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The vertical scaling bar on the figure indicates overall uncertainty in 

total temperature and pressure measurements. This uncertainty can be 

reduced significantly for a future experiment by reducing the noise level 

as mentioned above. 

In the wake, stagnation temperature fluctuations of 42 K rms were 

observed. This high fluctuating stagnation temperature may be caused by 

the unsteadiness from the vortex shed from the airfoil. It is known that 

in an unsteady flow where the static pressure is fluctuating with time, 

the stagnation temperature following a fluid particle is given by 

(10) 

where DTt/Dt is the substantial derivative of stagnation temperature, Cp 

is the specific heat at constant pressure, and p is the fluid density 

[17]. Thus, it is possible to have large stagnation temperature fluctu-

ations in the wake. 
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3.0 MEASUREMENTS OF DYNAMIC FLOW QUALITY IN THE 0.3-M TCT 

SETTLING CHAMBER AND TEST SECTION 

The newly developed dual hot-wire aspirating probe was used to measure 

the time resolved stagnation pressure and temperature in the 0.3 meter 

Transonic Cryogenic Tunnel (TCT). Free-stream measurements were made in 

the settling chamber and test section of the tunnel. For settling chamber 

measurements, the aspirating probe was mounted in the center of the 

chamber about 15 cm (6 inches) behind the damping screen assembly. For 

test section measurements, the probe was mounted on the traversing rake 

(Figures 2 and 3) and the rake was above the airfoil in the free-stream. 

The tunnel test condition was a stagnation pressure of 160 kPa, stagnation 

temperature of 130 K, and a test section free-stream Mach number of O. 72. 

Data were recorded on a seven track wide-band analog tape recorder 

(Honeywell 96). Tape speeds were 120 inches per second (ips) for settling 

chamber data and 15 ips for test section data. Output voltages for the 

aspirating probe were low-pass filtered using DISA type 55D26 signal 

conditioners. 

Settling chamber data (analog tape speed 120 ips) were digitized at 

a rate of 120,000 samples per second and test section data (15 ips) were 

digitized at 22,000 samples per second. The test section data were ori-

ginally digitized at 800 samples per second but proved to be too low a 

sampling rate to compare frequency content against settling chamber data. 
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All digitized data were transferred to VPI&SU for data reduction and 

analysis. 

3. 1 FLUCTUATING MEASUREMENTS 

Figure 21 is an amplitude spectrum of the aspirating probe response 

in the·o.3-m TCT settling chamber. Data digitized at 120,000 samples per 

second have been reduced to stagnation pressure and temperature before 

performing a Fast Fourier Transform. Stagnation pressure and temperature 

amplitudes are seen out to 15 kHz before roll off to noise levels. 

Figure 22 is a comparison of the free-stream stagnation pressure 

measured at the test condition in the test section and settling chamber. 

Figure 23 is the same measurement on an expanded time scale to observe 

characterized high frequency fluctuations. The fluctuating stagnation 

pressure is much higher in the settling chamber than in the test section. 

Amplitudes of these fluctuations in rms values are 6 kPa (Pt/Pt00=3. 7°~) 

in the test section and 28 kPa (Pt/Pt~=l7.5%) in the settling chamber. 

A characteristic frequency of about 830 Hz can be seen in Figure 23 

in the settling chamber data. This correlates exactly with the blade 

passing frequency. A frequency spectrum of the pressure data in 

Figure 24 shows a distinct signal of about 830 Hz with second and third 

harmonics in the settling chamber. The test section frequency spectrum 

shows no distinct frequency content. The resolution is higher in the test 

section frequency spectrum than in the settling chamber because the same 

number of data points were used to perform a Fast Fourier Transform with 
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data of different sampling rates. By increasing the number of points used 

in the Fourier Transform, it was shown that the difference in resolution 

did not affect the results. 

