


1 .  

REMTECH IN= 

MEASUREMENTS MIR LIQUID ROCKET ENGINE 
PERFORMANCE CODE VERIFICaTION 

Prepared By: 

Sarat C. Praharaj 

and 

Richard L. Palko 

REMTECH, Inc. 
Huntsville, Alabama 35805 

Prepared under'Contract: W8-36548 
for 

National Aeronawkics and Space Administration 
George C. Marshall Space PligLct Center 

Marshall Space Flight Center, Alabama 35812 



~~ 

RTR 157-01 

< -  

and 

Richard L. Palko 

REMTECH, Inc. 
Huntsville, Alabama 35805 

Prepared under Contract 
for . 

National Aeronautics and Space 
George C. Marshall Space Plight Center 

Marshall Space Plight Center, Al 



* L 

REMTECH INC, 

RTR 157-01 

FOREWORD 

This final report presents work conducted for the Marshall 

Space Flight Center (MSFC) 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 losses for liquid 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. 

0 

The JA"AF thrust chamber evaluation procedures are based on a 

physical model that accounts for the major processes occurring 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 e 
- 1 -  
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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 local 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. 

0 

In the physical expansion process, velocity components normal 

to the direction of thrust may develop. The losses 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 

- 3 -  
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using such codes as Boundary Layer Integral Matrix Procedure - Ver- 
sion J (BLIMPJ) and Boundary Layer Module (BLM). 

Graphically, all the above-described losses are given in 

Fig. 1.2 which was reproduced from Ref. 1. All the losses are sub- 

tracted 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. 

from 

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 losses), exhaust 

- 4 -  
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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 mohel. 

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 quantifi- 

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 e 
- 5 -  
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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. 

0 

Since the thrust of the present work is to quantify each in- 

dividual loss present in a thrust chamber, one necessarily has to 

subtract the actual measured Isp 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 

- 7 -  
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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:. 

(2.1) Isp Loss = Isp (ODE) - Isp (measured) 
where 

and 

ISp (ODE) = Theoretical (ODE) Isp calculation 

Isp (measured) = Measured value of Isp 
including only one loss 
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 

0 

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 

i 
- 8 -  
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identification of individual losses and the related input/output 

parameters in the performance codes. 

2.1 INJECTOR LOSSES 

As described earlier, the mixing and vaporization losses stem- 

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) - 

@ 3DC 

CICM - 

STC (DER) - 

Liquid Injector Spray Pattern Subprogram (of.the dis- 
tributed energy release model) - Calculates droplet 
spray pattern for liquid/liquid and gas/liquid injec- 
tors . 
Three-Dimensional Combustion Program - Calculates 
simultaneous burning, dispersion, and collisions of 
sprays following initialization by LISP. 

Coaxial Injection Combustion Model - Replaces LISP and 
3DC for coaxial elements. 

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 

where Pc = Effective Combustion Chamber Stagnation Pressure 
AT = Throat Area 
&T = Mass Flow rate 

This parameter is a measure of the maximum flow rate possible 

for a given system pressure and is also proportional to both the a 
- 9 -  
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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: 

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

0 The various efficiencies are very low. 

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

0 Boundary layer start point is significantly different than 
predicted. (This basically refers to the assumption of ZOM). 

0 Exhaust compositions are significantly different than pre- 
dicted. 

The sources of discrepancies may lie in: 

0 Droplet size 

0 Mixture ratio distribution 

0 Mass distribution (size distribution) 

0 Effective chamber pressure 

0 Inlet enthalpies 

0 Droplet heating and vaporization rates 

0 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 losses 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 

a 
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. e 
- 13 - 
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Theoretically, the divergence losses are calculated by either 

AIsp (Div.) = Isp (ODE) - Isp (TDE) 

AIsp (Div.) = Isp (ODK) - Isp (TDK) 

(2.3) 

or 

(2.4) 

Equation (2.3) is more accurate than Eq. (2.4) since the two codes 

in E q .  (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 Eq. (2.4) over Eq. ( 2 . 3 )  

is that only one run needs to be made to output the ODE, ODK and 

TDK values. If an .inert gas or air at low temperature is used as 

the flowing gas, both Eqs. (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. 
a 

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: 

0 

0 Throat flow rate is significantly different than predicted. 

0 Measured thrust loss is noticeably different from predic- 

Wall pressures are significantly different than predicted. 

tions. 

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

When these discrepancies are indicated by comparing the e 
- 14 - 
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measurements with predictions, the sources of error lie in: 

0 

0 Mixture ratio and mass distribution 

0 Inlet enthalpies (fuel and oxidizer) 

Specification of potential wall contour 

0 Effective chamber pressure 

0 

0 

Numerics in TDK in specifying characteristics mesh size 

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

0 Non-boundary layer heat losses 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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Potent ia l  neasurements Relationship between 

Parameters and Specif ic  Parameters 
Measurements and Location Relating t o  t h e  

Performance Loss 

Table 2.2 - DIVERGENCE LOSSES. 

Hixture r a t i o  - 
WF 

Combustion chamber 
pr-sum, pC 

.@Inlet 
enthalpies ,  H 

..*Combustion 
chamber t e m p -  
erature, TC 

Geometry of t h e  
t h r u s t  chamber 

1. Subsonic por t ion  
2. T h r o a t  
3. Supersonic 

port ion 

Area r a t i o  

OUTPUT PARAMETER 

Mass flow rate 

Pressure d i s t r i -  
bution and p r o f i l e  

Velocity p r o f i l e  

Thrust loss 

ISP 

Cold flow tests 
(Conventional I 

Combustion chamber 
w a l l  pressure  

Temperature measure- 

are poten t ia l  fb ture  
measurements ( u n c o ~  
vent ional)  far measur- 
ing  temperature. 

