) . )
= Cied | (0016 6100, (8 (200) 100 125 10K K] 13 00024
T 127 10 03 30 -
‘E Woedge {0 005) {0 040; - oM (100) 100 B80(H,Q0; 1 Notet - 45 48 00024
L
o 127 10 03 30 .
o Conical (0005 (0 640. - (on - (100) 100 80 (H.O Noie 1 - 5 53 00uza
]
| = i Flush 127 10 03 :
o Liquid| fu |32, %0 - & - 100 |eomo | - - «s 48 | 00024
z Ho‘ 127 0 03 5
. . 1 1 P
Film| "™ [.0005 | o040 (01) A50) 100 IO} 10 KH: ’ 45 4k 000w
25 10 - 03 15 o -
pen |20 | 3% B By 100 | 80tH:0. | 10kH2 a5 a8 | oooza
Metal 40 254 . 015 15 . 5 -
Clad (0016 {0 00 { 005 (5: 100 80 (H:0 Note 1 9 Wi 00U3

Fig. 5.14b - Example Specifications for Hot Wire and Hot Film Sensors

CrisL PAGE 1S
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The pressure profile, temperature profile, and turbulence
(Hot-wire) measurements made at the exit during the hot gas simula-
tion testing should use the same basic approach as was used to ob-
tain this information in the nozzle. If survey rakes are used .in
the nozzle, then rakes can be used at the exit; if a single probe
is used in the nozzle, then a single probe can be used at the exit.
However, for the pressure profile measurements it may be desirable
to use a smaller range transducer for better accuracy. Again,
selection of the transducer range should be based on the pressure
behind a normal shock for the Mach number at the exit. All the
other measurements will wuse the same basic approach for either
reactive or hot gas simulation and will be addressed together.

To obtain the pressure profile at the exit during reactive
testing, a survey rake has traditionally been used and, as stated
earlier, with varying degrees of success dependent on the exhaust
temperature. Two reasons for using a rake, as opposed to a single
probe, are: (1) first, a complete profile is obtained at one time,
thus if burnout occurs, all is not lost, and (2) it is just as easy
to cool a whole rake as it is for a single probe. Of course, some
survey rakes are designed to permit traversing during the run so
that the profile can be described more accurately. Some pressure
survey probes are designed to not only measure the total pressure,
but also the flow angularity. The sketch of a pressure survey rake
with five water cooled flow angularity probes that has been

designed and fabricated at the Engine Test Facility (ETF) at AEDC
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is shown in Fig. 5.15. Since the pressure transducers are usually
located some distance away from the hostile environment, any trans-
ducer with good accuracy and repeatability, of the types given in
Figs. 5.7 and 5.11, Section 5.4 or 5.5.1 can be used.

The temperature profiles at the exit during a reactive test
are also normally obtained using a water-cooled survey rake. The
design of a water-cooled boundary layer temperature rake used at
the NASA Lewis Research Center is shown in Fig. 5.16. This rake
consists of an airfoil-shaped copper water jacket with tungsten
rhenium thermocouples located in six aspiration channels. The
pressure rake installation sketch in Fig. 5.15 also shows the in-
stallation of a temperature probe. Although it is our understand-
ing that this is a rather simple probe, a probe of‘the same design
as the NASA probe could be attached to the drive system shown and
the temperature profile could be obtained.

The exhaust gas temperature can be obtained with the probe or
rake used to obtain the temperature profiles whenever the gas tem-
perature 1is such that this method is effective. However, in cases
where the exhaust gas temperatures are above the technology to
measure with a probe or rake, such as SSME exhaust temperature,
then the use of infared technigque or CARS can be used. Both of
these methods wutilize nonintrusive technigques and both have been
used effectively to measure the exhaust gas temperature at the noz-
zle exit. However, neither are what can be called routine

measurements, in that, both require expertise both in setup and
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interpretation. Because of the nature of the measurements, both
can also give partial gas composition. Research and development is
being carried out in both fields to increase the use of both
techniques as measurement tools.

