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Abstract

An assessment of the methods and locations used to measure the primary flow

conditions in the NASA Langley Transonic Dynamics Tunnel was conducted during

calibration activities following the facility conversion from a Freon-12 heavy-gas test

medium to R-134a. A survey of stagnation pressure, plenum static pressure, and

stagnation temperature was undertaken at many pertinent locations in the settling

chamber, plenum, and contraction section of the wind tunnel and these measurements

were compared to those of the existing primary flow measurement systems. Local flow

velocities were measured in the settling chamber using a pitot probe. Results illustrate

that small discrepancies exist between measured primary tunnel flow conditions and the

survey measurements. These discrepancies in tunnel stagnation pressure, plenum

pressure, and stagnation temperature were found to be approximately 31−± psf and

32 − degrees Fahrenheit. The propagation of known instrument errors in measured

primary flow conditions and its impact on tunnel Mach number, dynamic pressure, flow

velocity, and Reynolds number have been investigated analytically and shown to require

careful attention when considering the uncertainty in measured test section conditions.

Nomenclature

f re-entry flap setting, deg

M Mach number

p pressure, psf

R Reynolds number

T temperature,
o
F

q dynamic pressure, psf

x R-134a purity ratio

γ  Ratio of specific heats

ρ  density, slug/ft
3

µ  viscosity, lbf-s/ft
2

Abbreviations:

CLST4 Ceiling station 4 plenum pressure

CT Centerline tube

EWST1 East wall station 1 plenum pressure

FLST2 Floor station 2 plenum pressure

Sta1 Vane D station 1

RTD Resistance temperature device
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TC Thermocouple

TS Tunnel station, ft

VC Vane C

VD Vane D

WWST3 West wall station 3 plenum pressure

Subscripts:

i initial, wind-off condition

m main flap

n nose flap

o stagnation condition

pl plenum
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Introduction

The NASA Langley Transonic Dynamics Tunnel (TDT) is a continuous-flow transonic wind

tunnel that was specifically designed for the testing of aeroelastic wind-tunnel models in a heavy

gas or air test medium. The TDT has a 16-ft square slotted test section that is capable of Mach

numbers from near 0 to 1.2. Stagnation pressures can be varied in the facility from pressures

below 50 psf up to atmospheric pressure and dynamic pressure can be varied up to a value of 300

psf for an air test medium, and up to 550 psf for heavy gas testing.

The TDT is a unique facility for testing aeroelastic models large enough to allow the accurate

scaling of mass and stiffness distributions from the full-scale vehicle to the model. Besides

matching such important model structural and mass properties, it is imperative for high-subsonic

and transonic flutter models that full-scale Mach numbers be matched because of compressibility

effects. In addition, other dimensionless quantities such as reduced frequency and Froude

number may need to be matched to adequately represent full-scale flight conditions. Using

reasonable model construction capabilities, it is not possible to match Mach number, Froude

number, and reduced frequency simultaneously for most flight vehicles using air as a test

medium in a wind tunnel. However, it may be possible to match these dimensionless parameters

by testing in a heavy gas.

Recently, the TDT has undergone a conversion from Freon-12 as a test medium to R-134a

for environmental purposes. Because of the change in test medium, it was necessary to

determine the TDT performance envelope and document various test section flow parameters

before regular testing resumed. Over the period of a year, an exhaustive calibration effort

involving sidewall, centerline, boundary-layer, and test section core (survey rake) measurements

was completed. Turbulence measurements were also made using the sting-mounted survey rake.

In addition to these measurements, an assessment of the methods and locations used to measure

TDT primary flow conditions was conducted. Primary tunnel flow parameters include

stagnation pressure, plenum static pressure, stagnation temperature, and R-134a gas purity.

These flow parameters are used to determine calculated test section conditions such as

freestream Mach number, Reynolds number, speed of sound, medium density, medium viscosity,

and flow velocity. References 1 and 2 describe the TDT heavy gas conversion project and the

calibration of the facility.
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This paper will focus on the measurement of these primary flow parameters and attempt to

assess the methods and locations used to measure them at the TDT.

Facility Description

The TDT is a continuous-flow transonic wind tunnel that has many unique features that make

it well suited for aeroelastic testing. The facility is capable of attaining Mach numbers between

near zero to 1.2 in both air and R-134a as a test medium. Stagnation pressures can be varied in

the facility from pressures below 50 psf up to atmospheric pressure. Dynamic pressure, an

important parameter in aeroelastic testing, can be varied up to a value of 300 psf for an air test

medium, and up to 550 psf for heavy gas testing. Figures 1 and 2 illustrate the configuration of

the TDT and figures 3 and 4 show the operating envelope for air and heavy gas test mediums.

Referring to figures 1 and 2, the major components of the TDT include a steel pressure shell,

settling chamber, contraction section, slotted test section with plenum chamber, diffuser section,

electric drive system with 47-blade fan, and a high-volume gas handling system for heavy gas

operations. The 16-ft square test section with cropped corners is surrounded by a 60ft diameter

plenum chamber and has three transonic slots in both the ceiling and the floor to provide

adequate area for flow expansion and subsequently to avoid choked flow above the speed of

sound (M=1). The transonic slot shapes are designed to provide a nearly gradient free region of

flow at transonic speeds in the vicinity of a model. Additional slots are located on the tunnel

walls for the purpose of reducing model blockage effects. During operations above a Mach

number of 0.85, hinged re-entry flaps are progressively opened to allow flow that exits the test

section through the transonic slots to re-enter the main flow in the diffuser section.