Thermocouple measure- 
ments 

ments. CARS' t e C h d Q I l e S  

D r a w i n g  

Drawing 

Feed s y s t m  measure- 
ment 

W a l l  pressure measure- 
ments a t  the  mzzle 
w a l l  and probe s tudies  
i n  the  exi t  plane 

Probe s t u d i e s  or LDV 

Load cell (strain 
gage measurements) 

T h r u s t  l o s s  and mass 
flow rate 

Same as parameter 

Simplified method f o r  
pc, given in Ref. 1 

Taperatwe r e l a t e d  
to enthalpy 

!%me as parameter 

Same as parameter 

~ ~~ ~~~~ 

Calculated from the  
foed system measurement 

h e  aa parameter 

Same as parameter 

Thrust loss = i d e a l  
thrust - measured 
t h r u s t  

AISP = AT/% 

Mixing region 
af t  o f  i n j e c t o r  

Combustion 
chamber w a l l  

P r o p e l l a n t  f e e d  
l i n e  

Canbustion 
chamber 

Nozzle w a l l  
and e x i t  plane 

Nozzle exit 
plane 

(i TDK is t h e  standard JANNAF performance code 
Real propel lants  opt ion 

*.e Perfect  gas  opt ion 

- 16 - 
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ODK - - Calculates kinetics effects for plane uniform flow. 

Theoretically, the kinetic losses are given by 

One-Dimensional Kinetic Subprogram contained in the TDK Code 

AIsp (Kin.) = Isp (ODE) - Isp (ODK) 

The for subtracting the ODK value from the ODE value is to 

calculate only the kinetic losses, since the other losses would 

have been taken out from the theoretical value to compare 

with the measurement. 

reason 

already 

While making measurements for determining kinetic losses, 

several auxiliary parameters relating to kinetic losses should be 

measured. Normally, the ISp measurements would contain injector, 

boundary layer and divergence effects. Thus, it is important to 

identify and quantify these losses using the JA"AF 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. In 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. 

a 

Potential errors in measurement are indicated when: 

0 

0 Throat flow rate is significantly different than predicted. 

Wall pressures are significantly different than predicted. 
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0 Measured thrust loss is noticeably different from predic- 
tions. 

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

0 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: 

0 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.) 

0 Mixture ratio and mass distribution 

0 Inlet enthalpies (fuel and oxidizer) 

0 Effective chamber pressure 

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

0 Table look-up reaction rates 

0 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. In 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 losses might even be a higher 

m 

- 18 - 
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Relationship between 
Ueasurements and 

Par meters 
Location 

Table 2.3 - REACTION KINETIC LOSSES. 

INPUT PARAHETEA 

nixture  r a t i o  - 
D/F 

Combustion chamber 
pressure, pc 

Inlet enthalpies ,  
H 

Combusiton chamber 
temperature, TC 

Geometry of the 
t h r u s t  chamber 

Area r a t i o  
~ 

OUTPUT PARMlER 

Pressure d i s t r i -  
but ion on t h e  
w a l l  - expansion 
rate 

Pressure p r o f i l e s  

Velocity p r o f i l e s  

Exhaust gas 
composition and 
temperature 

Thrust loss 

I S P  loss 

Cold flow test 
(Conventioral) 

Combustion chamber 
w a l l  pre8sure 

Temperature measure- 
ments 

CARS teohniques are 
potont ia l  fu ture  
measurements (MCO~J- 
vent ional l  

Drawing 

Drawing 

Feed system 
measurements 

W a l l  pressure 
measurement8 

Probe s t u d i e s  

Probe s t u d i e s  
LDV 

Nonintrusive 
s t u d i e s  such aa 
radiometric s t u d i e s  

Load cel l  ( s t r a i n  
gage measurement 1 

Thrust loss and mass 
flow rate 

Same as parameter 

Simplified method for 
pc, given i n  Ref. 1 

Temperature r e l a t e d  t o  
enthalpy 

Same as parameter 

Same a8 parameter 

Calculated from the  
feed system w u u r e m e n t s  

-e aa parameter 

Same sa parameter 

Same as parameter 

Calculated from t h e  
radiometric measure- 
menta 

Thrust loss,.= I d e a l  
t h r u s t  - measured 
t h r u s t  

AISP = ATIS 

Uixing region 
af t  of i n j e c t o r  

Combustion 
chamber w a l l  

Propellant feed 
l i n e s  

Combustion 
chamber 

Feed system 

Nozzle w a l l  

Nozzle exit  
P l W  

Nozzle exi t  
plane 

Nozzle exit 
P l a n e  

STDK is the standard JA”AF 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 

A I s p  (Boundary Layer) = BLIMPJ calculation 
(Straight calculation from 
BLIMPJ using the computations 
of 6*'and 0 ) 

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 and geometry of the thrust chamber, which simulate 

the input parameters to BLIMPJ, and such quantities 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: 

0 Wall temperature measurements are significantly different 
from predictions. 

0 Wall heat fluxes are significantly different from BLIMPJ 
predictions. 

0 Total heat load from the boundary layer is significantly 
different from BLIMPJ predictions. 
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0 Boundary layer composition, and temperature, pressure and 
velocity profiles normal to the wall are significantly dif- 
ferent from BLIMPJ predictions. 

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

When these discrepancies are indicated in the measurements, 

the sources of error may lie in: 

0 Computation of wall temperature profile 

0 

0 

0 

0 

0 

0 

0 

0 

Starting point of the boundary layer 

Non boundary layer heat losses 

Mixture ratio and mass distribution 

Gas transport table look-up properties being incorrect 

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

Presence of chemical kinetic effects in the boundary layer 

Friction and heat transfer correlations (turbulence model) 

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 LAXER LOSSES. 

