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Experimental data from two cold-air� ow turbine tests were evaluated. The two tests had different, relatively
high spatial variations in the turbine exit � ow� elds. The objective of the research was to evaluate data require-
ments, including the averaging techniques, the number of measurements (spatial resolution), and the types of
measurements needed, to obtain high-quality performance and code validation data for these types of � ow� elds.
Uncertainty analysis methodologywas used, and new uncertainty techniques were developed for the data studies.
The results were then used to establish guidelines for planning future tests of other turbines. The guidelines set
forth a quanti� ed method for determining data requirements to meet speci� ed test goals. Implementation of these
guidelines will improve the quality of experimental results while decreasing time and cost for experimental studies
of highly nonuniform turbine � ow� elds.

Nomenclature
B = systematic uncertainty estimate
C p = speci� c heat at constant pressure
h = enthalpy
M = Mach number
N = speed
P = random uncertainty estimate
NP = pressure
Pr = pressure ratio
r = result
T = temperature
U = uncertainty estimate
X = measured variable
® = � ow or yaw angle
° = ratio of speci� c heats
´ = ef� ciency
µ = partial derivative

Subscripts

av = average
c = dummy variable
th = thermodynamic method
t-t = total-to-total
0 = total
1 = turbine inlet
2 = turbine exit

Introduction

U NDERSTANDING the turbine � ow� eld is an important as-
pect in characterizing the turbine aerodynamic performance.
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Component testing of new turbine designs to determine these � ow-
� elds is often done under scaled conditions,which allows a broader
test envelope.1 This type of experimentalwork is particularlyimpor-
tant for designs incorporating revolutionary concepts in an attempt
to improve performancewhile reducing weight and cost.

This paper is a study of the experimental data obtained from the
oxidizer technologyturbinerig (OTTR), which was designedto sup-
port the development of advanced turbines for future liquid rocket
engines.2 The experimental results were used to validate various
computational � uid dynamics codes used for design and perfor-
mance prediction. Therefore, the experimental uncertainty require-
ments were strict, and the uncertaintygoal for the turbine ef� ciency
was 1% (U´=´ £ 100 D §1%).

Experimental data from two cold-air� ow turbine tests were eval-
uated. The � rst OTTR test was with a square exit volute. The over-
sized exit volute was a square cross-sectional area to increase the
volute � ow area so that the turbine could be evaluated over a large
offdesignenvelope.This prevented the � ow from choking in the exit
volute before � ow choked in the turbine at the offdesignconditions.
The second OTTR test used an exit volute with a circular cross-
sectional area to best match the turbine exit � ow� eld for optimum
performance.These two exit volutes created different and relatively
high spatial variations in the turbine exit � ow� elds.

The objective of the research was to evaluate data requirements,
including the averaging techniques, the number of measurements
(spatial resolution),and the types of measurementsneeded for � ow-
� elds with large spatial variations. Several different data studies
were conducted to meet the objective. A large quantity of data was
collected for the two tests in this study. These test data were then
reduced in various ways for the data studies. An uncertainty anal-
ysis approach was used, and all evaluations were made relative to
the uncertainty goal for determining turbine ef� ciency. The � rst
data study was a comparison between mass and area averaging of
the measured variables needed to calculate turbine ef� ciency. The
second data study involved reducing the number of point measure-
ments made to obtain the average values of the measured variables
needed to calculate turbine ef� ciency. Finally, the types of static
pressure measurements required to calculate ef� ciency were evalu-
ated.A new uncertaintyanalysistechniquewas developedto include
conceptualbias estimates properly for the spatiallyaveraged values
required in the ef� ciency equations. This technique was crucial in
obtaining valid uncertainty estimates for the various cases.

Conclusionswere drawn for the OTTR test results. These results
were then generalized to provide guidelines for future tests of other
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turbines. The uncertainty analysis techniques developed permit a
better understandingof the measurements and analysis methods re-
quired to meet the test goals.Applicationof theguidelinespresented
here will improve the qualityof experimental results,while decreas-
ing time and cost for turbines with large spatial variations.

This paper begins with de� ning turbine ef� ciency for this work.
Next, the test facility, turbine model and instrumentation, and test
conditionsare presented to providethe necessarybackgroundinfor-
mation.Then the data studiesand uncertaintyanalysismethodology
are described. Results of the data studies are subsequently shown
and discussed. Finally, conclusions for the OTTR test, as well as
generalized results to provide guidelines for future turbine testing,
are given.

Turbine Ef� ciency
To develop test guidelines to meet speci� c uncertainty goals, the

turbine � ow� elds and data analysis methods were studied. Two
equations used to calculate turbine ef� ciency from measured test
variableswere evaluatedduring this study.3;4 The two methods used
were the thermodynamic method and the mechanical method.5;6

Both equations are derived from the basic de� nition of turbine ef-
� ciency: actual enthalpy change over ideal or isentropic enthalpy
change. Both methods are used for “cold”-air� ow turbine testing
where the temperature is relatively low so that an ideal gas may
be assumed and ° and C p are considered constant. However, be-
cause the general trends and conclusions drawn from the data were
the same for both methods, results from only the thermodynamic
method will be presented.