Primary Flow Conditions

The primary flow conditions of the TDT consist of stagnation pressure, plenum chamber

pressure, stagnation temperature, and R-134a gas purity. From these primary measurements, test

section Mach number, dynamic pressure, speed of sound, flow velocity, and Reynolds Number

are determined. Thus the flow conditions in the test section are adequately defined. If the test
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medium was air or pure R-134a, then Mach number based on the measured stagnation pressure

and plenum pressure could be determined by the equation

where γ is the appropriate value for pure air or R-134a. The actual test section free-stream Mach

number would then be determined by applying empirical data from the calibration of the

transonic test section such that

Historically, empirical corrections to Mach number have not been applied to the calculated

plenum Mach number at the TDT because calibration studies have shown that there is little

appreciable difference between free-stream Mach number, ∞M , and plenum Mach number,

plM .

During testing in heavy gas it is typically not possible to achieve 100 percent pure R-134a in

the tunnel circuit. Therefore, an iterative process has been developed to determine TDT

operating conditions based on the four primary flow measurements using real-gas equations and

accounting for air/R-134a gas mixtures. This process is described in Reference 3.

Existing TDT Primary Flow Measurement Systems

The measurement locations for each primary flow parameter are illustrated in Figure 5.

Stagnation pressure is measured on the west wall of the settling chamber at tunnel station 0 at the

beginning of the contraction section by a pressure probe that extends 2 ft from the wall at the

tunnel vertical centerline. Plenum chamber pressure is measured from an open orifice between

the outer shell of the control room and the plenum chamber west wall. This location is well

suited for measuring plenum chamber pressure since it is protected from unsteady flow near the

test section slots. Stagnation pressure and plenum pressure tubing lead to a pair of Ruska Series

6000 direct reading pressure gages. These gages are located at the vertical centerline of the wind
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tunnel to minimize buoyancy effects. Table 1 lists the quoted accuracy of the Ruska system and

other TDT instrumentation.

Referring to Figure 5, stagnation temperature is measured in the settling chamber on turning

vane C near the tunnel centerline using a type J thermocouple. It appears that the thermocouple

units have been in operation since the conversion of the 19ft Pressure Tunnel to the present TDT

configuration in the mid 1950’s. These stagnation temperature thermocouples are located 3 feet

downstream of the tunnel cooling coils and at one time were used as part of a system to

automatically control tunnel temperature. This control system is no longer used by the facility.

It was realized that this location may not be ideal due to its proximity to the tunnel cooling coils

and further investigation was conducted as part of this study.

The fourth primary tunnel flow parameter that is measured is the purity of the R-134a test

medium. Calculated tunnel parameters such as γ, ρ, and µ are dependant on R-134a test medium

purity and thus are all other calculated tunnel parameters. R-134a purity is measured using a

Servomex infrared gas analyzer whose accuracy is listed in Table 1. Gas is sampled from the

tunnel circuit downstream of the test section on the west wall of the diffuser section on the test

section vertical centerline (see Figure 5).

TDT Flow Measurement Survey Instrumentation

To assess and document trends in the primary flow parameters measured at locations in the

settling chamber and plenum of the TDT, instrumentation was developed and installed to

conduct a flow survey of stagnation pressure, plenum pressure, and stagnation temperature. In

addition to these measurements, pitot-static measurements were made in the settling chamber

and contraction section to assess local flow velocities.

Stagnation, Plenum Chamber, and Static Pressure

Stagnation pressure instrumentation consisted of nine probes mounted in a 3-by-3 grid on

turning vane D in the settling chamber just prior to the contraction section of the wind tunnel.

Figure 6 illustrates the arrangement of the probes on vane D. Each probe consisted of a 4.5 ft

long, 0.5 inch diameter steel tube which was mounted on the turning vane shelves and oriented

downstream parallel to the flow. A 0.25 inch diameter steel tube which was mounted within the
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0.5 inch tube was bent ninety degrees, extended 1.5 feet perpendicular to the 0.5 inch tube and

the flow, and finally bent another ninety degrees parallel to the flow to measure stagnation

pressure. Figure 7 shows a pressure probe mounted to turning vane D in the settling chamber.

All nine stagnation pressure probes were connected via flexible tubing to an Electronic Pressure

Scanner (ESP) module mounted to the center turning vane shelf. The ESP module was rated at 1

psi of differential pressure and therefore required an additional stagnation pressure probe for this

reference pressure. This reference probe was mounted on the west wall of the settling chamber

where the primary stagnation pressure measurement is made (see Figure 5). Table 1 lists the

accuracy of the 1-psid ESP module.

In addition to the instrumentation described above, stagnation and static pressure

measurements were also acquired in the contraction section using a pitot-static probe mounted to

a centerline tube that extended along the test section centerline and into the contraction section.

Figure 8a shows the centerline tube mounted in the TDT test section and contraction section.

The pitot-static probe on the centerline tube is identified in Figure 8b. The centerline tube

stagnation and static pressure measurements were acquired using a 1-psid ESP module

referenced to the plenum static pressure. At this measurement location, flow velocity was well

below the speed of sound and therefore no oblique shock waves were present at the tip of the

probe.