Figures 25 and 26 compare test section and settling chamber stagnation 

temperature fluctuations. Stagnation temperature fluctuations are higher 

in the settling chamber than in the test section with rms values of 16 K 

(Tt/Tt.=12.3%) in the settling chamber and 11 K (Tt/Tt.=8.4%) in the test 

section. A characterized stagnation temperature fluctuation of about 830 

Hz is apparent in the settling chamber and no distinct fluctuations can 

be seen in the test section data. Figure 27 is a frequency spectrum of 

stagnation temperature in the test section and settling chamber. Again, 

there is an obvious signal at a'!n:lut 830 Hz in the settling chamber but 

there are no apparent harmonics. Test section data has no characteristic 

frequency content. Also, it is noted that the resolution of settling 

chamber frequency content is greater than that in the test section because 

of the different digital sampling rates. 

3.2 CONCLUDING REMARKS ON FLOW QUALITY 

The reason for the observed reduction in fluctuating stagnation 

pressure and temperature going from the settling chamber to the test 

section is not yet fully known. Kovaszney has found that the disturbances 

in wind tunnels may be of three modes [18]: 

1. Vorticity fluctuations (turbulence) 

2. Entrppy fluctuations (temperature spottiness) 
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3. Sound pressure waves 

The vorticity and entropy fluctuations are convected along streamlines 

and are traceable to conditions in the settling chamber which originate 

upstream. The sound disturbances can travel across streamlines and may 

originate either upstream or downstream of the test section or from the 

test section boundaries. The sound pressure waves travel at the speed 

of sound of the medium, and hence may travel upstream. 

Kovaszney showed that if the intensities of the fluctuations are 

small, the three modes are independent [18]. The velocity field can be 

split into a solenoidal and an irrotational field. The former corresponds 

to vorticity and the latter corresponds to sound-waves. The static 

pressure fluctuations belong ttr"-the sound-wave mode. The density and 

static temperature fluctuations are split into an isentropic part which 

belongs to the sound-wave mode and a non-isentropic part which belongs 

to the entropy mode. Thus, the vorticity mode contains no static pres-

sure, static temperature, or density fluctuations. 

It has previously been shown that the velocity, density, and total 

temperature fluctuations in the 0.3-m TCT test section are mostly 

broadband with some discrete frequencies between 100 and 1000 Hz. These 

disturbances were thought to be from upstream moving sound-waves origi· 

nating in the high-speed diffuser [12]. Also, previous settling chamber 

static pressure measurements show distinct correlation of the blade 

passing frequency out to eight harmonics of the fundamental with velocity 

fluctuations of a much more random nature (no distinct peaks beyond the 

fourth harmonic) [19]. 
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From the previous measurements and the aspirating probe measurements, 

it is thought that most of the disturbances in the settling chamber are 

due to acoustic pressure waves that are substantially attenuated before 

reaching the test section. It is possible that the contraction going from 

the settling chamber to the test section may attenuate higher order 

traveling wave modes. From constant cross-section waveguide theory, a 

cut-off frequency is defined for a given wave mode [20]. Frequencies 

below the cut-off frequency will not propogate. Thus, for a given fre-

quency, there are only a given number of modes which will propagate. As 

the cross-sectional dimensions of the waveguide are reduced, the number 

of propogating wave modes is also reduced. 

Because the aspirating probemeasures stagnation pressure and tem-

perature, it is difficult to determine the effect of each type of tunnel 

disturbance. Further experimentation is needed in order to better un-

derstand the observed phenomenon. 
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4.0 ANGLE PROBE DEVELOPMENT 

Two instruments were developed for time-resolved measurements of dy-

namic flow quality for the National Transonic Facility (NIT) aerodynamics 

research. The instruments are mounted in a piggyback arrangement as shown 

in Figure 28. 

The first one is a dual hot-wire aspirating temperature and pressure 

probe with very similar geometry to the probe used in the 0. 3m TCT ex-

periment. Design and fabrication of the aspirating probe is documented 

in Appendix B. 