For this ef� ciencymethod, the temperaturedropacrossthe turbine
is measured to determinethe actual enthalpychange (1h D C p1T ).
Isentropic relations are used to relate the ideal enthalpy change in
terms of the turbine inlet and exit total pressuresrather than the tem-
peratures.With these assumptions, the equation for thermodynamic
ef� ciency becomes

´th D
T01 ¡ T02

T01

£
1 ¡ . NP02= NP01/.° ¡1/=°

¤ (1)

Note that the temperatures and pressures in Eq. (1) are average
values at a cross section (turbine inlet and exit), yet individual point
measurements of pressure and temperature must be made. These
individualmeasurementsmust then be averaged to obtain the values
required in the equation. This idea will be important for the data
studies results and conceptual bias estimates to be discussed later.

Description of Experiment
The turbine was a highly loaded single-stageoxidizer turbine that

used inlet and exit volutes to provide optimum performance in a
compact con� guration.2 The aerodynamicdesign was incorporated

Fig. 1 OTTR vanes and blades.

into a turbine test rig, the OTTR, and tested in the Marshall Space
Flight Center’s cold-air� ow turbine test equipment (TTE). The rig
was heavily instrumentedto obtain a benchmarkquality data set.7¡9

Facility Description
The TTE is a blowdown facility that operates by expandinghigh-

pressureair [420psig (2896kPa)] fromoneor two 6000-ft3 (170-m3/
air tanks to atmospheric conditions.10 Air � ows from the storage
tanks through a heater section, a quiet trim control valve, and a cali-
brated subsonicmass � ow venturi. Flow then continues through the
testmodelandbackpressurevalveand exhauststo atmosphere.Flow
straightenersare used in the piping upstream of the test model. Two
inlet pipe sections containing four bosses [2 in. (5 cm) diam] each
are also included for facility measurements and seeding for laser
Doppler velocimetry measurements.The facility can accommodate
axial � ow, radial in� ow, and radial out� ow turbines.

This equipment can deliver up to 220-psia (1517-kPa) air for
run times from 30 s to over 1 h, depending on inlet pressure and
mass � ow rate. The heater allows a blowdown controlled tempera-
ture between 530 (294) and 830±R (461 K). The TTE has manual
set point closed-loop control of the model inlet total pressure, inlet
total temperature, shaft rotational speed, and pressure ratio. The fa-
cility accurately measures mass � ow rate, torque, and horsepower.
The data acquisition system is capable of measuring 512 pres-
sures, 120 temperatures, and several model health monitoring
variables.

Model Description and Instrumentation
The OTTR model, shown in Fig. 1 and 2, was dividedinto the inlet

volute, turbine stage, exit volute, and diffuser sections.2;11 The inlet
volute routed the conditioned air from the TTE through the turbine
section.The single-stageturbinehad 20vanesand42 bladesrotating
clockwise when viewed from aft looking upstream. The turbine
blades (Fig. 1) had a turning angle of 157 deg. After the turbine
section, � ow was guided through the exit volute and the diffuser.
Both exit volutes tested were con� gured to be 139 deg away from
the inlet volute (Fig. 2).

The rig instrumentation was similar for both the square and cir-
cular exit volute tests. This instrumentationwas planned so that the
performance of each section (inlet volute, turbine, exit volute, and
diffuser)couldbe evaluated.The instrumentationat the inletand exit
planes of the turbine section is the focus of this paper. Data at these
planes were taken using total pressure and total temperature rakes,
three-holecobraprobeson radial traverseactuators,and a three-hole
modi� ed prism (YC) probe. This instrumentation was installed on
rotating rings. Each ring held eight rakes and two probes with radial
actuators. The total pressure and total temperature rakes contained
� ve probes positioned on centers of equal area within the turbine
inlet and exit (Fig. 3). The yaw angles of the rakes were adjusted



HUDSON AND HENG 685

Fig. 2 OTTR schematic.

Fig. 3 OTTR inlet and exit instrumentation.

manually.An automatic traversegear moved the ring through90 deg
circumferentiallyat the turbine inlet and exit.

Eight equally spaced wall static pressures were placed on the
turbine inner and outer diameters at the turbine inlet and exit. The
i.d.wall static pressureswere � xed;however,theo.d. static pressures
were located on the rotating ring and moved with the ring.

The three-hole probes were carefully calibrated to obtain yaw
angle, total pressure, and static pressure.5 The cobra probes were
mounted on radial traverse actuatorsso that the radial positioncould

be automaticallyset and adjustedduring test runs. The cobra probes
also operated in an “autonulling”mode meaning that they automat-
ically adjusted to the angle of the incoming � ow. (The pressures
of the two side ports were equal.) Therefore, the only correction
necessary to obtain � ow angle with a cobra probe was to apply the
“offset” (the differencebetween the aerodynamicnull point and the
geometric null point), which was determined from calibration for
the particular probe at 0 deg, to the � ow angle recorded when the
probe autonulled. Because the cobra probes were always aligned
with the incoming � ow, they could be used to obtain static pres-
sure if properly calibrated. For static and total pressures, the co-
bra probes were calibrated at 0 deg over a Mach number range
(0:16 · M · 0:90). The cobra probes were used to map only two
90-deg quadrants of the turbine inlet and exit planes because the
casings had to be open to accommodate the radial actuators. Obvi-
ously, the entire360 deg couldnot be open:The two 90-degquadrant
openings were dictated by structural guidelines.The two quadrants
mapped by the cobra probes are shown in Fig. 4.