Plenum chamber pressure was surveyed at four locations around the test section of the TDT.

Flexible pressure tubing terminated at locations 6 ft above and below the test section and at

locations to the east of the test section on the end of the east platform (Figures 1-2) and west of

the test section on the outer control room chamber. Beyond locating the pressure tubing several

feet from the test section walls, no attempt was made to shield the measurement points from the

unsteady effects of slot flow. ESP modules (1-psid) referenced to tunnel primary plenum

pressure were used to conduct the survey.

Centerline tube static pressures are also reported and compared to the measured plenum

chamber pressure measurements. Static pressure orifices were located along the length of the

centerline tube and static pressures were measured using 1 and 5 psid ESP modules referenced to

plenum chamber pressure. In this report, the average centerline tube static pressure from TS 70

to TS 74 is presented.
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Stagnation Temperature

Total, or stagnation, temperature was measured at locations on turning vanes C and D in the

settling chamber and in the test section for this survey. Figure 6 illustrates the locations where

stagnation temperature was measured on turning vane D. Stagnation temperature was also

measured on vane C near the tunnel primary stagnation temperature measurement location (see

Figure 5) and in the test section on the centerline tube. Figure 8 shows the stagnation cup in

which stagnation temperature was measured near the nose of the centerline tube in the

contraction section of the TDT.

Two methods of temperature measurement were employed: type-T thermocouples and

Resistance Temperature Device (RTD). Type-T thermocouples were chosen for fast response

time while the RTD was chosen for stability and accuracy of temperature measurements. Figure

9 shows the mount used for RTD and thermocouple instrumentation on vane D. Table 1 lists the

typical accuracy of type-T thermocouples and each RTD.

Settling Chamber Flow Velocity

The local velocity of the flow in the settling chamber was measured for the purpose of

confirming the assumption that static temperature measurements made in the settling chamber

can be assumed to be nearly identical to stagnation conditions. This assumption is valid when

local Mach number is sufficiently small ( 2.0<M ). A pitot probe was mounted to turning vane

D in the settling chamber and both local static and stagnation pressure were measured using a 1-

psid ESP module.

Re-entry Flap Schedule

During operations above 85.0=M , double-hinged re-entry flaps are progressively opened to

allow flow that exits the test section through the transonic slots to re-enter the main flow in the

diffuser section, downstream of the test section. All data presented have been recorded at the

standard re-entry flap settings defined in table 2.
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Survey Results

Results presented were acquired during TDT calibration testing using the instrumentation

described above at a variety of tunnel conditions in both air and R-134a as a test medium.

During R-134a testing, the percentage of the gas in the tunnel was maintained above 90 percent.

Measurements of stagnation pressure and plenum pressure are presented as differential

pressures measured by the differential ESP modules referenced to primary tunnel stagnation and

plenum chamber pressure measurement locations respectively. This simplifies comparison to

primary flow parameters measured by the TDT Ruska pressure gages. All stagnation

temperature data are presented in degrees Fahrenheit and as a differential temperature for

convenience and pitot probe velocity data are presented in feet per second.

Stagnation Pressure Results

Differential stagnation pressure results from the flow survey are presented in this section for set

wind-off tunnel pressures and at constant dynamic pressures. Constant wind-off pressure results

contain differential stagnation pressure data from the nine probes mounted to turning vane D of

the TDT. Constant dynamic pressure results contain both vane D stagnation pressure data and

centerline tube stagnation pressure data.

Constant wind-off tunnel pressure results in air. Differential stagnation pressure results

from turning vane D probes are presented in this section versus test section Mach number for

several wind-off tunnel pressures. Results presented in figures 10-13 have been acquired at

wind-off (starting) stagnation pressures of 200 psf, 400 psf, 700 psf, 1200 psf, and 2200 psf

(atmospheric pressure) in air as the test medium.

Constant dynamic pressure results in air. As discussed above, differential stagnation

pressure data were obtained at constant dynamic pressure using both vane D instrumentation and

instrumentation located at the nose of the centerline tube within the contraction section of the

TDT. Figures 14 and 15 present results of these measurements for dynamic pressures of 125 psf

and 200 psf in air as a test medium.

Constant wind-off pressure results in R-134a. Figures 16 through 21 illustrate the measured

vane D differential stagnation pressures at wind-off tunnel stagnation pressures of 200 psf, 500

psf, 700 psf, 1000 psf, 1400 psf, and 1800 psf for a test medium of R-134a.
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Constant dynamic pressure results in R-134a. Differential stagnation pressure

measurements from the centerline tube total probe located in the contraction section of the TDT

is presented in this section at constant values of dynamic pressure for an R-134a test medium.

Figures 22 through 24 illustrate the measured centerline-tube probe differential stagnation

pressures for constant tunnel dynamic pressures of 100 psf, 225 psf, and 350 psf respectively.

An instrumentation failure during testing precluded acquiring vane D differential stagnation

pressure measurements at higher dynamic pressures.

Plenum Chamber Pressure Results

Plenum static pressure results from the flow survey are presented in this section for several

wind-off pressures and for constant dynamic pressures. Constant wind-off tunnel pressure

results contain differential stagnation pressure data from the four stations surrounding the test

section of the TDT. Constant dynamic pressure results contain data from both the four static

pressure measurements around the test section and the centerline tube stagnation pressure

measurements.