The second instrument is ahigh-frequency angle probe. The feasi-

bility of the angle probe depends upon the availability of miniature 

silicon pressure transducer diaphrams with semiconductor integral strain 

gage bridges produced by Kulite Semiconductor Products, Inc. These sen-

sors, with effective diameters of a millimeter or less, have useful fre-

quency response of at least 200 kHz and can be installed in probes small 

enough that the aerodynamic characteristic frequency is of the same order. 

Thus, they make it possible to extend the concept of the multi-hole sphere 

or wedge probes, which have long been used for aerodynamic flow measure-

ment, to the domain of time-resolved measurements in transonic wind tun-

nels. By mounting the diaphrams on the surface of the probe, in place 

of pressure taps, their full frequency response is retained. Design and 

construction of the angle probe is given in the Appendix C. 
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DUAL-WIRE ASPIRATING PROBE 

-
TO BE MOUNTED 
ONTO SUPPORT STRUT 

HIGH-FREQUENCY ANGLE PROBE 

Figure 28. Piggyback arrangement of Probe 
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4. l AERODYNAMIC CALIBRATION IN AN OPEN JET. 

The aerodynamic behavior of the high-frequency angle probe with the 

piggyback aspirating probe was established by steady-state testing of a 

full-size model, with pressure taps at the center of the flats repres-

enting the four diaphrams. A vacuum pump was connected to the dummy as-

pirating probe to determine the effect of suction on the calibration. 

The calibrations were carried out in a one inch open air jet of known 

conditions at Mach numbers 0.24, 0.50, and 0.75. For pressure measure-

ments, open-end manometer boards were used. Colored distilled water was 

used for the low Mach number test (M=0.24) and Mercury (s.g. 13.6) was 

used for the high Hach number t'ests (M=0. 50, 0. 7 5) . 

The definition of transducer locations (pressure taps) and flow angles 

are given in Figure 29. It was necessary to fabricate a fixture which 

could hold the probe in an open jet and give tip rotation in two planes 

(angle of attack a and angle of yaw e) while keeping the tip at the same 

point. The mechanism shown in Figure 30 was constructed using two Ardel 

Kinematic polar rotators. Angular repeatability is good to 0.1 degree 

in each plane. Calibration angles for a covered a range of ±24°. Because 

of probe symmetry, the calibration angles in a covered only a range of 

0° to -24°. 

Figueiredo [21J calibrated a similar angle probe in a one inch jet. 

A test plane of one jet diameter downstream of the nozzle tip was chosen 

for calibration to minimize jet velocity errors. 

Figure 31 shows the air jet constructed for calibration. A ball valve 

regulates high-pressure air from a 51 mm (2 inch) supply line. To mini-
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ASPIRATING PROBE 
AND ANGLE PROBE 

25. 4MM ( I • 0") 
ASME NOZZLE 

Figure 30. Angle Calibration Fixture 

Angle Probe Development 

POLAR ROTATOR 

POLAR ROTATOR 

56 



25. 4MM ( I • O") 
ASME NOZZLE 

SCREEN AND 
TUBE ASSEMBLY 

15• TAPER 
FIBERGLASS NOZZLE 

Figure 31. Air Jet Assembly 
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mize weight and to speed assembly, the plenum was constructed of 203 mm 

(8 inch) Schedule 80 PVC plastic pipe. In the plenum, the low speed flow 

passes through a series of screens to linearize the velocity profile. A 

honeycomb of 13 mm (0.5 inch) diameter thin wall brass tubes helps to 

remove the rotational swirl. A final screen linearizes the non-linear 

velocity profile induced by the tube walls. The 15° taper fiberglass 

nozzle gives a smooth flow transition to a 25.4 mm (1.0 inch) diameter 

long radius ASME nozzle. The ASME nozzle is used to minimize boundary 

layer growth due to its very rapid convergence. 

4.1.1 DETERMINING FLOW MACH NUMBER 

The air jet free-stream Mach number was determined by measuring the 

freestream dynamic head (Pt-Ps) and applying the isentropic flow relation 

2 
r-1 

(o-1)/o 
(11) 

where Pt and Ps are the total (stagnation) and static pressures, respec-

tively. The total pressure was measured using a Kiel probe [United Sensor 

type KBC-24, 3.2 mm (0.125 inch) O.D.J and open-end manometer boards. 