As stated in the previous paragraph, both infared and CARS
have been used to obtain partial gas composition. However, the
conventional way is the use of a sampling probe, wherein difficul-
ties in freezing the reactions are well recognized. The probe will
need to be water-cooled and the probe support system should be
designed so that samples of the exhaust gas can be obtained at
various locations across the exit plane. If this is done, means of
purging the system and separating the sample must be provided.
After the gas samples are obtained they can be analyzed at the

chemical laboratory that is usually located at most engine test

facilities.

5.6 COMPLETE SYSTEM

The final measurements required are the thrust and side load.
In determining the Isp, the thrust and the mass flow (described 1in
Section 5.3) are the dominant measurements. Traditionally a
primary load cell, aligned with the thrust axis of the engine, is
used to measure the engine thrust and a secondary load cell, with a
tension and compression capability, is aligned perpendicular to the
thrust axis to measure the side load (or load due to misalignment).
The specifications for a load cell that are available at accuracies

in the range required for performance code verification testing are
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shown in Fig. 5.17. An uncertainty of 0.10% is quoted for a Class
No. 1 load cell.

To measure the thrust and side loads during the performance
codes verification test such as described in Section 5.1 and shown
in Fig. 5.1 a special hollow balance is required. The AEDC hollow
balance used in Ref. 6 is shown in Fig. 5.18 along with the 1load
calibration range used and the uncertainty. The gauge that would
be used to measure the thrust in the proposed installation has an

uncertainty of 0.16%.

5.7 SUMMARY

As stated earlier, the goal of the rocket engine performance
code verification tests is to obtain the Igp with an accuracy of
0.25% or less. This needs to be done during the sequence of 4 re-
lated tests (two reactive and two hot gas simulation) to best
utilize the 1loss separation technique recommended in thig study.
In addition to Isp, the measurements of the input and output
parameters for the codes are needed.

This study has shown two things in regard to obtaining the Isp
uncertainty within the 0.25% target. First, this target is
generally not being realized at the present time, and second, the
instrumentation and testing technology does exist to obtain this
0.25% uncertainty goal. However, to achieve this goal will require
carefully planned, designed, and conducted testing. In addition,
the test-stand (or system) dynamics must be evaluated in the

pre-test and post-test phases of the design of the experiment and
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data analysis, respectively always keeping in mind that a .25%
overall uncertainty in Isp is targetted. Table 5.2 gives the max-
imum allowable uncertainty required for obtaining Igp with 0.25%
uncertainty, the currently—-quoted instrument specification, and
present test uncertainty for the parameters. In general, it ap-
pears that measurement of the mass flow parameter within the re-

quired uncertainty, may be the most difficult.

Table 5.2

Summary of Parameter Uncertainty
for Calculation of
Vacuum Specific Impulse witn 0.25% Uncertainty

Fgirg + Pa Ae

I =
SPvac fap
Presently -
Maximum Quoted
Parameter Allowable Instrument Present Test *
Uncertainty ]| Specification § Uncertainty
R A
Measured Thrust (Fgiprg)] 0.18% 0.10 to 0.25% § 0.15 to 0.50%
Mass flow rate (i) 0.18% 0.05 to 0.50% | 0.40 to 1.0 &
Ambient Pressure (Pj) 0.25% 0.10% 0.10 to 0.50%
Nozzle Exit Area (Ag) 0.25%

w

* Note: The SSME (NSTL) data are not included since this is a
unique situation where a test stand is designed for a
specific engine. Here the same parameters are calibrated
and measured over the same ranges with the same setups
over and over which is not representative of the condi-
tions for most rocket engine research testing. It defini-
tely does not represent the conditions for rocket engine
performance code verification.

S,o= 92 -
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MEASUREMENT ACCURACY
All measurements have error.
Uncertainty is an estimate of the maximum error.
Uncertainty is process-dependent.
e instrumentation process
e measurement-recording-reduction process
e derived parameter methodology
® test process
Uncertainty has 2 components:
e Bias
® Precision
Bias - Those factors which cause a constant error in a given data

set from a given installation in a given test cell.