The remaining two quadrants of the turbine exit plane were
mapped using the YC probe. The YC probe stem was short so that
it could be mounted in any pressure or temperature rake position.
With this design, it could move under the closed sections of the
casing covering the entire 360 deg. However, because the YC probe
had to be manually set for both radial position and yaw angle, it
was much more dif� cult to use and consumed much more test time.
The YC probe required the calibrations mentioned earlier for the
cobra probes, as well as calibration data over a yaw angle range
(¡15 · ® · C15), because it could not autonull. The YC probe
was chosen for these measurements over other three-hole probes
such as cobra probes because its design was better for obtaining
static pressure when the probe was not aligned with the � ow. The
YC probe coverage is shown in Fig. 4. The YC and cobra probe
measurements overlapped through two 22.5-deg sections (Fig. 4).
Hence, two 22.5-deg sections of the turbine exit were not mea-
sured (Fig. 4). Data in these two sections were � lled using linear
regressions.

The ring rotation along with the number of rakes and probes
permitted measurements of total pressure, total temperature, static
pressure, and yaw angle over the entire 360 deg of the turbine in-
let and exit planes (Fig. 3). Because no information was available
before these tests on the number of measurementsneeded, the maxi-
mum numberof independentmeasurementspossiblebasedonprobe
size were taken. Measurements were taken every 2.5 deg creating

Fig. 4 Three-hole probe coverage of the turbine exit plane.
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720-point measurements of total pressure, total temperature, static
pressure, and yaw angle at the turbine inlet and exit. The instrumen-
tation plans used during testing to obtain these measurements were
basedon previousprobe interferenceand rake blockagestudieswith
the test model.12

Test Conditions
The OTTR was tested at the turbine aerodynamic design point

(ADP) and over a broad offdesign operating range. The ADP test
conditions are the emphasis of this paper. The TTE setpoint para-
meters at ADP were NP01 D 100 psia (689 kPa), T01 D 560±R (311 K),
N D 3710 rpm, and Pr t-t D 1.60 for both tests.5;9;13;14

Data Studies
Several different data studies were conducted.The experimental

results using the 720-pointmeasurementsand mass averagingat the
turbine exit were considered the “best” results or “true” values and
were the basis of comparison for all studies. (Note that the turbine
inlet quantities were always area averaged based on previous � nd-
ings that mass averagingwas not required for the relativelyuniform
� ow at the inlet.5;9;13;14/ In all cases, the turbine ef� ciency and the
uncertainty of the turbine ef� ciency were calculated to make the
comparisons.

The � rst data study was a comparison between mass and area
averaging at the turbine exit. Area averaging is much simpler than
mass averagingbecausethe probescan be placed on centersof equal
area. When this is done, the area average is simply a numerical av-
erage. However, a weighting factor based on mass � ow rate must be
obtained to mass average.Determinationof the weighting factor re-
quiresmeasurementsof total pressure, total temperature,yaw angle,
and static pressure. Obtaining the measurements needed for mass
averaginggreatly increases probe calibration requirements and test
time.

The second data study involved reducing the number of point
measurements from 720. This study had several different aspects.
First, the number of data points was reduced from 720 to 360 to 180
to 90 while maintainingfull 360-degcircumferentialcoverage.This
was accomplishedby simply deletingmeasured data points in equal
increments from the analysis as if they had not been made. Next,
coverageof speci� c quadrantswas considered.As alreadynoted, the
cobra probes on radial actuators could only be used in two 90-deg
quadrantsdue to structuralconstraints,and testingwith the modi� ed
YC probe was much more time consuming and costly. Therefore,
this study was conducted to determine if the additional time and
effort required using the YC probe for full 360-deg coverage was
necessary.The two quadrantscoveredby thecobraprobeswere used
in one case, and the two quadrants covered by the YC probe were
used in another case. Calculations were made for 720, 360, 180,
and 90 data points for the quadrants coverage just as with the full
360-deg coverage.

Finally, an evaluationof the types of measurements required was
done.Obtainingthe static pressuremeasurementsacross theannulus
is much moredif� cult and time consumingthan obtainingwall static
pressure measurements due to increased probe calibration require-
ments and test time. Therefore, a comparison between these two
means of obtaining static pressure was made. When the wall static
pressuremeasurementswereused, theaveragevaluewas obtainedin
two differentways. First, simply a numericalaverageof all of the i.d.
and o.d. values was used [numericalwall average (NWA)]. Second,
the i.d. and o.d. values at each circumferential position were aver-
aged, and the value at that particular positionwas used to obtain the
weighting factor for mass averaging [circumferential wall average
(CWA)]. This method accountedfor the circumferentialvariation in
static pressure in the mass averaging.

Uncertainty Analysis Methodology
Uncertaintyanalysis techniqueswereusedfor thedatastudiesdis-

cussed. The general methodology followed is described in Refs. 15
and 16. A brief overview of basic uncertainty analysis will be pre-
sented in this section. The uncertainty analysis techniques devel-

oped for this study will then be reviewed. Further details of the
uncertaintyanalyses for this study may be obtained from Refs. 5, 6,
and 9.

The word accuracyis generallyused to indicate the relativeclose-
ness of agreement between an experimentally determined value of
a quantity and its true value. Error is the difference between the
experimentally determined value and the truth; therefore, as error
decreases, accuracy is said to increase. Only in rare instances is the
truevalueof a quantityknown.Thus, it is necessaryto estimateerror,
and that estimate is called an uncertainty U . Uncertainty estimates
are made at some con� dence level: A 95% con� dence estimate, for
example, means that the true value of the quantity is expected to be
within the §U interval about the experimentally determined value
95 times out of 100.