The Kiel probe proved to be angular insensitive (better than 45° pitch 

and yaw) throughout the entire Mach number calibration range. 
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4.1.2 JET UNIFORMITY 

Before performing steady-state calibration of the angle probe, the 

jet uniformity at the test plane was examined. The free-stream was 

traversed with the Kiel probe and a pitot-static probe [United Sensor type 

PCA-12, 1.6 mm (0.0625 inch) O.D.]. 

Using the Kiel probe for total pressure measurement, the free-stream 

at the test plane was examined at the three calibration Mach numbers 

(M=0.24,0.50,0.75) initially set from measurement at the jet center. For 

Mach numbers O. 24 and 0. 50, the total pressure was constant to within 2 

mm of the nozzle edge. For Mach 0.75, the total pressure was constant 

to within 3 mm of the nozzle edge. 

The pitot-static probe was traversed through the free-stream to de-

termine variation in static pressure from atmospheric pressure. The 

pitot-static probe was susceptible to error induced by pitch and yaw an-

gles, but total pressure measurements were the same as those from the Kiel 

probe. For a sweep across the jet, static pressure was constant but al-

ways slightly higher than atmospheric pressure. Static pressure was found 

to increase slightly with increasing Mach number. For Mach 0.75, the 

pressure difference between static and atmospheric was 76 mm of water 

corresponding to a deviation from atmospheric of 0.8%. For this cali-

bration, this small deviation was considered negligible and the static 

pressure was taken to be atmospheric pressure. 
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4.1.3 ZERO ANGLE REFERENCING 

Because of the discrepencies of probe alignment parallel to the jet 

streamlines, a reference pressure distribution where P2=P3=P4 was chosen 

to define 0° a and 0° ~. P2=P3 should be valid in the~ plane because 

of probe symmetry. The addition of P, was chosen for consistency even 
'+ 

though the probe is not symmetric in the a plane. This reference pressure 

distribution was found to be independent of the Mach number throughout 

the range calibrated. Small deviations were seen approaching Mach 0.90. 

To duplicate probe pressure measurements, orientation angles were 

measured from the pressure reference instead of a mechanical reference. 

This should eliminate day to dayaiscrepencies due to possible disturbance 

of the experimental apparatus. 

4.2 CALIBRATION CURVES 

A data reduction method described by Ng [22] can extract the flow 

quantities of interest from the four simultaneous pressure measurements. 

From the probe calibration data, a series of calibration curves was ob-

tained similar to those originally described by Figueiredo [ 21]. The 

calibration data was reduced to the following non-dimensional coeffi-

cients: 

V = p2 - p3 
~23 ----------[(P -P) + (P -P )] 

2 1 3 1 

(12) 
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p -P 
4 s 

p -P 
t s 

p - p KP = n s n ----------[ (P -P) + (P -P )] 
2 1 3 1 

pt - PS 
H23 = ------------[ (P -P) + (P -P )] 

2 1 3 1 

p -P 1 s 
p -P 

t s 

(13) 

(n = 2 or 3) (14) 

(15) 

-
(16) 

The F23 calibration curves facilitate a directional retrieval and are 

shown in Figures 32, 33, and 34 for Mach numbers 0.24, 0.50, and 0. 75, 

respectively. F23 depends primarily on the yaw angle a and is influenced 

weakly by the angle of attack a. A useful angular range of ±18° a and 

±18° a is recommended as larger flow angles cause F23 to become more de-

pendent on a and could make a directional retrieval difficult. Also, the 

a directional calibration is almost independent of Mach number. 