Precision - Those factors which cause scatter in a given data set:

zero shift
calibration

curve fits
installation repeatability
balance uncertainties
system dynamics
unsteady flow
dropped/or added bits
instrument drift
system noise

system resolution

Bias Limit (B) - The bias components are fixed or systematic er-
rors. The magnitude of the bias cannot be determined unless the
measurements can be compared with the true value, which is not
feasible. Therefore, bias limits (+B) are estimated using applica-
ble test information and engineering judgement.

Precision 1Index (S) - Random errors are encountered in repeated
measurements and are the differences between the observed values
and the average value of a very large sample. These variations
tend to spread about an average value in the fashion of a normal

distribution curve. The curve 1is characterized by the standard
deviation, ¢ .

The precision index (S) is the computed estimate of the standard
deviation, 5 , and is calculated as:
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n Where: n = number of measurements
S o(xx - X)2 Xk = individual measurments
K=1 X = average value of Xy
S = fi
n-1 - Xk
X=K=1
n
Elemental Error - Each measurement system has many potential

sources of error. The errors for each source are referred to as
elemental errors. It is commonly accepted to divide the elemental
error sources for any measurement into three categories indicated
by the subscript j:

Jj Categor

1. Calibration Errors

2, Data Aquisition Errors
3. Data Reduction Errors

Calibration Errors (Category j = 1) - The measurement uncertainty
analysis assumes a well controlled measurement process in which
there are no gross mistakes or errors. It also assumes the reason-
able calibration corrections have been applied. Calibrations are
performed to improve the test accuracy and to provide test measure-—
ment traceability to the National Standards Laboratory. By apply-
ing the calibration corrections, some biases are reduced but in the
process some other errors may be introduced. Traceability is
established and maintained through a calibration hierarchy. Each

calibration in the hierarchy constitutes an elemental error source,
i.

Example: i Source
1. National Standard Laboratory (SL)
2. Inter-Laboratory Standard (ILS)

3. Transfer Standard (TS)
4. Working Standard (WS)
S. Measurement Instrument (MI1)

Each comparison in the calibration hierarchy has elemental errors
associated with it. Estimates of the elemental errors provide pre-
cision indices and bias limits in each level of the hierarchy.

Example: Caiibration (§ = 1)
i Error Source Bias Limit Precision Index
1. SL-ILS B1j S11
2. ILS—=>TS Boy S21
3. TS—>WS B3j S31
4. WS —»=MI Bsi S4q1
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Data Acquisition Errors (Catergory j = 2) - Error sources, i, are
associated with the various elements of the data acquisition sys-
tem. Data are usually obtained by measuring the electrical output
resulting from a pressure, temperature, or force applied to an
appropriate measuring instrument. Other elemental error sources
such as electrical simulation, probe errors, and environmental ef-
fects may also be present.

Example: Data Acquisition (j = 2)
i Error Source Bias Limit Precision Index
1. Excitation Voltage B2 S12
2. Electrical Simulation B2 S22
3. Signal Conditioning B32 S32
4. Recording Device : B42 S42
5. Pressure Transducer Bg2 Sg52
6. Probe Errors Bg2 S62
7. Environmental Effects B72 S§72

Data Reduction Errors (Category j = 3) - Computers operate on raw
data to produce output in engineering units. Typical errors in
this process stem from curve fits and computer resolution.

Example: Data Reduction (j = 3)
i Error Source , Bias Limit Precision Index
1 Curve Fit B13 S13
2 Computer Resolution Bz3 S23
Combining Measurement Errors - After the elemental error sources

are identified, they must be combined into the basic measurement
error components, precision and bias. Combining the elemental er-
rors into separate components is essential for modelling the basic
measurement uncertainty, for propagating measurement uncertainties

to performance parameters, and for uncertainty reporting and vali-
dation.

Typically, only calibration, data acquisition, and data reduction
error sources are considered and combined to define the basic meas-
urement error.

Combining Precision 1Indices - The precision index (S) is the
root-sum-square of the elemental precision indices from all
sources.
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2 where j defines error categories:
s= |2 X sij (1) calibration, (2) data
1 i acquisition,

and (3) data reduction
and 1i defines elemental error
sources within a category.