Total error can be consideredto be composedof two components:
a random(precision)componentanda systematic(bias)component.
An error is classi� ed as random if it contributes to the scatter of the
data; otherwise, it is a systematic error. In nearly all experiments,
the measuredvalues of differentvariablesare combinedusing a data
reduction equation (DRE) to form some desired result. A general
representationof a DRE is

r D r.X1; X2; : : : ; X J / (2)

where r is the experimental result determined from J measured
variables X J . Each of the measured variables contains systematic
errors and random errors. These errors in the measured values then
propagate through the data reduction equation, thereby generating
the systematic and random errors in the experimental result, r .

If the largesampleassumptionis made,15 then the 95%con� dence
expression for Ur becomes

U 2
r D B2

r C P2
r (3)

The systematic uncertainty (bias limit) of the result is

B2
r D

JX

i D 1

µ 2
i B2

i C 2
J ¡ 1X

i D 1

JX

k D i C 1

µi µk Bi k (4)

The µi are the partial derivatives of each measured variable de� ned
as

µi D @r

@ X i
(5)

The random uncertainty (precision limit) of the result is

P2
r D

JX

i D 1

µ 2
i P2

i C 2
J ¡ 1X

i D 1

JX

k D i C 1

µi µk Pik (6)

The Bi and Pi terms are the bias limit and precision limit esti-
mates, respectively, for each X i measured variable. The Bi k and
Pik terms are the 95% con� dence estimates of the covariance terms
and account for errors that are common between differentmeasured
variables.

The detailed uncertainty analysis method for the OTTR was de-
veloped to account for explicitly the averaging procedures used to
calculate ef� ciency (mass and area averaging). The DRE, ´th , was
written explicitly in terms of the measured variables and averaging
procedures. According to Eq. (1), the thermodynamic ef� ciency is
a function of NP01 , NP02, T01 , and T02 (Refs. 3–5). However, static
pressure and � ow angle measurements were needed for the mass
averaging technique.Hence, the ef� ciency equation is a function of
the following:

´th D ´th

"
720X

i D 1

. NP01; NP02; T01; T02; P2; ®2/i

#

(7)
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Combining Eq. (7) with Eqs. (3), (4), and (6), the equation for
uncertainty in thermodynamic ef� ciency becomes

U 2
´th

D
720X

i D 1

³
@´

@ NP01i

P NP01i

´2

C
720X

i D 1

³
@´

@ NP02i

P NP02i

´2

C
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(8)

The ef� ciency uncertainty equation accounts for the number of
point measurements, averaging procedure, conc. bias, and correla-
tion of the measured variables in the OTTR test. The equation was
dividedinto four major portions.The � rst 6 uncertaintyterms on the
right-hand side were the random terms for each measured variable,
the 7th–12th terms were the systematic terms for each variable, the
13th–18th terms were the correlatedsystematic terms between point
measurements for the same variable, and the 19th–25th terms were
the correlated systematic terms for point measurements of different
variables.All correlatedrandomterms were set to zero.5;6;13 Further
details on the uncertainty equation may be obtained from Refs. 5
and 6.

An uncertainty analysis idea that is crucial in this work is the
conceptual bias. In this work, Eq. (8) was modi� ed to accommo-
date conceptual bias estimates. A conceptual bias results when the
values required for an equation differ from the values that can actu-
ally be measured.5;9;15 As already noted, the total pressure and total
temperatures in the turbine ef� ciency equation are average values
at a cross section; nevertheless,point measurementsof pressureand
temperaturemust be made. These point measurementsmust then be
averaged to obtain the values for the equations.The numberof mea-
surements made and the averaging procedure used will obviously
affect these values, as well as the uncertaintiesof these values. Con-
ceptual bias, therefore, in this case is the bias that arises when a
cross-sectionalaveragevalue required in the DRE is replaced by an
average of multiple point measurements. The cross-sectional aver-
age is the integral;however, a summation of values must be made to
approximate the integral. If enough measurements are made, then
the summation is approximately equal to the integral, and the con-
ceptual bias error is negligible. However, how does one determine
how many measurements are required to make the conceptual bias
error negligible? The work described here attempts to help answer
that question. Because 720 measurementswere the maximum num-
ber of truly independent spatial measurements possible given the
annulus area and probe dimensions for the OTTR, it was assumed
that conceptual bias error was negligible when 720 measurements
were properlyaveraged to obtain the values (

P
¼

R
/. Hence, these

values were labeled the true values. Deviations from these true val-
ues were thenstudiedfor thevariouscasesalreadydiscussed,and the
data were used to obtain conceptualbias estimates.These estimates
were then incorporated into the uncertainty equations to study the
in� uence of the conceptualbias terms on the ef� ciency uncertainty.

Conceptual bias terms needed to be added for NP01, NP02, T01 , and
T02 for the uncertainty study. Hence, the data reduction equation
had to be modi� ed to include the conceptual bias terms without
altering the original ef� ciency results. The average value of each
property needed for the ef� ciency calculations can be written as
follows (assumed to be the true value with N D 720)

X av D
NX

i D 1

X i

¿
N (9)

where X represents NP01, NP02, T01, and T02. Reducing the number of
measurements would change the equation to

Xav D
NX

i D 1

X i

¿
N C XC (10)

where N equals the number of measurements and XC is a dummy
value used to implement the conceptualbias estimate. The XC term
is set to zero for all of the averaged properties so that the original
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ef� ciency results are not altered. However, the conceptual bias es-
timates are added using XC according to Eqs. (4) and (5).