The angle of attack a can be determined from the coefficient CP4 be-

cause CP4 depends on a and to a much lesser extent on a. Figures 35, 36, 

and 37 show the variation of CP4 versus a for the three calibration Mach 

numbers. Since CP4 should be symmetric about a, the curves should be the 
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F23 = P2-P3 
[( p 2 - p 1) • ( p 3 - p 1 )] 

3 

2 

-2 

-3 

------- a =o· 
-- - - -- a =+1a· 
- - - - - - a =-Ia• 

Figure 32. Angle of Yaw Calibration (M=0.24) 
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F23 = P2-P3 
[(P2-P1) • ( P3-P1)] 

3 

2 

-2 

-3 

------- a =o· 
---- - a=+1s· 
- - - - - - a =-Is• 

Figure 33. Angle of Yaw Calibration (M=0.50) 
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F23 = P2-P3 
HP2 -P1) • {P3 -P1)J 

3 

2 

t-----+----+---~~----+----1-------l/J -3o· 30° 

-2 

-3 

------- a =o· 
-- -- -- --- a =+18° 
- - - - - - a =- I 8° 

Figure 34. Angle of Yaw Calibration (~l=O. 75) 
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KP3= P3-Ps 
[(P2 -P1)• (P3-P1H 
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Figure 38. Static Pressure Calibration (M=0.24) 
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KP3 = P3- Ps 
[( P2 - P1) • ( P3 - P1)] 
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Figure 39. Static Pressure Calibration (M=0.50) 
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KP3 = P3- Ps 
[(P2-P1) + ( P3-P1)1 
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Figure 40. Static Pressure Calibration (M=0.75) 
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same for 6=+18° and 6=-18°. CP4 does show a slight Mach number dependence 

but the curves retain their same general shape. 

The static pressure can best be determined from the coefficient KP n 
where n=2, or 3. Figures 38, 39, and 40 show the variation of KP3 versus 

a for the three calibration Mach numbers. By symmetry in the a plane, 

KP3 (+6)=KP2(-a), so only values for the absolute values of a need be 

considered. KP3 depends primarily on a and to a lesser extent on a and 

it also shows a slight Mach number dependence. 

The total pressure is recovered from the coefficients H23 and CP 1 . 

These two coefficients can be substituted into the equation 

- (17) 

Figures 41, 42, and 43 show the variation of H23 versus a and Figures 44, 

45, and 46 show the variation of CP1 versus a. Both are even funtions 

of a so only absolute values of a need be considered. Both show a slight 

Mach number dependence and CP1 shows a large dependence on the angle of 

attack a. Figure 47 shows the dependence of CP1 on the angle of attack 

a for Mach 0.24. Notice CP 1 reaches a value of unity at a=+10° because 

the flow stagnation at P1 is influenced by probe asymmetry in the a plane. 

As seen from the transducer locations in Figure 29, the large angular 

dependence in the -a direction is probably due to flow blockage created 

by the piggyback aspirating probe. 

The full data reduction scheme can be summarized as follows: 
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Figure 41. Dynamic Pressure Calibration (M=O. 24) 
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2) Calculate F23· 

3) Guess pt (Pt=Pl). 

4) Guess p . 
s 

5) Calculate M. 

6) Find a and S. 

7) Find H23 and CP l and KP n 
8) Calculate pt from H23 and GP 1 . 

9) Calculate p from KP s n 
10) Iterate on Pt and p until convergence. s 

4.2.1 REYNOLDS NUMBER AND MACH NUMBER EFFECT -
From previous calibration at NASA Langley Research Center [23] on a 

flow-angularity probe, the calibration depends on the free-stream 

Reynolds number and Mach number. The effect was most pronounced at low 

Reynolds number. At high Reynolds number, such as those frequently en-

countered in the NTF, the calibration becomes Reynolds number independ-

ent. 

It is desireable to examine the effect of Reynolds number and Mach 

number on the angle probe calibration. However, at present it is impos-

sible to vary the Reynolds number and Mach number independently in the 

open air jet. 

Figure 48 is a plot of the local probe pressure coefficients 

CP = n 
p -P n s 
p -P 

t s 
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versus combined Reynolds number and Mach number. P is the local n 
measured transducer pressure with locations defined in Figure 29. 