Constant wind-off pressure results in air. Figures 25 through 28 illustrate the differential

plenum chamber static pressures versus Mach number at four points around the test section:

above, below, to the west near the control room chamber, and on the end of the east platform.

Data are presented for wind-off stagnation pressures of 200 psf, 400 psf, 700 psf, 1200 psf and

atmospheric pressure.

Constant dynamic pressure results in air. Figures 29 through 30 illustrate plenum chamber

differential pressures versus test section Mach number at four measurement points around the

test section and also the averaged differential pressure from TS 70 to TS 74 along the east and

west side of the centerline probe. The data are presented for constant dynamic pressures of 125

psf and 200 psf.

Constant wind-off pressure results in R-134a. Figures 31 through 36 show differential

plenum static pressures versus test section Mach number at the four measured points surrounding

the test section. Results are presented for wind-off pressures of 200 psf, 500 psf, 700 psf, 1000

psf, 1400 psf, and 1800 psf.
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Constant dynamic pressure results in R-134a. Plenum chamber differential static pressures

and centerline tube static pressures for measurements at constant dynamic pressures of 100, 225,

and 350 psf are shown figures 37 through 39.

Stagnation Temperature Results

Stagnation temperature data measured on vane D, vane C, and on the centerline tube are

presented in this section. Figure 6 illustrates the vane D stagnation temperature instrumentation

stations and Figure 8 shows the stagnation cup near the nose of the centerline tube that contains a

thermocouple. As previously discussed, vane D stagnation temperature instrumentation consists

of both RTD’s and thermocouples. Stagnation temperature data are presented for constant

dynamic pressures of 125 psf and 200 psf in air and for constant dynamic pressures of 100 psf,

225 psf, and 350 psf in R-134a.

Constant dynamic pressure results in air. Figures 40-49 illustrate the stagnation

temperatures measured in air at a constant dynamic pressure of 125 psf on vane D, vane C,

centerline tube, and at the primary tunnel measurement location on vane C. The measurements

at vane D are plotted against the measurement location on the turning vane (see Fig. 6). The

remaining single-point temperature measurements are plotted as constants across the abscissa for

easy comparison to the vane D values. Each figure presents data at a discrete Mach number: 0.3,

0.5, 0.6, 0.7, 0.8, 0.85, 0.9, 0.95, 1.05, and 1.15. For each vane D measurement station, both the

thermocouple and RTD measurement are presented. The discrepancies between the

thermocouple and RTD measurement at each station is within the range of accuracy listed in

Table 1 for each instrument. Figure 50a illustrates the stagnation temperature trend versus Mach

number in air at a constant dynamic pressure of 125 psf. Figure 50b presents the average

differential temperature (T-To) versus Mach number. This average includes only RTD

measurements on vane D.

Figure 51 through 57 illustrate the stagnation temperatures measured in air at a constant

dynamic pressure of 200 psf. Again, data from vane D, vane C, centerline tube, and at the

primary tunnel measurement location is presented at discrete Mach numbers for each figure.

Those Mach numbers include: 0.39, 0.7, 0.8, 0.85, 0.9, 1.0, and 1.05. Figures 58a and 58b

present stagnation temperature trends and averaged vane D RTD stagnation temperature versus

Mach number for a constant dynamic pressure of 200 psf in air.
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Constant dynamic pressure results in R-134a. Figures 59 through 66 present stagnation

temperatures measured in R-134a at a constant dynamic pressure of 100 psf. Data from vane D,

vane C, centerline tube, and at the primary tunnel measurement location is presented at discrete

Mach numbers for each figure. Those Mach numbers include: 0.5, 0.7, 0.8, 0.9, 0.95, 1.05, 1.1,

and 1.19. Figures 67a and 67b illustrate the stagnation temperature trend and average vane D

RTD stagnation temperature versus Mach number in R-134a at a constant dynamic pressure of

100 psf.

Stagnation temperature results in R-134a at a constant dynamic pressure of 225 psf are

presented in Figures 68 through 75 at the following Mach numbers: 0.5, 0.6, 0.7, 0.9, 0.95, 1.0,

1.05, and 1.1. Figures 76a and 76b illustrate the stagnation temperature trends and average vane

D RTD stagnation temperature versus Mach number for constant 225 psf dynamic pressure in R-

134a.

Figures 77 through 83 present stagnation temperature results measured in R-134a at a

constant dynamic pressure of 350 psf at the following Mach numbers: 0.8, 0.9, 0.95, 1.0, 1.05,

1.1, and 1.2. Figures 84a and 84b illustrate the stagnation temperature trends and average vane

D RTD stagnation temperature versus Mach number in R134a at a constant dynamic pressure of

350 psf.

Settling Chamber Flow Velocity

The flow velocity at vane D in the settling chamber was measured using a pitot probe

mounted to the vane at approximately 7 ft above the floor. Figures 85 through 88 present vane D

flow velocities versus test section Mach number in air wind-off tunnel pressures of 200 psf, 400

psf, 700 psf, 1200 psf, and atmospheric pressure. Figures 89 through 94 present vane D flow

velocities versus test section Mach number in R-134a at wind-off tunnel pressures of 200 psf,

500 psf, 700 psf, 1000 psf, 1400 psf, and 1800 psf.