The thermodynamicef� ciency equation was modi� ed to become

´th D .T01 C T01C / ¡ .T02 C T02C /

.T01 C T01C /
©
1 ¡ [.P02 C P02C /=.P01 C P01C /].° ¡1/=°

ª (11)

The new thermodynamic ef� ciency uncertainty equation then had
four new systematic terms,

Table 1 Detailed analysis uncertainty estimates: X

Variable, X PX BX UX

P01 , psia, kPa 0.15 (1.0) 0.11 (0.76)
T01 , ±R, K 0.71 (0.39) 0.18 (0.10)
P02 , psia, kPa 0.15 (1.0) 0.11 (0.76)
T02 , ±R, K 0.74 (0.41)
P2, psia, kPa

Cobra 0.30 (2.1)
Regression 0.36 (2.5)
YC 0.54 (3.7)

®2; deg
Cobra 0.50
YC 0.90
Regression 1.0

Table 2 Detailed analysis uncertainty estimates: XiXj

Variables, Xi X j BX i X j

P01 P01 , psia, kPa 0.013 (0.090)
T01T01 , ±R, K 0.023 (0.013)
P02 P02 , psia, kPa 0.013 (0.090)
T02T02 , ±R, K 0.023 (0.013)
P2 P2 , psia, kPa 0.013 (0.090)
®2®2; deg

Cobra with same cobra 0.25
YC with YC 0.81

P01 P02 , psia, kPa 0.013 (0.090)
P01 P2, psia, kPa 0.013 (0.090)
P01®2, psia, kPa 0.00 (0.00)
P02 P2, psia, kPa 0.013 (0.090)
P02®2, psia, kPa 0.00 (0.00)
T01T02 , ±R, K 0.023 (0.013)
P2®2 , psia, kPa 0.00 (0.00)

Table 3 Uncertainty results summary with conceptual bias estimates

U´=´ % P02 , psia, kPa T02 , ±R, K

Points Square Circular Square Circular Square Circular

Mass average: 360 deg. coverage
720 0.17 0.17 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
360 0.65 0.66 0.01 (0.07) 0.00 (0.00) 0.04 (0.02) 0.02 (0.01)
180 1.40 1.43 0.02 (0.14) 0.00 (0.00) 0.03 (0.02) 0.02 (0.01)
90 2.89 2.94 0.10 (0.69) 0.06 (0.41) 0.13 (0.07) 0.03 (0.02)

Two quadrants (YC)
720 0.41 0.18 0.08 (0.55) 0.02 (0.14) 0.14 (0.08) 0.03 (0.02)
360 0.76 0.69 0.09 (0.62) 0.02 (0.14) 0.15 (0.08) 0.05 (0.03)
180 1.46 1.45 0.07 (0.48) 0.03 (0.21) 0.14 (0.08) 0.05 (0.03)
90 2.88 2.94 0.06 (0.41) 0.06 (0.41) 0.09 (0.05) 0.04 (0.02)

Two quadrants (cobra)
720 2.76 0.30 0.74 (5.1) 0.08 (0.55) 0.69 (0.38) 0.05 (0.03)
360 2.90 0.71 0.76 (5.2) 0.08 (0.55) 0.71 (0.39) 0.06 (0.03)
180 3.08 1.47 0.74 (5.1) 0.08 (0.55) 0.70 (0.39) 0.06 (0.03)
90 3.90 2.94 0.74 (5.1) 0.08 (0.55) 0.53 (0.29) 0.02 (0.01)

Area average: 360 deg coverage
720, 360, 8.00 7.50 2.50 (17.2) 1.88 (13.0) 2.50 (1.39) 1.85 (1.03)

180, 90

Two quadrants (YC)
720, 360, 8.00 7.50 1.75 (12.1) 1.88 (13.0) 2.50 (1.39) 1.95 (1.08)

180, 90

Two quadrants (cobra)
720, 360, 8.00 7.50 2.04 (14.1) 1.88 (13.0) 2.50 (1.39) 1.95 (1.08)

180, 90
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The uncertainty estimates are listed in Tables 1 and 2. Standard
uncertaintymethods were used to obtain these estimates.5;15;16 The
uncertainty estimates for the static pressure and � ow angle at the
turbine exit varied depending on the region: cobra probe measure-
ments, YC probe measurement, or linear regression region (Fig. 4).

The conceptual bias estimates for the measurement reduction
cases were taken from the ef� ciency comparison results. The dif-
ferences between the measurement reduction averages and the true
averageswere taken as the values for conceptualbias estimates.The
inlet totalpressureand total temperaturemeasurementsshowedvery
little spatial variation, and the averaged values for different data re-
duction cases were equal. Therefore, the conceptual bias estimates
were insigni� cant at the turbine inlet because of the relatively uni-
form � ow� eld. The exit total temperature and exit total pressure
were the only properties that had signi� cant conceptualbias errors.
The conceptual bias estimates for all cases are given in Table 3.