Freestream Mach numbers range from 0.24 to 0.90 and the probe is oriented 

in the flow at 0° a and o0 6. For the calibration range, CP1 is essen-

tially independent of Reynolds number and Mach number. CP 2 , CP 3 , and CP 4 

have an definite Reynolds number and Mach number dependence over the 

calibration range. 

4.2.2 EFFECT OF ASPIRATING PROBE SUCTION 

The aerodynamic behavior of the angle probe is certainly affected by 

its companion piggyback aspirating probe. All calibrations were carried 

out with a vacuum pump connected to the aspirating probe to maintain the 

sonic condition at the aspirating probe orifice. The purpose here is to 

examine the effect of aspirating probe suction on the angle probe cali-

bration. 

For a freestream Mach number of 0.24, pressure measurements were made 

with and without the vacuum pump operating to induce suction. Probe 

orientation was set at a=-6° with 6 ranging from 0° to -24°. Figures 49, 

50, 51, and 52 show the effect of suction on the calibration parameters 

F23 , KP3 , H23 , and CP1, respectively. The effect of suction on CP4 is 

not presented because measurements were taken only at a=-6° and CP4 is 

primarily a function of a. As seen from these four curves, the cali-

bration parameters are weakly influenced by the aspirating probe suction 

for a freestream Mach number of 0.24. It was found that the aspirating 
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probe suction had no influence on the pressure measurements for Mach 

numbers 0.50 and 0.75. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The dual hot-wire aspirating probe was successfully demonstrated for 

measurement of time-resolved stagnation pressure and temperature in a 

high-speed cryogenic gas flow. The probe was tested in the O. 3-m 

Transonic Cryogenic Tunnel at NASA-Langley Research Center. Measurements 

were made in the unsteady wake of a 14~~ supercritical oscillating airfoil. 

Also, dynamic flow quality data in the settling chamber and test section 

free-stream were correlated with previous measurements. 

Flow quality measurements reveal a high fluctuating stagnation pres-

sure (17.5%) and temperature (lt:°3%) in the settling chamber. The fluc-

tuations were at the blade passing frequency of the tunnel driving fan. 

In the test section free-stream, these fluctuations reduce to levels of 

3.7% and 8.4% for the stagnation pressure and temperature, respectively. 

Also, no distinguishable fluctuations were observed at the blade passing 

frequency in the test section. 

The reason for the reduction of stagnation pressure and temperature 

fluctuations going from the settling chamber to the test section is not 

yet fully known. It is felt that the majority of the settling chamber 

disturbances are acoustic pressure waves from the driving fan and that 

the test section disturbances are upstream traveling acoustic waves from 

separation in high-speed diffuser. 

The delicate hot-wires in the aspirating probe can survive in the 

extremely hostile environment of a transonic cryogenic tunnel. To the 

author's knowledge, this was the the first successful attempt in using a 

Conclusions and Recommendations 87 



hot-wire at test conditions of free-stream Mach number 0.7, stagnation 

pressure of five atmospheres, and stagnation temperature of 98 K. The 

hot-wires lasted for more than ten hours before breaking, proving the 

ruggedness of the probe and the usefulness of the technique in a transonic 

cryogenic wind tunnel. 

Substantial progress has been made in the development of a high-

frequency angle probe for time-resolved measurement of static and stag-

nation pressures and two orthogonal flow angles. The probe consists of 

a pyramid type head with miniature surface-mounted pressure transducers. 

The aerodynamic behavior of the angle probe with piggyback aspirating 

probe was established by steady state testing of a full size model, with 

pressure taps at the centers 'of the flats representing the four 

transducers. Preliminary calibrations were carried out in a one inch open 

air jet. Results indicate a need for a high Reynolds number calibration 

facility which will allow independent variation of Mach number. 

The following efforts are recommended for the future developmental 

work on the piggyback aspirating probe and angle probe: 

1. Refine the aerodynamic calibration of the angle probe in the one 

inch jet. This requires the design and fabrication of a high pressure 

vessel surrounding the nozzle so that Reynolds number and Mach number can 

be varied independently. In addition, it is hoped that this should in-

crease the Reynolds number such that the angle probe calibration is 

Reynolds number independent. 