Parameter in Per- 
formance Code 

Potent ia l  Wsurements 
Relating t o  t h e  

Parameters and Specif ic  
Spec i f ic  Performance Loss 

Relationship between 
Ueasurements and 

Parameters 
Location 

INPUT PARAUETER 
~ 

Mixture r a t io  - 
O/F 

Combustion chamber 
C pressure, p 

Edge gas t o t a l  
enthalpy, Ho 

Uall enthalpy, l$, 

Gas t ranspor t  
p roper t ies  

Pressure d i s t r i -  
bution on the  wall 

Geometry of the  
t h r u s t  chamber - 
combustion ohamber, 
converging/ 
diverging nozzle 

Uall roughness, i f  
present  - may also 
develop i n  the  whole 
of parts of the  
chamber w a l l  while 
i n  operat ion;  equi- 
valent  sand roughness 

P a r t i c l e  or conden- 
s a t i o n  (two-phase) 
e f f e c t s  - p a r t i c l e  
size 

Mass flow rate 
through t h e  nozzle 
throat 

Cold flow test 
(conventional) 

Cabus t ion  chamber 
w a l l  pressure 

CARS teohoipuea a r e  
potent ia l  fu ture  
measurement (uncon- 
ventional) 

- _  

Wall temperature and 
C from thermocouple 
tgb lcs  

Not measured - JANNAF 
tablas 

U a l l  pressure 

Drawing; measured 
area for e i t h e r  short 
or long durat ion 
teating 

Roughness density, 
roughness p r o f l l e  data  

Particle densi ty  and 
p a r t i c l e  size 

Feed system measure- 
ments 

~~ ~ 

Same as parameter 

Simplified method for 
Pc, given i n  Ref. 1 

Combustion temperature 
equal to  edge gas  
temperature and tamp- 
erature related t o  
enthalpy 

Hw = CCTW 

Used i n  BLIUPJ 

Same as parameter 

Same as parameter 

Same as parameter; 
equivalent sand rough- 
ness is r e l a t e d  t o  
roughness parameters by 
expressions given i n  
Ref. 4 

Same as parameter 

Calculated from the  
feed system meaaure- 
meats . 

HFxing region 
aft of the 
i n j e c t o r  

Cabus t ion  
chamber w a l l  

Combustion chamber 

Nozzle 

- 
Nozzle w a l l  

- 

Nozzle w a l l  

P a r t i c l e  
generator and 
nozzle e x i t  
P l  .na 

Feed system 

4BLIUF'J i s  standard JANNAF performance code. 
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Potent ia l  h s u r c m e n t s  Relationship between 
Relating t o  t h e  Measurements and Location 

Parametars and Specif ic  
Performance Loas 

Parame ter 8 

Table 2.4 - Bo[INDMT LATER LOSES - (CONT.) 

Heat t r a n s f e r  rate 
a t  the  w a l l  I 
Velocity and temp- 
perature profiles i n  
the  boundary layer 

Turbulent length 
s c a l e  and turbulent  
shear stress vari-  
a t i o n  i n  t h e  bound- 
a r y  layer  

Exi t  p lum ve loc i ty  

Exhaust gas 
temperature 
composition 

Thrust loss 

ISP l o s s  

1. Thermocouple 
measurements 

2. H e a t  t r a n s f e r  gage 
3. Phase change 
4. Calorimetric measure- 

ments 

Probe s t u d i e s  for vel- 
o c i t y  and temperature. 
In tegra t ion  of veloci ty  
p r o f i l e s  y ie lds  thrus t  
loss. 

Hot-wire anemmetric 
measurements y i e l d  
turbulent  f luc tua t ing  
quant i t ies .  

LDV or probe s t u d i e s  

Nonintrwive s t u d i e s  
w c h  as radiometr ic  

Load c e l l  ( s t r a i n  
gas  measurement ) 

Thrust l o s s  and mass 
flow rate 

1. Thin-akin or thick- 
sk in  r e l a t i o n s h i p  

2. Same as parameter 
3. Timedependent 
4. Temperatures r e l a t e d  

Same as parameter 

t o  heat  transfer rate 

Turbulent f l u c t u a t i o n  
q u a n t i t i e s  r e l a t e d  t o  
Reynolds shear  stress by 
standard methods. Frca 
this shear stress, by 
length scales can be 
derived and compared 
against BLMPJ 
turbulence models. 

Same as parameter 

Calculated from 
radiometr ic  measure- 
ments 

Thust loss = ideal 
thrus t  - measured 
t h r u s t  

AfSP s A T f 9  

Nozzle w a l l  

Nozzle boundary 
layer  p r o f i l e s  

Nozzle boundary 
layer  prof ilea 

Nozzle e x i t  
plane 

Nozzle exi t  
Pl  M e  
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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 loss, 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 ideas 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. 
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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. 
m 

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 

0 Reaction kinetics and boundary layer effects are small. 
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0 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: 

0 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. 

0 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. 

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

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

Some key data that can be obtained from such tests are: 

e Energy release efficiency or injector Isp losses comprising 
mixing and vaporization losses 

0 Heat transfer effects on the nozzle throat and other areas 

0 Wall pressure distribution in the chamber 

0 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. 

- 27 - 



REMTECH IN= 

RTR 157-01 

Cold-flow tests are particularly suitable for characterizing 

the divergence losses, because 

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

0 It is less expensive to test. 

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

0 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: 

0 Two-dimensional losses 

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

0 Since testing 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 losses 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 low 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 the nozzle 

are usually responsible for non-equilibrium effects. 

Major steps in setting up this test are the following: 

0 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 . 

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

0 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. 

0 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: 

0 Kinetic losses 

0 Heat transfer rates to the wall 

0 Wall pressure distribution in the nozzle 

0 Exit plane product composition 

3.1.4 Boundary Layer Losses 

Boundary layer losses are a regular feature of all nozzles. 