The wall static pressure averaging techniques also required con-
ceptual bias estimates for the turbine exit static pressure. The con-
ceptual bias was considered an additional elemental uncertainty
source for the static pressure.9;15 The conceptual bias estimates for
wall static pressure averaging and the overall uncertaintyestimates
for the static pressuremeasurements are included in Tables 4 and 5.
The conceptualbias terms were large and dominated all other terms
for all cases.

Table 4 Static pressure measurement
systematic uncertainty estimates

Elemental error
Uncertainty estimates, psia, kPa

Quartz X-ducers 0.025 (0.17)
Barometer, (Calibration) 0.098 (0.68)
Barometer (readings) 0.050 (0.34)
Conceptual bias

Square volute 3.22 (22.2)
Circular volute 2.95 (20.3)
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Results
Turbine Flow� eld Mappings

To more fully understand the results of the data studies, the map-
pings of the measured quantities at the turbine inlet and exit planes
will be discussed � rst.9;13;14 The � ow� eld mappings of the OTTR
with the both the square and circular exit volutes using the rakes
and three-hole probes included turbine inlet and exit total pres-
sure distributions, inlet and exit total temperature distributions,exit
static pressure distribution, and exit yaw angle distribution. The

Table 5 Static pressure measurement random and overall
uncertainty estimates

Uncertainty NWA, psia, kPa CWA, psia, kPa

Random
Precision of average 0.090 (0.62) 0.21 (1.5)

for Square volute
Precision of average 0.060 (0.41) 0.12 (0.83)

for Circular volute
Overall for wall static

pressure averaging
Square volute 3.26 (22.5) 3.26 (22.5)
Circular volute 2.98 (20.5) 2.98 (20.5)

Fig. 5 Turbine exit mass � ow distribution (square volute, 720 points).

Fig. 6 Turbine exit mass � ow distribution (circular volute, 720 points).

720-point measurements were plotted vs circumferential location
for each variable to show clearly both radial and circumferential
variations. Exit mass � ow rate distributions were then calculated
from the measured values. Figures 5 and 6 show the exit mass � ow
rate distributions for the square and circular volute tests, respec-
tively. The data in Figs. 5 and 6 use all 720-pointmeasurements.

The mappingshelp to understand the relative spatial variations in
the turbine inlet and exit � ow� elds for the square and circular exit
volute tests, the effects of these spatial variations on the average
values calculated at the turbine inlet and exit planes, and the effects
of these average values on turbine ef� ciency. The mappings for the
measured variables ( NP0, T0, NP , and ®/ revealed that the turbine in-
let had relatively low spatial variations but that the turbine exit had
high radial and circumferential spatial variations in all measure-
ments for both tests.9;13;14 These spatial variations in the measured
variables translated into large differences in � ow distribution at the
turbine exit (Figs. 5 and 6). The mass � ow spatial variations alert
one to the dangers of area averaging this data. There were espe-
cially large spatial variations in exit static pressure just after the
exit volute tongue location of 220 deg. The spatial variations were
well de� ned for all measured variables for both tests with the 720-
point measurements. The consequences of reducing the number of
measurements on de� ning these spatial variations and the resulting
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effect on turbine ef� ciency and its uncertainty will be seen in the
data reduction studies.

The spatial variation for each � ow� eld was quanti� ed to provide
a feel for the relative differences in the spatial variations and to
provide a means of applying the results to future tests. To do this,
the spatial variation was de� ned as follows:

spatial variation.%/

D max measured value ¡ min measured value
average value

£ 100 (13)

The spatial variations are given in Table 6. As expected, the results
show that the spatial variations are very low at the turbine inlet
relative to the turbine exit. Also, the spatial variationswere larger at
the turbine exit with the squarevolute than they were for the circular
volute,as anticipated.(Realize that the same de� nition must be used
to compare various cases for a particular measurement.)

Data Studies
The uncertaintyresults with error bands generated from mass av-

eraging for the thermodynamicef� ciency are summarized in Fig. 7
for the square volute test and in Fig. 8 for the circular volute test.
The uncertainty results with error bands generated from area aver-
aging for the thermodynamic ef� ciency are summarized in Fig. 9
for the square volute test and in Fig. 10 for the circular volute test.
The uncertainty results for the two tests were very similar. These
results will be used to explain the data studies.

Averaging Techniques
The comparisonbetweenmass andareaaveragingfor the two tests

generated the same conclusions.The major difference between the
two tests was that the circular volute test ef� ciencies were higher.
There were only minor differences in the uncertainty results.

The comparison between mass and area averaging showed that
the areaaveraging,as expected,generatedlargeoveralluncertainties
U´ (Figs. 9 and 10, Table 3). This was expecteddue to the largemass
� ow spatial variations in Figs. 5 and 6. The uncertaintyvalues were
large for area averaging even with the maximum number of data

Table 6 Flow� eld spatial variations

Spatial variation, %

Variables Square Circular

P01 7.03 7.15
T01 0.65 0.65
P02 37.6 29.6
T02 3.99 3.59
P2 58.1 35.9
®2 52.3 37.3

Fig. 7 Uncertainty results for OTTR with square volute (mass
averaging).

Fig. 8 Uncertainty results for OTTR with circular volute (mass
averaging).

Fig. 9 Uncertainty results for OTTR with square volute (area
averaging).