Analytical Study of Tunnel Parameter Error Propagation

An analytical study of the propagation of tunnel parameter measurement errors into

calculated tunnel parameters that include Mach number, dynamic pressure, and velocity has been

carried out using the R-134a/air mixture equations as discussed in Reference 3. Using the known
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measurement accuracy listed in Table 1, deviation errors in calculated parameters were

calculated at Mach numbers between 0.1 and 1.2 at constant stagnation pressures of 50 psf, 200

psf, 600 psf, 1000 psf, 1400 psf, 1800 psf, and 2200 psf. Data is presented for uncertainty errors

in measured stagnation and plenum pressure (Ruska pressure gage error), stagnation

temperature, and gas purity. Stagnation and plenum pressure uncertainty error was represented

as a percent increase in stagnation pressure and a percent decrease in plenum pressure to

represent a worst-case scenario. Figure 95 illustrates the trend in Ruska error applicable to

stagnation and plenum pressures versus the measure pressure as described in Table 1.

Error Propagation in Air

Figures 96 through 98 show the Mach number, dynamic pressure, and velocity error and

corresponding percent error versus test section Mach number for lines of constant stagnation

pressure due to the uncertainty error in the Ruska stagnation and plenum pressure measurement

in an air test medium. At each reference Mach number, deviations of stagnation and plenum

pressure were made with respect to the reference values of stagnation and plenum pressure. The

resulting error in each flow parameter due to these deviations are reported in the figures. As can

be seen in Figs. 96-98, relatively large values of percent error (up to 45%) are found at low Mach

numbers and low stagnation pressures.

Figures 99 through 101 illustrate the sensitivity of Mach number, dynamic pressure, and

velocity to the uncertainty in the primary tunnel stagnation temperature measurement. In each

figure the calculated parameter error is shown versus Mach number for lines of constant

stagnation pressure. Mach number, dynamic pressure, and velocity are rather insensitive to

errors in measured tunnel stagnation temperature.

Error Propagation in R-134a

Figures 102 through 104 show the sensitivity of calculated tunnel parameters due to the

uncertainty error in the Ruska stagnation and plenum pressure measurement in a R-134a test

medium. In each figure the calculated parameter error is presented versus test section Mach

number for lines of constant stagnation pressure. As in the air case, the R-134a test medium

results show that for lower Mach numbers and stagnation pressures the percent error in Mach

number and velocity can be appreciable.
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Figure 105 through 107 illustrate the sensitivity of Mach number, dynamic pressure, and

velocity to the uncertainty in the primary tunnel stagnation temperature measurement. Similar to

the air test medium case, the calculated tunnel parameters are shown to be rather insensitive to

the uncertainty error in the primary tunnel stagnation temperature measurement.

Figure 108 through 110 show the calculated tunnel parameter error versus Mach number for

lines of constant stagnation pressure in R-134a due to a 2% uncertainty error in the R-134a gas

purity measurement system. Dynamic pressure and tunnel velocity are shown to be rather

insensitive to the 2% error in the R-134a gas purity measurement listed in Table 1. Mach

number error is shown to approach 0.0007 at higher Mach numbers. Due to the current manual

method in which R-134a purity is updated at the TDT, larger errors can easily be anticipated and

the Mach number error could then approach 0.001-0.003.

Because of the manual method utilized at the TDT, a 5% error in R-134a gas purity

measurement was also considered. Figures 111 through 113 illustrate the calculated tunnel

parameter error versus Mach number for lines of constant stagnation pressure in R-134a due to a

5% gas purity measurement error. At high Mach numbers the error is shown to approach Mach

0.0016.

Conclusions

A survey of primary flow measurements has been conducted at the TDT as part of a facility

calibration effort. Stagnation pressure, plenum pressure, and stagnation temperature surveys

have been conducted at various locations in the tunnel circuit and the results have been

documented for future reference. This flow survey has identified small discrepancies between

the flow survey measurements and the primary tunnel parameter measurements; stagnation

pressure: 1-2 psf, plenum pressure: 1-3 psf, and stagnation temperature: up to 4 degrees

Fahrenheit. In addition to the flow survey, results have been presented from an analytical study

of the propagation of primary parameter measurement error into the calculated tunnel parameters

such as Mach number, dynamic pressure, and velocity in the test section. This analytical study

has shown that appreciable errors can be present in Mach number and velocity at conditions of

low stagnation pressure and Mach number due to uncertainties in tunnel primary pressure

measurements and at high Mach numbers in R-134a due to gas purity measurement uncertainties.
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Recommendations

It is recommended that a new method of measuring tunnel stagnation temperature be

implemented on turning vane D using a high accuracy RTD in place of the type J thermocouple

on vane C. This recommendation comes in response to the fact that the observed temperature

data presented in this study shows that the primary tunnel stagnation temperature measurement is

consistently lower than the average vane D stagnation temperature. Also, the aging system used

to currently measure stagnation temperature in the TDT failed during calibration testing and

required repair and re-calibration. Furthermore, the vane C thermocouple currently used to

measure tunnel temperature is directly behind the cooling coils used to control tunnel

temperature. The proximity of the thermocouple to the cooling coils suggests that local

temperature fluctuations in the flow near the tubes could bias the measurement. Locating the

primary tunnel temperature measurement to turning vane D would allow more thorough mixing

of the flow prior to the measurement location.