Example: The precision index for calibration category, S;, is
defined by:

2 2 2 2
81 = Scal = \/511 + 821 + 831 + S41
In like manner, the precision index for data acquisition,

S2, and data reduction, S3, are defined.

The basic measurement precision index for the three ca-
tagories combined is:

2 2 2
S = \]Sl+52+53

~VE sl +Z sl + s
1 1 1

- \/233 2 sy

Note ~ Caution should be exercised in assigning values to Sj4,
since they may have been fossilized into the bias term of
the component.

Combining Bias Limits - Most measurement processes will contain a
large number of bias error sources. The bias 1limit is the
root-sum-square of the elemental bias error 1limits of all
categories.

B = \jZ Z Bjj Where j defines error categories
j i (1) calibration, (2) data
acquisition, and (3) data
reduction.
and i defines elemental error
sources within a category.

A-4
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Example: The individual error limits; calibration (Bj, data
acquisition (B3), and data reduction (B3), are
defined by the root-sum-square of their individual
elemental bias limits.

The bias limit for the basic measurement process is then:

2 2 2
\l;1+82+B3

\[}:- Bjy + ZB;2 + 2;3123
1 ‘ 1

w
(]

i

\/233 2 Bi;

Note: If any of the elemental bias limits are nonsymmetrical
separate root-sum-squares are used to obtain B+ and B-.

Propagation of Basic Measurement Errors to Calculated Parameters -
Calculated parameters are a function of basic measurements, such as
temperature and pressure. The basic components of uncertainty (S
and B) in-the measurements are propagated to the calculated parame-
ters through a math model. The effect of the propagation can be
approximated using the Taylor series method.

For propagating errors, the concept of the "influence coefficient
( 6)" may be convenient. This is the error propagated to the per-
formance parameter due to a unit error in the basic measurement.
The "influence coefficient"-of each basic measurement is obtained
in one of two ways, analytically or numerically.

Analytically - When there is a known mathematical relationship
between the calculated parameter (F) and the measured variables
(X3, X3 -- Xi) the dimensional influence coefficient ( 6k) for the
quantity Xk, is obtained by partial differentiation.

oF

0 Xk
Numerically - When no mathematical relationship is available or

when differentiation is difficult, finite increments may be used to
evaluate 0.

AF
Here 0y is given by 6k =—.
A Xk
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For independent measurements, the basic measurement error com-
ponents Sykx and Byk are propagated to the error components (Sp and
Br) using the influence coefficient ( 6).

S¢ =\lzk( 0xSxk)? and B = \/Zk(akak)z

Note: Care should be taken to check that the quantities (Xyg) are
independent. For complex calculations, the same measurement
may be used more than once in the formula. If the Taylor's
series relates the most elementary measurements to the cal-
culated parameter, the "linked" relationships will be
properly considered.

Measurement Uncertainty (U) - A single number (Some combination of
bias and precision) is needed to express a reasonable limit for er-
ror. This single number is called uncertainty (U).

Two equaliy accepted options are used (Uappp.and Urgg). Uapp is the
additive model and Urgg is the root-sum-square combination.

- toggS tggS z
Uapp = B + and Urgs =./B2 + —

Y n n

Where B is the bias limit
S is the precision index
n is the number of samples
and tgs is the 95th percentile point for
the two-tailed student's "t" distribution
from table.

Student's "t" - The "t" value is a function of the number of de-
grees of freedom ( » ) used in calculating S, therefore, v = n-1
should be used to select the tgs value from the table.

Propagation of Degrees of Freedom - When precision indices of
elemental error sources are combined (root sum square), the degrees
of freedom of the result must be determined if any of the elemental
degrees of freedom are less than 30. The Welch-Satterthwaite for-
mula is used for this purpose. It is a function of the degrees of
freedom and the magnitude of the elemental precision indices.