An example of theoretical loss calulation relative to the 20K 

engine is given in Pig. 3.1. It is obvious that for such a modera- 

tely large area ratio nozzle, the boundary layer losses 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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rather than reactive flow tests are more appropriate for measure- 
m 

ments, because 

0 Injector losses and kinetic effects are absent. 

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

0 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: 

0 Using air only at moderately high temperatures (Tr 300°F) 

0 Using an inert gas such as argon, freon, etc. which do not 

0 Avoiding nozzle flow separation 

in the chamber to avoid reaction between N2 and 0 2 .  

react when heated to a high temperature. 

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

Some of the key data that can be obtained from such tests are: 

0 Boundary layer loss measurement 

0 Heat transfer effects on the nozzle wall 

0 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 
0 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. Injector sections and the required lines should also be 

designed to be attached to the base-line configuration. 
a 

4. In this procedure, care must be taken to match pc, 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 LA, LB, Lc, and LD, where 

L is defined by 

L = Isp (ODE) - Isp (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 (LInj, LDivr LKinr and LBL) 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 PC8 To and mT 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. 

1. 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. Pc, To and h~ need not be matched between set-ups (183) 

and (2,4)8 so long as they are the same within their groups. 

3. Set-ups 2 and 4 could be designed with reasonable values 

require- of Pc, To and h~ using a hot or cold gas depending on the 

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 

) -  is analyzed. Ac- 

is the parameter normally reported and is deter- 
SPvac determine the vacuum specific impluse (I 

tually I 

mined as 
'Pvac 

Fvac FSITE + Pa Ae 
8 

= -- - I 
6T kT 'Pvac 

where: FSITE is the measured thrust, 
Pa is the ambient or test cell static pressure, 
A, is the nozzle exit area, 
&T and is the mass flow rate to the thrust chamber. 

Table 4.la gives the method of determining the propagation of un- 

using the measured variables certainty in the calculation of I 

and Table 4.lb 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 

%ac 

(4.2) 
UADD = 2 ( B + z) 

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

the bias term (B) has been eliminated by calibration, the tg5 term 

is equal to 2 (more than 30 samples), and the n term is equal to 1 
(one test point), so that--- 

_ _ -  .- _ _  
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TABLE 4 . 1  - PROPAGATION OF UNCERTAINTY I N  MEASUREMENTS I N  

TEE CALCULATION OF I 
"vat 

I a *  E q u a t i o n s  I 
( F s i t e  + P a . A e )  - - - F v a c  - I 

i T iT 
"vat 

+(:le s P v a c  ) . AA, 

- - (F s i  t e  + P a . A e )  1 A e  Pa + - Apa + 
&T 

A F s i t e  "T + - 8  

- 
iT 

. a  
mT 
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S, 
1 

x 1 0 0  
%I "vat '*vat = S T A 

"vat 

2 s  
= B +  - 

'add Jn 

Assume B=O and  n=1 ,  t h e n  U a d d  = 2 s  

%I 
s p v a c  

'add 

b .  Example  u s i n g  SSME and U= 0.25% f o r  a l l  p a r a m e t e r s  a n d  

B i a s  ( B )  = 0. 

= 4 0 5 , 3 0 0  1 b f a  s p  = f507 l b f s  UF = f 1 0 1 4  l b f  
F s i t s  s i t e  site 

P, = 1 0  p s i a ,  S =*0 .0125  p s i s ,  U = 2 0.025 p s i .  
'a P' 

t a a 
Ae=44.9  f t  ( 6 4 6 5 . 6 i n  1, S A =  f 8 . 0 8 2 i n  , U A = & 1 6 . 1 6 4 i n a  

e 

4 0 5 , 3 0 0  + ( 1 0 ~ 6 4 6 5 . 6 )  - F s i t e + * a . A o  - - I - 
sPvaa  

1 0 3 2  T i 

= 455.4  i b f  s e c / l b m  
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= 2 5 7 , 0 4 9  is.) a 

SpJz = 6 5 3 1 . 9  

( P a o S A i  = 6 5 3 1 . 9  

i E( = 3 4 5 1 1 6 . 3  + 2 5 7 0 4 9  + 6 5 3 1 . 9  + 6 5 3 1 . 9  

- 6 1 5 , 2 2 9 . 1  

%I "vac 
' *vacS = w - X 1 0 0 = 0 . 1 6 6 9  

.A 
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( 4 . 3 )  UADD = 2 (2s) 
From Fig. 4.1 we can see that the thrust and mass flow uncertainty 

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 Isp would be 0.33%. The fig- 

ure also shows that if the measurement 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 Isp for the code verification to 

run a sequence 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 layer 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, tg5, and n that were used 

is 

- 42 - 



~~ 

RTR 157-01 
REMTECH INC. 

L 
N. 

r " .  

* .  
n 

d -  
a b a3 a & -  

a" a" 

a h h  
1 11 

0 a 

0 

a 
k 

0 

II 

3: 
X 

2 

=k 
(1 

(1 I 

n 
% 

u 

- 43 - 



REMTECH INC- 

RTR 157-01 

4 
19 
k 

pc 
v) 

I 

Y 

n 
rl 
rl 

Q f, -- 
o m  4 
a i  !! 

u 
4 
ki 

e, m : 
k 

9 
i: a * 

- 44 - 



REMTECH I N r  

RTR 157-01 

previously have been made. However, if such data is available, the 

bias (B) term is calculated with the same equation as the precision 

(S) term and the tg5 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 Isp 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 quoted accuracies are also included. The mentioned specific 

instruments and manufacturers do not constitute endorsement of ei- 

ther, 

can be expected. 

Before 

but are given as examples to show what accuracies and costs 

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 

1. 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). 