Secondly, it is recommended that a reliable, automated system be investigated for measuring

the R-134a gas purity within the TDT during heavy gas testing. Error propagation studies have

shown that as little as 3-5% error in R-134a gas purity can result in as much as a 0.0016 error in

Mach number which can be significant for certain performance tests.

Finally, rather large errors were identified by the analytical study due to Ruska primary

stagnation and plenum pressure measurement uncertainty errors at low Mach numbers and low

stagnation pressures. It is recommended that these errors be carefully considered when testing at

these conditions.
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Tables

Table 1. Instrument accuracy.

Instrument Range

Accuracy,

percent

full-scale

Accuracy

Ruska pressure gages 0-2200 psf

+/- 0.016%

RDG +/-

0.008% FS

At po=200 psf: 0.208 psf

At po =500 psf: 0.256 psf

At po =1000 psf: 0.336 psf

At po =1500 psf: 0.416 psf

At po =2200 psf: 0.528 psf

Type J thermocouple (tunnel To) 32
o
-1380

o
F N/A +/- 4

o
F

R-134a purity gage 0-100% +/- 2% +/- 2%

ESP 0-1 psid +/- 0.1% +/- 0.144 psf

Type T thermocouple (Vane D) 32
o
-660

o
F N/A +/- 1.8

o
F

RTD 0
o
F to 200

o
F +/- 0.25% +/- 0.5

o
F

Table 2. Re-entry flap schedule.

Mach Range Main Flap Nose Flap

M=0.00 – 0.85 0.00 deg 0.00 deg

M=0.85 – 0.95 0.00 deg 0.75 deg

M=0.95 – 1.05 1.50 deg 0.75 deg

M=1.05 – 1.2 5.25 deg 0.75 deg
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Figure 1. Plan view of the TDT.
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Figure 7. Stagnation pressure probe mounted to turning vane D.

Figure 8. Stagnation temperature measurement on upstream nose of centerline tube within

contraction section.
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Figure 9. Thermocouple and RTD mount unit.
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Figure 10. Vane D differential stagnation pressure versus test section Mach number in air for a
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Figure 11. Vane D differential stagnation pressure versus test section Mach number in air for a

wind-off tunnel pressure of 400 psf.
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Figure 12. Vane D differential stagnation pressure versus test section Mach number in air for a

wind-off tunnel pressure of 700 psf.
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Figure 13. Vane D differential stagnation pressure versus test section Mach number in air for a

wind-off tunnel pressure of 1200 psf and atmospheric pressure.
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Figure 14. Vane D and centerline tube differential stagnation pressure versus test section Mach

number in air for constant dynamic pressure of 125 psf.
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Figure 15. Vane D and centerline tube differential stagnation pressures versus test section Mach

number in air for constant dynamic pressure of 200 psf.
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Figure 16. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 200 psf.
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Figure 17. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 500 psf.

Figure 18. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 700 psf.
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Figure 19. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 1000 psf.

Figure 20. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 1400 psf.
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Figure 21. Vane D differential stagnation pressures versus test section Mach number in R-134a

for wind-off tunnel pressure of 1800 psf.
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Figure 22. Centerline tube differential stagnation pressure versus test section Mach number in

R-134a for constant tunnel dynamic pressure of 100 psf.
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Figure 23. Centerline tube differential stagnation pressure versus test section Mach number in

R-134a for constant tunnel dynamic pressure of 225 psf.
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Figure 24. Centerline tube differential stagnation pressure versus test section Mach number in

R-134a for constant tunnel dynamic pressure of 350 psf.
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Figure 25. Plenum chamber differential static pressures versus Mach number in air for wind-off

tunnel pressure of 200 psf.
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Figure 26. Plenum chamber differential static pressures versus Mach number in air for wind-off

tunnel pressure of 400 psf.
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Figure 27. Plenum chamber differential static pressures versus Mach number in air for wind-off

tunnel pressure of 700 psf.

Figure 28. Plenum chamber differential static pressures versus Mach number in air for wind-off

tunnel pressures of 1200 psf and atmospheric pressure.
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Figure 29. Plenum chamber and centerline tube differential static pressures versus Mach number

in air for constant tunnel dynamic pressures of 125 psf.
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Figure 30. Plenum chamber and centerline tube differential static pressures versus Mach number

in air for constant tunnel dynamic pressures of 200 psf.
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Figure 31. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 200 psf.
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Figure 32. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 500 psf.
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Figure 33. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 700 psf.
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Figure 34. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 1000 psf.
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Figure 35. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 1400 psf.
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Figure 36. Plenum chamber differential static pressures versus Mach number in R-134a for wind-

off tunnel pressure of 1800 psf.
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Figure 37. Plenum chamber and centerline tube differential static pressures versus Mach number

in R-134a for constant tunnel dynamic pressures of 100 psf.
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Figure 38. Plenum chamber and centerline tube differential static pressures versus Mach number

in R-134a for constant tunnel dynamic pressures of 225 psf.
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Figure 39. Plenum chamber and centerline tube differential static pressures versus Mach number

in R-134a for constant tunnel dynamic pressures of 350 psf.
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Figure 40. Stagnation temperature measurements at Q=125 psf and Mach 0.30 in air.