2
If s = Q Z:i Si with degrees of freedom v»j
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® Tt
95% 27,
7
)
2-1/2% / % » 2-1/2%
. %// Z
Degrees of 1y Degfees of 1yn

. Freedom o5 Freedom t'os

1 12.706 17 2.110

2 4.303 18 2.101

3 3.182 19 2093

4 2716 20 2,086

5 2571 21 2,080

6 2441 22 2.074

17 2.365 3 2 069

8 2.306 24 2 064

9 2.262 S 2. 060

10 2,228 26 2.056

11 2.201 27 2,052

12 2.1719 28 2,048

13 2. 160 29 2.045

14 2.145

15 2.131

16 2.120 30 or more use 2.0
. Fig. A.1 - Two-tailed Student's "t" Table

A7
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then, »
2 (%)
i
or if § = m with degrees of freedom Vjj
J 1 . .
then, Vv = [E:j z:i Sijzl 3

PR (sij‘*)

Yij

or if Sp = WJz:k ( Gkak)z with degrees of freedom -Vyi
then' vF = [Ek (ekak) 2] 2

Zk (eksxk 4

Vxk

Pretest and Posttest Analyseé -

Pretest Analysis - Although the final uncertainty limits determined
from the posttest analysis will be those reported with the test
results, the pretest uncertainty analysis could be one of the most
important steps in the test preparation. If accuracy requirements
have been specified for a test, it is important to know if those
requirements can be met. If the pretest analysis shows the uncer-
tainties ‘to be greater than acceptable, and corrective actions can
not be taken to reduce the uncertainty to an acceptable level, then
the test should be aborted. Therefore, it is important to conduct
the pretest uncertainty analysis early in the test planning cycle
and update it as better information about test article and/or test
facility is made available. The pretest analysis is based on data
and information that exist before the test: calibration histories,
previous tests with similar instrumentation, prior measurement un-
certainty analyses and expert opinions. (Where facts are avail-
able, opinions should be secondary.) In complex tests there are
often alternatives to evaluate: different thrust models, various
instrumentation layouts, and alternate calculation procedures. The
pretest analysis should help identify the most preferred test
methods and the most critical measurements. '

A-8
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Posttest Analysis - The posttest analysis is required to confirm
the pretest estimates and to identify potential problems. Compari-
son of test results with the pretest analysis is an excellent data
validity check. When redundant instrumentation or calculation
methods are available, the individual averages should be within the
pretest uncertainty range. If there are several ways of obtaining
a parameter, the uncertainty ranges should overlap. The final un-

certainty limits reported for the test results should be based on
the posttest analysis.

Uncertainty Reports - The uncertainty components, precision index,
bias limit, uncertainty limit (with option used for determination)
and influence coefficients should be included in the reports on
measurement error along with applicable test conditions. Two
separate reports are recommended: The Measurement Uncertainty Sum-
mary Report and the Elemental Error Sources Report.

Measurement Uncertainty Summary Report - The error components of
precision index (S) and bias limits (B) are necessary to: (1) in-
dicate corrective action if the uncertainty is unacceptably large
before the test, (2) to propagate the uncertainty to more complex
parameters, and (3) to substantiate the uncertainty limit. The in-
fluence coefficients for each measurement are provided to document
the calculation of the error components. The test condition must

be identified to qualify both the error components and influence
coefficients.

Elemental Error Sources Report - The elemental error sources report
records all the elemental errors of each basic measurement. The
elemental contributions are required to confirm measurement uncer-
tainty estimates and to support any corrective action needed to
reduce the uncertainty or to identify data validity problems. The

list should also help to ensure against potential missing error
sources.

HOW TO DO IT - SUMMARY

a. Make a complete, exhaustive list of every possible elemental
error source for each measurement: calibration, data acquisi-
tion, data reduction.

b. Classify Errors - If you can calculate the standard deviation,
call it precision, otherwise, call it bias.

c. For the defined measurement process, make the final classifica-
tion of errors into bias and precision. RULE - A precision er-
ror increases the scatter in the final test results.

d. Propagate elemental errors to final result separately: preci-
sion, bias, degrees of freedom.
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e. Calculate uncertainty: Uppp or Urss

f. Report: precision, bias, degrees of freedom, uncertainty
(state model used).

g. Pretest and Posttest analysis.

A-10