- 

1) 

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 1 
5 COMPONENT WATER JACKETED BELLOWS 

FOR HOT AIR INJECTION 
(REPLACED BY FUEL LINES 
FOR REACTIVE noW) 

- 
I I J  

i 
2 

WATER COOLED 
NOZZLE, ADDED 
FOR KINETIC AND 
BOUNDARY LAYER 

WATER COOLED 
PERFORATED PLATE COMBUSTION CHAMBER 

HOT AIR INSTAILATION 
(REPLACE WITH INJECTOR LOSS DETERMINATION 
FOR REACTIVE FLOW) 

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

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

3. Hot Air Duct Through Balance D3ameter = 4.3 IN. 
H.A. Duct C.S. Area = 14.55 IN 

4. Hot Air Feeder Line Diameter = 6 IN. 
H.A. Feeder Line C.S. Area = 28.27 I$ 

- 

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 XNJECTOR 

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 techniques, 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 

0 
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characteristics) is LDV measurements in a water facility (Ref. 7). 

The use of photogrametric techniques (Ref. 7) using laser lighting 

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- 

0 

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 Isp (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 ISp 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 liquid measurement. It should be noted that the 

linearity is quoted to be 2 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 0 
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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 use, 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- 

0 

e 
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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 locations along 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 Pc for input into the performance The 

specifications for a series of high accuracy pressure transducers 

code. 

that cover the range of normal combustion chamber pressures 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 

when used as the coolant or water in the case of hot gas simula- 

tion) at various stations along the coolant passages and then using 

the PTcoolant, 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 where 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. 

0 

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 liquid 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 is 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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Scanners 

* 

I ~ T L  ZTL 3.z ZSL 46 4 8 s ~  

PRESSURE 
SCAN N ERS 

I I  1 

Pressure System’s line of pres- 
sure scanners are ti ansducer 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- 0 iconpressure transducers. internal 
multiplexing and amplification with 
an integral calibration valve. They 
are designed to accurately measure 
pressures of dry, non-corrosive 
gaseous media. Several configura- 
tions are available, all fully compat- 
ible with the 7808 Pressure 
Measurement System. 

M I N IATURE 
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 7808 Data Acquisition and 
Control Unit using the Scanner 
Interface Modules. 

RACKMOUNT 
The S1600. S1600D and 

S200 Pressure Scanners are rack 
mounted instruments for use in 
test stand applications where 

. 

1 

Pneumaticscan be brought to a 0 

32 

21-100 

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 D X U  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. 

32 32 48 CHANNELS 

21-100 21-100 +1-1oO Zl-100 

Rackmount Scanners 

Rack 
Scanners 
I. 

s1600 S1600-D s3200 

11 zo.10 I 20.10 1 20.10 I 20.10 I 20.10 I 20.10 11 96F.s. ERROR 

I I 

7.1 8.9 10.7 

INPUTS 11 16 I 16’ I 32 11 CHANNELS 

20.10 20.10 20.10 % FS. 
STATIC 
ERROR 

READING/SEC 

YES 

20,000 20.000 

YES YES 

SCAN 
RATE 
FIELD 

REPAIRABLE ~~ 

DENSITY 96 96 192 I I PER 19” RACK 

‘S1600-D are True Differential 

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

Fig. 5.11 - Example Specifications for High Accuracy Miniature Pressure Scanners 
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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 quoted for this specific transducer is 5 

3% . 
5 .5 .2  Boundary Layer 

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 
OESCRIPTION 

MEDTHERM 6 4  SINS &ai Flu. Trwubcer i  OIIN 
d v u l  mawrunant  01 haat i r . n l i  rain m a  uafulv 01 .pptcr 
tmru due io orrlul deugn. ~ p o r a  awlity cmatructmn and 
WIYIII~ nwuninng cnnllpurmen. Euh IIM-I rrll prondr a 
u1lpfufai.d 10 millwoll oulpul a1 the dcsqn hMt i lux b e l .  
Continuous r w d q p  from a10 IO 1% dnlpn heal l lux Wa 
mdr rtlh inlmtir ruolutmn The innsducu WIPUI u diractlv 

Lo( Each aanlducrt i s  pwided wilh a c m d d  c a l ~ n i m n  
Iraceabk inrwsh t.mp.ratwr aandatdi to  the N a t m ~ l  Bureau 
of Sondads T n r r  tranujucws h ~ w  bnn prown n ihouund~ 
01 awlcaimns in n~omaca &uimns. heat trandw research. 
end b w k  deslpn 

PIOPOrlmNl Io Ihe n l  h u t  Innslar rata absorbed by lhe SNI- 

FEATURES 

' LINEAR OUTPUT 
* OUTPUT PROPORTIONAL TO HEAT TRANSFER RATE 

' CPNVENIENT 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 p w i d .  
.d by the thoroughly p r a m  Gardon and Schmal-Bodlr mc 
m I L  

LONG TAANSOUCER LIFE AND SIGNAL STABILITY mu 
mhanced by the m w i v r  body 01 pufe copper, @d Piaid 10 
p ~ m c t  w i n s t  rorrmmn. CornamrrUIMn. and 8xc.u n d u n l  
hi ablorpien by the hul unh. 

PROTECTION AGAINST ROUGH HANDLING tn mwntmgis 
OIWlrted by a stainins s l e d  l l m n g r  h e n  mmcilied. 

SIGNAL INTEGRITY II protuod bv ~ h r  use 01 wlded coh 
IIClim. Rrbndod I d  w w  wtth bradid CORU shuldinp and 
ldlon inulatwn lirmly u u r . 6  in the II~IU~UCN body w l h  
nra i r  rdnf to ariwrr reusianca to rwph bndl~np and SWJV 

ugrur, 

ACCURATE. RUGGED. RELIABLE 

ACCESSORIES 

REMOVABLE SAPPHIRE WINDOW AlTACHMENTS arr avah 
abla 10 Imil Ihr blue I I ~ ~ I ~ U C C  to monurunanl 01 rmdwmn 
hnl llu. only. 

VIEW RESTRICTOR ATTACHMENTS ate awaiiabla to Imil 
the an#r 01 VIII lor the bu tranujucn IO 600,300.15 ", w 
7O lo NWW u r n  a w e  muwrunarns. 