Fig. 10 Uncertainty results for OTTR with circular volute (area
averaging).

points. The mass averaging results gave much lower uncertainty
values (Figs. 7 and 8, Table 3). The mass � ow near the turbine i.d.
was very low, and the measurements were signi� cantly different
from those for the rest of the � ow� eld. Mass averaging correctly
accountedfor the spatialvariationsin theexit � ow� eld by weighting
each measurement properly to obtain the average value. The area
averaged results had higher uncertainties because the turbine exit
� ow� eld average values had large errors. That is, the area averages
did not account for the in� uence of spatial variations in the turbine
exit � ow� eld; therefore,theareaaveragedvalueswerevery different
from the true values.The area averagingignored the impact of mass
� ow rate; hence, the area averaging generated higher uncertainties.
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The averaging techniquesanalysis proved that mass averaging is
crucial for turbine systems that generate high spatial variations in
the � ow� eld. Area averagingwas not suitable for the OTTR turbine
exit � ow� eld with its large spatial variations and low uncertainty
requirements.Area averagingshouldonly be appliedwhen the � ow-
� eld is relatively uniform or when the uncertainty requirements are
much less strict.

Reducing Number of Measurements
Results from reducing the number of measurements were com-

pared with the true values obtained using 720-point measurements
and mass averaging at the turbine exit. The overall uncertainty per-
centages for 720-pointmeasurements were approximately§0.17%
of the thermodynamic ef� ciency for both tests (Table 3). The un-
certainty band increased as the number of measurements decreased
when mass averaging was used at the turbine exit (Figs. 7 and 8).
This increase in uncertaintywas due to the uncertaintycontribution
of the conceptual bias terms. Remember that the conceptual bias
was estimated by comparing the average value for the particular
case with the true value de� ned earlier. As the number of mea-
surements decreased, the difference between the average value and
the true value increased, causing the conceptual bias estimates to
increase (Table 3).

The results proved that the reduction of measurements to
360 points maintained an accuracy below the 1% goal set for the
OTTR tests. An important fact was that the entire circumferential
area of the turbine exit � ow� eld was mapped. (This will become
clearer when the quadrants coverage cases are discussed.) The full
coverage kept the uncertainty low as the number of measurements
was reduced to 360 points. Details of the spatial variations from
the � ow� eld maps were maintained with the 360 points; therefore,
the average values were still close to the true values, and the con-
ceptual bias estimates were low. The 180-points and 90-points test
cases were quite good, but they exceeded the OTTR test accuracy
requirement. The uncertainties increased for these cases due to the
loss of detail in de� ning the spatialvariations.This resultedin larger
differences between the average values and true values and, hence,
larger conceptualbias estimates (Table 3).

The averaging of two 90 deg quadrants of the turbine exit plane
gave unpredictable results. For the square exit volute test, the un-
certainty increased as the number of measurements decreased for
both the cobra probes and YC probe cases, as expected. However,
Fig. 7 shows that the cobra averaging uncertainty was much higher
than the uncertainty generated by YC averaging. For the circular
exit volute test, the averaging of two 90-deg quadrants of the tur-
bine exit plane again gave an increase in uncertaintyas the number
of measurements decreased.Unlike the square volute test, however,
Fig. 8 shows that the cobra averaging uncertainty was similar to
the uncertainty trend generated by YC averaging. Also, the results
with the largest number of cobra probe measurements generated
uncertainties that were very close to the best uncertainties, and the
uncertainties with the largest number of YC probe measurements
were only slightly higher.

These results show that mapping only certain quadrants in � ow-
� elds with large circumferential variations can be very dangerous:
The results are not predictable. Caution is advised in generaliz-
ing the quadrants results. The unpredictable results obtained from
the quadrants averaging indicate that the accuracy of the averaged
values are highly dependent on the locations of the measurements
relative to the large spatialvariationsand a means of de� ning where
the measurements should be made was not clear. It seems that it
would be extremelydif� cult to know where to make these measure-
ments based on pretest predictions.Therefore, the recommendation
is that it would be much better to cover the full 360 deg even with
a smaller number of measurements than it would be to cover only
certain quadrantswith more dense measurements. It is important to
cover the full 360 deg to have con� dence in the results.

The uncertainty results for area averaging are given in Figs. 9
and 10. As discussed in the preceding section, the area averages did
not use a weighting factor to account for the in� uence of spatial
variations in the turbine exit � ow� eld; therefore, the area averaged

values were very different from the true values. The uncertainty re-
sults showed that weighting all measurements equally generated a
relativelyconstantuncertaintyband, and this bandwas always much
greater than the test goal of 1%. With the area averaging weighting
all measurements equally, the average values were approximately
the same regardless of the number of measurements taken. The
number of measurements did not signi� cantly affect the area aver-
aged values; therefore, the difference between these values and the
true value remained approximatelyconstant. Hence, the conceptual
bias estimates remained constant (Table 3). These conceptual bias
terms were the driving terms in the uncertaintyanalysesaccounting
for approximately 90% of the overall uncertainty.The observations
con� rmed that area averagingoffered little account of the effects of
large spatial variations in the turbine � ow� eld.