39

101

102

103

104

105

106

Sta2 Sta4 Sta5 Sta6 Sta8 Sta10

VD TC's

VD RTD's

Tunnel To

VC RTD

CTN TC

T
em

p
er

at
u

re
,
d
eg

F

Figure 41. Stagnation temperature measurements at Q=125 psf and Mach 0.50 in air.
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Figure 42. Stagnation temperature measurements at Q=125 psf and Mach 0.60 in air.
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Figure 43. Stagnation temperature measurements at Q=125 psf and Mach 0.70 in air.

108

109

110

111

112

113

Sta2 Sta4 Sta5 Sta6 Sta8 Sta10

VD TC's

VD RTD's

Tunnel To

VC RTD

CTN TC

T
em

p
er

at
u

re
,
d
eg

F

Figure 44. Stagnation temperature measurements at Q=125 psf and Mach 0.80 in air.



41

108

109

110

111

112

113

Sta2 Sta4 Sta5 Sta6 Sta8 Sta10

VD TC's

VD RTD's

Tunnel To

VC RTD

CTN TC

T
em

p
er

at
u

re
,
d
eg

F

Figure 45. Stagnation temperature measurements at Q=125 psf and Mach 0.85 in air.
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Figure 46. Stagnation temperature measurements at Q=125 psf and Mach 0.90 in air.
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Figure 47. Stagnation temperature measurements at Q=125 psf and Mach 0.95 in air.
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Figure 48. Stagnation temperature measurements at Q=125 psf and Mach 1.05 in air.
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Figure 49. Stagnation temperature measurements at Q=125 psf and Mach 1.15 in air.

Figure 50a. Vane D RTD’s, centerline tube thermocouple,

and tunnel stagnation temperature versus Mach Number at

constant dynamic pressure of 125 psf in air.

Figure 50b. Averaged differential Vane D RTD

stagnation temperature versus Mach Number at

constant dynamic pressure of 125 psf in air.
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Figure 50a. Vane D RTD’s, centerline tube

thermocouple, and tunnel stagnation temperature

versus Mach Number at constant dynamic pressure of

125 psf in air.

Figure 50b. Average differential Vane D

RTD stagnation temperature versus Mach

Number at constant dynamic pressure of

125 psf in air.
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Figure 51. Stagnation temperature measurements at Q=200 psf and Mach =0.39 in air.
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Figure 52. Stagnation temperature measurements at Q=200 psf and Mach 0.70 in air.
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Figure 53. Stagnation temperature measurements at Q=200 psf and Mach 0.80 in air.

110

112

114

116

118

120

Sta2 Sta4 Sta5 Sta6 Sta8 Sta10

VD TC's

VD RTD's

Tunnel To

VC RTD

CTN TC

T
em

p
er

at
u
re

,
d
eg

F

Figure 54. Stagnation temperature measurements at Q=200 psf and Mach 0.85 in air.
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Figure 55. Stagnation temperature measurements at Q=200 psf and Mach 0.90 in air.
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Figure 56. Stagnation temperature measurements at Q=200 psf and Mach 1.00 in air.
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Figure 57. Stagnation temperature measurements at Q=200 psf and Mach 1.05 in air.
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Figure 58a. Vane D RTD’s, centerline tube

thermocouple, and tunnel stagnation temperature

versus Mach Number at constant dynamic pressure of

200 psf in air.

Figure 58b. Average differential Vane D

RTD stagnation temperature versus Mach

Number at constant dynamic pressure of

200 psf in air.
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Figure 59. Stagnation temperature measurements at Q=100 psf and Mach 0.50 in R-134a.
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Figure 60. Stagnation temperature measurements at Q=100 psf and Mach 0.70 in R-134a.
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Figure 61. Stagnation temperature measurements at Q=100 psf and Mach 0.80 in R-134a.
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Figure 62. Stagnation temperature measurements at Q=100 psf and Mach 0.90 in R-134a.
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Figure 63. Stagnation temperature measurements at Q=100 psf and Mach 0.95 in R-134a.
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Figure 64. Stagnation temperature measurements at Q=100 psf and Mach 1.05 in R-134a.
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Figure 65. Stagnation temperature measurements at Q=100 psf and Mach 1.10 in R-134a.

101

102

103

104

105

Sta2 Sta4 Sta5 Sta6 Sta8 Sta10

VD TC's

VD RTD's

Tunnel To

VC RTD

CTN TC

T
em

p
er

at
u

re
,
d
eg

F

Figure 66. Stagnation temperature measurements at Q=100 psf and Mach 1.19 in R-134a.
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Figure 68. Stagnation temperature measurements at Q=225 psf and Mach 0.5 in R-134a.
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Figure 67a. Vane D RTD’s, centerline tube

thermocouple, and tunnel stagnation temperature

versus Mach Number at constant dynamic pressure of

100 psf in R-134a.

Figure 67b. Average differential Vane D

RTD stagnation temperature versus Mach

Number at constant dynamic pressure of

100 psf in R-134a.
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Figure 69. Stagnation temperature measurements at Q=225 psf and Mach 0.6 in R-134a.
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Figure 70. Stagnation temperature measurements at Q=225 psf and Mach 0.7 in R-134a.
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Figure 71. Stagnation temperature measurements at Q=225 psf and Mach 0.90 in R-134a.
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Figure 72. Stagnation temperature measurements at Q=225 psf and Mach 0.95 in R-134a.
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Figure 73. Stagnation temperature measurements at Q=225 psf and Mach 1.00 in R-134a.
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Figure 74. Stagnation temperature measurements at Q=225 psf and Mach 1.05 in R-134a.
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Figure 75. Stagnation temperature measurements at Q=225 psf and Mach 1.10 in R-134a.
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Figure 76a. Vane D RTD’s, centerline tube

thermocouple, and tunnel stagnation temperature

versus Mach Number at constant dynamic pressure of

225 psf in R-134a.