DIRECT READING HEAT FLUX METER Modal H.200 II 
UJIIJW~ (or ~ I I U I  metu rndour en any hMI flux unita lmm 
any l i n v r  hul  Ilui Iramducw input A 0.1 roll r ~ 0 1 d . 1  out. 
put ia  allo pmndrd. Ask 101 Bullaim 700. 

BODY TEMPERATURE THERMOCOUPLE N~WIWI~PI u 
p~ndrd  by an WIIOIU~ c o c e ~  constantan 30 AWG &old coh 
duc101 Ihwmocouglr. TIC d d e d  iuncten. wilh fIb.igl~u ((r 

u l a l e n  and mrullc  wnbrad. 

Fig. 5.12a 

OPTIONAL FEATURES icluda lwr mwntinp conlipuntionr. 
wmn coolino pwmions. ps purge prwismnr. 01 iharmocou~k~ 
tor bodq umplralure 11uuwnen1. WmJr cwiinp should bo 
vuilid 11 the uncoored tranaducn i s  ~ I I D C I ~  IO r o a h  .Don 
-OF. , 

The 01s w r p q  pwlum shoula br trrluded on radutton VYI 

krns i o  be uud in J (ooty mwonmmt.  The MEDTHERM 
purge is d n q w d  to 0.u ltyia NASA p ~ l o r m a ~ ~ ~ a  tnta with 
lurkrh ony.aetvlara lbmu d t r c t d  towar0 1h8 rnndow at 
C l D Y  rJnp. 

STANDARD CONFIGURATIONS 

The bu trdnrducs m ~ y  b .wlu led 'k lh  aiihsr 01 1-1 mount- 
ing conlyuralws and with o mchout p~wiuonr 101 -1.r 

:oolinp 01 tranulucn bodv It may Jao br prwded mlh gn- 
.oys purging IO h m  IIV iadul~on.tranmttmp mndow c b n .  
but A m  the w~ping p~owivon u ~nctudd. the wkndor n in. 
staltrd and is not an LC~UOV. 

RADlOMEIfR WI7W GAS PURGING PROVIYONI 

!- -- 

- Example Specifications for Rapid Response Heat Flux Transducers 
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VERSION MODEL NO. 

BASIC, 

WATER 

NO COOLING 64-~11-16 

COOLED 6cu-20 
RADIATION. 

PURGED 
COOLED 64P-nx.14 

I- 1" 1 r 1" -I r 1 ' 1  

SMWTHBOOYWlTHFUNGETHRE*DEOBOOYWlTHFLANGESMOOTHBOOY. NOFLANGETHREAOEDBOOY, NO FLANGI 

VERSION MODEL NO. VERSION MODEL NO. VERSION MOOEL NO. 

NO COOLING 64-CK-17 NO COOLING 64.~1-14 NO COOLING 6)-KC-15 
BASIC, BASIC. BASIC. 

WATER WATER WATER 

RADIATION. RADIATION. RADIATION. 
PURGED PURGED FURGEO 
COOLED 64TPur-25 COOLED 64P-XII-22 OOOLEO HTP-1rJ3 

W L E O  64.u-21 COOLED 64.Kx-18 COOLED 6).r.-lD 

SAPPHIRE WINDOW AlTACHMENT IMV br m d  lor dmr 
NIO~ of comrtwe  h a :  1nnal8r. Ihus nuking Ih8 I R I ~ I I C N  a 
d l a n 8 1 8 r  Or R d p I i 0 n  MI llux 1nnduS.r .  Three v w  D- 

are avai~able Boo, 1100. and 1500. Windom aw runouabh 
and r rnkubk  bv uu. Wtun 1hr windorr is uud the u n ~ t i v n v  
of th8 b w s ~  cmducr n rsducd 10 a INYIIIIU~ tramon of :he 
orI@iNl as followa. 900. 43%. 1200. 64%. 1m. 79%. ThKk- 
n U  Of Ih8 811.mn@ffl V.M WIh u N W  8n#k and SWsm lVP.  
from 1 / 1 6  I D  318". 

:h ---- 
.I - ".-. - 
1. "... I 

BODY STYLE "0" CALIB? MODEL 

T SMOOTH 1.0 NO sw.1-YY 
THREADED m NO s y y . 2 . ~ ~  

THREADED m YES W-ZC-YY 
SMOOTH 1.0 YES SW.lGYY 

I - I dr I 
lo?NB=sl I I 
I k W V  1tEiimd I I '  

NOMINAL X BASIC MODEL 

VR-15 
1.6 6.6 VRJO 
1 .2 15.0 VR 60 

RANGES AVAILABLE: rm0. 3000. zo00. lO00. 5oo.xK). 
too. so. 10. io, 5. 2. 1.0.2 BTUIII~~. mi IIUI 

kd .  
OUTPUT SIGNAL: 10 mi l lndir  t 15 millivolts 81 lull nngr. 
MAXIMUM ALLOWABLE OPERATING BODY TEMPERA. 

TURE: 4 W F .  
OVERRANGE CAPABILITY: 150% for 5-zoaO BTUth%a. 

ram; 500y lor 0.2.2 B t u / f t 2  aa r- 

t MAXIMUM NON-LINEARITY: ?Z% 01 lull r a w  

i REPEATABILITY: t l /Z% 
-; AC3JRACY: $3% lor mon srpn 

CALIBRATION: C.ni1i.d callb81ion provided with each :ram- 
4Kn. 

SENSOR ABSORPTANCE: 02%. nomirul. l rom 0.6 to 15.0 
microns. 

SPECTRUM TRANSMITTED BY SAPPHIRE WINDOW l W h m  
w d l :  85% nomid lrom 0.15 10 5.0mmom. 