Evaluation of Measurement Types
The uncertainty results for using wall static pressures to mass

average the turbine exit quantities are summarized in Figs. 8 and
9. The wall static pressures were averaged and used to replace the
static pressure measurements across the annulus at the turbine exit
provided by the cobra and YC probes. The measurement reduc-
tion cases for both wall-static averaging methods (NWA and CWA)
were done. The uncertaintyresults showed that the ef� ciency uncer-
tainty increased and exceeded the OTTR test goal of 1% for NWA;
however, the CWA ef� ciency uncertainties were similar to those
of the original uncertainty methodology provided in the � rst four
columns of Figs. 8 and 9. The CWA captured the relative changes
in static pressure circumferentiallybecause the o.d. wall static pres-
sure taps were located on the rotating ring. These circumferential
changes in static pressure were very similar at all radial positions,
although the absolute level of the static pressure varied with ra-
dial position. The relative changes in static pressure rather than the
absolute level were important in obtaining accurate mass averaged
values.The NWA approachdid not capture the circumferentialvari-
ations. Therefore, the CWA mass averaged quantitiesand ef� ciency
calculations were very close to the true values, resulting in low
ef� ciency uncertainties, whereas the NWA values differed signi� -
cantly causing the uncertainties to increase. Future static pressure
measurements needed for turbine ef� ciency calculations in � ow-
� elds with large spatial variations could be obtained by measuring
wall static pressuresif enoughcircumferentialmeasurementscan be
made. This would save time and money by reducing the number of
probe calibrationsand the test time required to obtain the necessary
measurements.

Eliminating the need to use three-hole probes for static pressure
measurements greatly reduces the calibration requirements relative
to their use for � ow angle measurements only. However, reduc-
ing the need for 360-deg coverage with � ow angle measurements
would provide further bene� ts. Initial results from a simple sen-
sitivity study for � ow angle showed that the ef� ciency calculation
was not extremely sensitiveto � ow angle. Therefore, obtaining� ow
angles in limited regions where access with cobra probes on radial
actuatorsis possible,makingthe � ow anglemeasurementsrelatively
quickand easy to obtain,may be all that is needed.However, further
study in requiredto draw a � rm conclusion.Caution is advisedwhen
deciding if static pressure and � ow angle measurements across the
annulusare necessaryfor a particulartest. Remember that this study
looked at the effect on turbine ef� ciency only. Obtaining these mea-
surements would most likely be necessary for complete � ow� eld
maps and code validation.

Turbine Testing Guidelines
Guidelines for future turbine test requirements were compiled

based on the analyses of the data studies. For the OTTR, mass av-
eraging of all turbine exit data was needed to maintain accuracy. In
addition,only 360-pointmeasurementswere needed to maintain the
uncertainty below 1% of the ef� ciency. Last, circumferential aver-
agingof wall static pressuremeasurementswas suf� cientlyaccurate
for the OTTR system.

The OTTR results were generalized to provide recommendations
for future turbine systems. Although, in the � nal analysis, results
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will be different from test rig to test rig, these recommendations
may be used as a starting point for test planning on any test rig.

1) Mass averaging should be considered for all measurements
when the expected � ow� eld spatial variation is larger than that at
the inlet of the OTTR (Table 6). Comparisonsof the expectedspatial
variation to those in Table 6 alongwith comparisonsof the expected
uncertainties relative to test goals will in� uence the decision of
whether mass averaging is required.

2) Determine the maximum number of independent measure-
ments possible based on the size of the � ow� eld and probes to
be used. This number divided by two [(maximum number of in-
dependent measurements)/2] should be suf� cient to obtain highly
accurate � ow� eld maps and ef� ciency calculations provided other
precautions (proper probe sizing, calibration, etc.) have been taken
to minimize the uncertaintyof the test data.Lower numbers of mea-
surements may also be possible dependingon the accuracy require-
ments for the particular test or program. However, it is important to
cover the full 360 deg of the � ow� eld if signi� cant circumferential
spatial variations are expected. Quadrant averaging is not recom-
mended for these cases.

3) Wall static pressure measurements may be used rather than
static pressuremeasurementsacross the annulusprovided that these
measurements are suf� cient to capture the circumferential spatial
variations and that the shape of these circumferential spatial varia-
tions is not expected to vary signi� cantly in the radial direction.

The turbine/rig basic geometry, the possible probe sizes, and a
prediction of the expected average values and spatial variations for
the various measured quantities will be needed to use the guide-
lines. The geometry allows the � ow area to be determined. Probe
sizes then allow the determination of the maximum possible num-
berof independentmeasurements.Predictionsof averagevaluesand
expected variations allow comparisons with Table 6 for the spatial
variations.

The information for a particular test must then be evaluated rel-
ative to the uncertainty goal. A pretest uncertainty analysis should
be conducted, and this analysis must include conceptual bias esti-
mates. The conceptualbias estimates used for this work are listed in
Table 3 and should be used to help estimate conceptual bias terms
for future tests. These OTTR conceptual bias estimates along with
the OTTR spatial variationswill provide enough information to ob-
tain reasonable conceptual bias estimates for a new � ow� eld when
predictions for the expected spatial variations in the new � ow� eld
are available.

Conclusions
Armed with the information discussed in the preceding section,

decisions can be made on the number and types of measurements
required to meet the goals of a speci� c test or program. Using this
information will improve the quality of experimental results, while

decreasing time and cost for future programs involving � ow� elds
with large spatial variations.Time and money will not be wasted in
making unnecessary measurements. Also, time and money will not
be wasted on an entire test program that does not meet the goals of
the program. Finally, the implication of the test results will be more
fully understood due to the uncertainty analysis application.
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