Figure 76b. Average differential Vane D

RTD stagnation temperature versus Mach

Number at constant dynamic pressure of

225 psf in R-134a.
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Figure 77. Stagnation temperature measurements at Q=350 psf and Mach 0.80 in R-134a.
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Figure 78. Stagnation temperature measurements at Q=350 psf and Mach 0.90 in R-134a.
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Figure 79. Stagnation temperature measurements at Q=350 psf and Mach 0.95 in R-134a.
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Figure 80. Stagnation temperature measurements at Q=353 psf and Mach 1.00 in R-134a.
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Figure 81. Stagnation temperature measurements at Q=350 psf and Mach 1.05 in R-134a.
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Figure 82. Stagnation temperature measurements at Q=350 psf and Mach 1.10 in R-134a.
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Figure 83. Stagnation temperature measurements at Q=350 psf and Mach 1.20 in R-134a.

Figure 84a. Vane D RTD’s, centerline tube thermocouple,

and tunnel stagnation temperature versus Mach Number at

constant dynamic pressure of 350 psf in R-134a.

Figure 84b. Averaged differential Vane D RTD

stagnation temperature versus Mach Number at

constant dynamic pressure of 350 psf in R-134a.
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Figure 84a. Vane D RTD’s, centerline tube

thermocouple, and tunnel stagnation temperature

versus Mach Number at constant dynamic pressure of

350 psf in R-134a.

Figure 84b. Average differential Vane D

RTD stagnation temperature versus Mach

Number at constant dynamic pressure of

350 psf in R-134a.
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Figure 85. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 200 psf in air.
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Figure 86. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 400 psf in air.
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Figure 87. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 700 psf in air.
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Figure 88. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 1200 psf and atmospheric pressure in air.
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Figure 89. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 200 psf in R134a.
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Figure 90. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 500 psf in R134a.
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Figure 91. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 700 psf in R134a.
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Figure 92. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 1000 psf in R134a.
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Figure 93. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 1400 psf in R134a.

0

5

10

15

20

25

30

35

40

45

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Test Section Mach Number

V
an

e
D

F
lo

w
V

el
o

ci
ty

,
ft

/s

Figure 94. Vane D pitot probe flow velocity versus test section Mach number for a wind-off

tunnel pressure of 1800 psf in R134a.
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Figure 95. Ruska measurement error versus measured pressure.
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Figure 96. Mach number error and percent error versus Mach number in air due to Ruska error

in primary tunnel stagnation and plenum pressures.
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Figure 97. Dynamic pressure error and percent error versus Mach number in air due to Ruska

error in primary tunnel stagnation and plenum pressures.
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Figure 98. Velocity error and percent error versus Mach number in air due to Ruska error in

primary tunnel stagnation and plenum pressures.



68

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
x 10

-5

Mach Number

M
ac

h
 N

u
m

b
er

 E
rr

o
r

1.2

po=50psf  

po=200psf 

po=600psf 

po=1000psf

po=1400psf

po=1800psf

po=2200psf

Figure 99. Mach number error versus Mach number in air due to error in primary tunnel

stagnation temperature measurement.
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Figure 100. Dynamic pressure error versus Mach number in air due to error in primary tunnel

stagnation temperature measurement.
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Figure 101. Velocity error versus Mach number in air due to error in primary tunnel stagnation

temperature measurement.
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Figure 102. Mach number error and percent error versus Mach number in R-134a due to Ruska

error in primary tunnel stagnation and plenum pressure.
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Figure 103. Dynamic pressure error and percent error versus Mach number in R-134a due to

Ruska error in primary tunnel stagnation and plenum pressure.
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Figure 104. Velocity error and percent error versus Mach number in R-134a due to Ruska error

in primary tunnel stagnation and plenum pressure.
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Figure 105. Mach number error versus Mach number in R-134a due to error in primary tunnel

stagnation temperature.
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Figure 106. Dynamic pressure error versus Mach number in R-134a due to error in primary

tunnel stagnation temperature.
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Figure 107. Velocity error versus Mach number in R-134a due to error in primary tunnel

stagnation temperature.
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Figure 108. Mach number error versus Mach number in R-134a due to a 2% error in R-134a gas

purity measurement.



73

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0.0

Mach Number

D
y

n
am

ic
 P

re
ss

u
re

 E
rr

o
r,

 p
sf

1.2

po=50psf  

po=200psf 

po=600psf 

po=1000psf

po=1400psf

po=1800psf

po=2200psf

Figure 109. Dynamic pressure error versus Mach number in R-134a due to a 2% error in R-134a

gas purity measurement.
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Figure 110. Velocity error versus Mach number in R-134a due to a 2% error in R-134a gas

purity measurement.
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Figure 111. Mach number error versus Mach number in R-134a due to a 5% error in R-134a gas

purity measurement.
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Figure 112. Dynamic pressure error versus Mach number in R-134a due to a 5% error in R-134a

gas purity measurement.
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Figure 113. Velocity error versus Mach number in R-134a due to a 5% error in R-134a gas

purity measurement.
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