LEAD WIRE 24 AWG a i r a d d  copwr. 1 ~ c o n 6 c 1 0 r .  irllon 
W a t m n  mn Y h .  nwulk warbrbid. I8flon orwall. 36" 
lone strleocd m6r. 

RESPONSE TIME I 6 3 . 1 y I :  
wo 10 4000 BTU~IJUC: *u tun  SO muc. 
60 to 200 B T U l l t 2 r ~  hU IhM 100 mus. 

10 BTUlI t~mc: leas than 190 m a .  5 IO 
0.2 IO 

SENSOR TYPE 
5 10 4000 BTU/II~UC t r rdon tuuc* 
0.1 IO 4 BTU/II~UC SCIWII~I- ~0r1t.r 

L.p 1hm 10 ohms on Grdon hum 
L8u IhM 100 ohms on bmidl-Bccl tar  t upn .  

I BTUldrrc:  ma 1h8n 1500 ma8c. 

NOMINAL IMPEDANCE: 

Amount 0 1  ha1  rhrh  Cwn uc abrork l  b I r ~ l d u u r  In 8n 
. d u b r t ~  I v r ~ l u ~ l v  inwlwtra m8mullvl Insu l lw i ion  fdorr  8.- 
Mip Ih8 40WF lmitwtion 

Models w11hwI waIn cooling promsions. 6.2 BTU 
Mod8ls mlh -I= coolnp pronsion bu1 mthoui mi81 m 
~ u g n :  4.2 BTU. 

Mwsimum pw p r o u r  lor'ps mnmd M 6 1 s  150 PIS 

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 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 

nozzle station to another. 

boundary layer and should be designed to minimize this interfer- 

ence. All of these supports can be water-cooled if required by 

test conditions. 
0 

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 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 

actual 
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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 (To) has been accurately 

measured in the combustion chamber and the freestream temperature 

(Tm) has been determined with the probe, then the Tm/To factor can 

be applied to the measurements taken through the boundary layer 

with a reasonable degree of confidence. 

0 

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 r 

Expsed Thermocouple Junction 

TTC Junction 

FLOW 

Shielded Thermocouple Junction 

Recovery = Tm/To 

where Rn is temperature measured with probe in the 
freestream (e of nozzle) 

and To is total temperature measured in the 
canbustion 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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'Miniature Conkat Mbo . ' 1264A 
Standard Straight Wedge 1232 
Hlgh Temp. Stroight Wedge 1232H 
Boo wedge 1233 
StrndudFlushSurhce 1237 
Mini. Flurh Mnt. Sons. Element 1268 
MLnl. Flush Mnt. Swf. Sons. 1471 

RTR 157-01 

- 
Mini. Probe U 
Submini. Probe 
1 Senror45°to Probe 

CYLINDRICAL PROBES 
I I YOd.11 

1262A 
1279 
--I213 .' 

Gen. Purpore 
High Temp. Straight 
Extreme High Temp. Stnight 
Mini. Strainht 1260A 

1 Senror4S0 b Robb - 1263A' 

Submlni. Straight 
1211 

Extreme High Temp. 1228 
Submlnl. 1277 

Mini. 1 Zknrot-Bounduy L.yw 
1 Sensor-Strsrmiined 
1 Senwr-Boundary Layer 
Stnndard " X  F- 

Minl. " X  I . ,  * 

Std. "X" Wire -; 
Hinh TemD. " X  Wire 

7' 
Hlgh TMP. ' X  . . 

1 Sensir (Sensor Upstream) 
Hinh Temp. 1 Sensor 

1261A 1 
E 
1240 1 
1250 
1247A 
1241 
1251 

Boundary Layer "X" . '= -1243 ' 
Standard SOo "X" e 1246 
Mini. QOo "X" 12AQA 

- I Mini. "X" Wire 

High Temp.-Temp. Comp. 
(br lzoo series1 131 1 

-- _. . 

Rnl ie lsenror ' - -* +==a 1 244 
Split Film Boundary Layer 1287 
Sdit Film -- u, --- 

13 Component High Turb. e I 1204 
3 Component Sld. -1 1295- 

NON4YLINDRICAL 
PROBES 

I Side Flow Wedno S I  1229 I - 
High Temp.-Side Flow Wedge 1234H 

I Std. Temp. Comp. 
I 1332 High Temp.-Temp. Cornp. 

Ruggedized Temp. Comp. 4 I 1366 

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

Tunosten I 

I Platinum 

Platinum 
Iridium (~ttoy) 

lriatum IAlloy) 

Hot Film 

Liquid 
Hot 
Film 

Gas 
Hot 

Film 

0 Liquid 

Film 

”.’ 1 25 1 5  15 6 108 00042 L0040015) lOD501 ID061 ( 5 1  150 300 600k”z 750 

’* 5 1 25 1 5  15 6 1 1  2 0003 ”O 500kH2 450 100002) (0050) (006) ( 5 )  1%) 

Pl2.5 1 5  l h i~o )  ,oo6) I :: (,E) 750 600 200kHz 500 11 5 14 Oooo9 

4 5  000094 

Fig. 5.14b - Example Specifications for Hot Wire and Hot Film Sensors 
;;:;$;?:$.!. FAGE IS 
OF POOR Q O m  - 82 - 
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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 use 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, 

0 

thus if burnout occurs, all is not lost, and (2) it is just as easy 

to cool a whole rake as it is €or 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 

- 83 - 



I L 

REMTECH IN= 
RTR 157-01 

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. 

c 

e 
The exhaust gas temperature can be obtained with the probe or 

rake used to obtain the temperature profiles whenever the gas tem- 

perature is 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 technique or CARS can be used. Both of 

these methods utilize nonintrusive techniques 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 

I 
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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 in 

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 load 

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 Isp 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 loss separation technique recommended in this study. 

In addition to Isp, the measurements of the input and output 

parameters for the codes are needed. 

a 

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 and experiment 
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0.05 to 0.50% 

0.10% 
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0.15 to 0.50% 

0.40 to 1.0 % 

0.10 to 0.50% 

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 Isp 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 with 0.25% Uncertainty 

Parameter 

Measured Thrust (FSITE) 

Mass flow rate  TI 
Ambient Pressure (Pa) 

Nozzle Exit Area (A,) 

Maximum 
Allowable 
Uncertainty 

0.18% 

0.18% 

0.25% 

0 . 25% 

Present Test * 
Specification I Uncertainty Presently - 
Quoted 
Ins t r m e n  t 

* 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 .- 
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1. All measurements have error. 

2. Uncertainty is an estimate of the maximum error. 

3. Uncertainty is process-dependent. 

0 instrumentation process 
0 measurement-recording-reduction process 
0 derived parameter methodology 
0 test process 

4. Uncertainty has 2 components: 

0 Bias 
0 Precision 

5. Bias - Those factors which cause a constant error in a given data 
set from a given installation in a given test cell. 

6.  Precision - Those factors which cause scatter in a given data set: 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

a 

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

7. 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. 

8. Precision Index (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 is characterized by the standard 
deviation, 0 . 
The precision index (S) is the computed estimate of the standard 
deviation, ,, I and is calculated as: 

A-1 
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9 .  

10. 

e 

s =  
n - 1  

Elemental Error - Each measurement 
sources of error. The errors for each 

n = number of measurements 
XJ = individual measurments 
X = average value of xk 

n 

system has many potential 
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: 

-J Categor 
1. Calibraeion 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 caross 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 sourcer 
i. 

Example: i Source 

1. National Standard Laboratory (SL) 
2. Inter-Laboratory Standard (ILS) 
3. Transfer Standard (TS) 
4. Working Standard (WS) 
5. Measurement Instrument (MI) 

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 : Calibration (j = 1) 

- i Error Source Bias Limit Precision Index 

1. SL +ILS B11 
2. ILS-TS B21 
3. TS-WS B31 
4. WS +MI B41 

Sll 
s21 
s31 
s4l 
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11. 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 : 

i - 
1. 
2. 
3. 
4. 
5. 
6. 
7. 

Data Acquisition ( j = 21 

Error Source Bias Limit Precision Index 

B12 
B22 

Excitation Voltage 
Electrical Simulation 
Signal Conditioning 
Recording Device 
Pressure Transducer 
Probe Errors 
Envi ronmen t a1 Effect s 

B3 2 
B4 2 
B52 
B62 
B7 2 

s12 
s22 
s32 
s42 
s52 
s62 
s7 2 

12. 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. 

0 Example: Data Reduction (J * = 31 
- i Error Source Bias Limit Precision Index 

B13 s13 
B23 s23 

1 Curve Fit 
2 Computer Resolution 

13. 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 
dation. 

vali- 

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

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

and (3) data reduction 
and i defines elemental error 

sources within a category. 

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

SI = Sca1 = ~ s ; I  + sal + s;l + 
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: 

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

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

B = d m  
j i  

Where j defines error categories 
(1) calibration, (2) data 
acquisition, and (3) data 
reduction. 

and i defines elemental error 
sources within a category. 
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Example: The individual error limits; calibration (Bl, data 
acquisition (Bz), 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: 

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

16. 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 coefficientH.of each basic measurement is obtained 
in one of two ways, analytically or numerically. 

0 

Analytically - When there is a known mathematical relationship 
between the calculated parameter (F) and the measured variables 
(Xl, X2 -- xk) the dimensional influence coefficient ( 6,) for the 
quantity Xkr is obtained by partial differentiation. 

a F  

Numerically - When no mathematical relationship is available or 
when differentiation is difficult, finite increments may be used to 
evaluate 6ko 

Here 6k is given by 6k =-. 
AF 

A x k  e 
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0 

17. 

For independent measurements, the basic measurement error com- 
ponents Sxk and Bxk are propagated to the error components (SF and 
BF) using the influence coefficient ( 6k). 

Note: Care should be taken to check that the quantities (xk) 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 equally accepted options are used (U-~.and URSS). 
additive model and Urss is the root-sum-square combination. 

UADD is the 

Where B is the bias limit 
S is the precision index 
n is the number of samples 

the two-tailed student's 'ItH distribution 
from table. 

and tg5 is the 95th percentile point for 

Student's ''t" - The *tn value is a function of the number of de- 
grees of freedom ( u )  used in calculating S, therefore, u = n-1 
should be used to select the tg5 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. 
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95 
Degrees of Degrees of 8 1 ~ 8  I Fr eedam ' '95 Freedom 

1 12.706 17 2 110 
2 4.303 18 2 101 
3 3.182 19 2 on 
4 2 776 20 2 086 
5 2 571 21 2.080 
6 2 447 22 2 074 
7 2.365 23 2 069 
8 2.306 24 2064 
9 2.262 25 2 060 

10 2.228 26 2 056 
11 2 201 27 2.052 

13 2 160 29 2 045 
14 2.145 
15 2.131 
16 2.120 30 or more use 2.0 

12 2 1 7 9  28 2. 048 

Fig. A . l  - Two-tailed Student's "t" Table 
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then. Y = 
0 

or if S = I/= with degrees of freedom Yij 
j i  

or if SF = J(,,,,,)Z with degrees of freedom XYXk 

'xk 

18. Pretest and Posttest Analyses - 
Pretest Analysis - Although the final uncertainty limits determined 
Zrom 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 

c 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. 
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a 

20 . 

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 

a. 

b. 

C. 

d. 

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

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

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. 

Propagate elemental errors to final result separately: preci- 
sion, bias, degrees of freedom. 
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e. 

f. 

9 -  

Calculate uncertainty: UADD or URSS 

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

Pretest and Posttest analysis. 

uncertainty 

I 