2. Design and fabrication of a static cryogenic calibration facility 

for the aspirating probe. The facility must use nitrogen as the test 
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medium and must operate at a stagnation pressure and temperature range 

similar to a cryogenic wind tunnel. 

3. Refine the aspirating probe calibration in the static cryogenic 

calibration facility. The temperature and pressure sensitivities of the 

aspirating probe are set by the difference in temperature of the two 

wires. It is felt that the optimum operating temperatures of the two 

wires must be determined experimentally. 

4. Improve the stagnation temperature and pressure resolution of the 

aspirating probe. The resolution of the aspirating probe is limited by 

the system noise. The system noise can be reduced to the level of the 

anemometer noise by having a smooth probe inlet and by improving the data 

acquisition system. -
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APPENDIX A. DATA TRANSFER FROM NASA-LANGLEY RESEARCH 

CENTER TO VPl&SU 

This section describes in detail the transfer of analog data using 

the FM tape recorder to digital data that can be reduced using the com-

puter system at VPI&SU. A listing of the transfer programs is provided. 

Digitization of Analog Data 

The Honeywell 96 seven-track FM tape recorder was used in the exper-

iments at the 0.3 m TCT. The data were recorded on half-inch tape running 

at a speed of 120 inches per second (ips) and 15 ips. The data were 

digitized in the Central Data Trruiscription Facility at NASA-Langley Re-

search Center, Analysis and Computational Division, Computer Management 

Branch, Data Management Section. The corresponding data sampling rates 

are at 120,000 Hz and 800 Hz for the analog tape speeds of 120 and 15 ips, 

respectively. Some 15 ips analog data were digitized at 22,000 Hz. The 

digitized data were written using the UNIVAX VARIAN Model 77-600 computer. 

The specifications on format of the data include the following: Nine 

tracks; Non-labeled; Ebcdic; 1600 BPI; Fixed block bianary; 16 bit integer 

words and two's compliment (integer ~'r 2). The characteristics of the 

digitized file on magnetic tape include the following: Blocksize 3840; 

Record length 3840 and record format F. 

Transfer of Digitized Data to Computers at VPl&SU 

The digitized data were transferred to an IBM 3081 system. The system 

operates under the control of VM (Virtual Machine) and OS/VS 2\ •. 3 (MVS) 
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and has twenty-four megabytes of memory. A series of software programs 

were developed to facilitate the data transfer. Figure 53 is a flowchart 

that shows the steps taken to read data from the magnetic tape. The first 

program, TPP CNTL, executes a system program (TPPRINT) which checks the 

tape characteristics. The program TPPRINT scans a tape and tells the 

number of files, the block storage size, and the number of records per 

block (record length). Record length is equal to block size/(number of 

records per block). TPPRINT also gives a machine language translation 

of the stored data, which is not readily readable. 

The next step was to copy NASA's tape to a VPI system tape. The VPI 

system tape is permanently active, easier to access, and is in readable 

format. Program TAPE TAPE was wtrtten to create the system tape. 

Two programs were written to read from the system tape. TAPE LISTE 

show the first twenty elements of every line. This is not a necessary 

operation, but it allows a visual look at a swath of the whole file from 

top to bottom. The second program, TAPE LISTL, shows the first few lines 

of the file in totality. This allows viewing the arrangement of the data 

on each line. Some prior knowledge of the data expected aids in selecting 

the format used in TAPE LISTL. 
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Listing of Programs Used in Data Transfer 

1. Program TPP CNTL - executes a system program (TPPRINT) which checks 
the tape characteristics. 

IIB0589JCR JOB 529E5, 'J ROSSON' ,REGION=1024K,TIME=(,59) 
1°'.JOBPARM LINES=99 
/*PRIORITY STANDARD 
/>'rLONGKEY WINGFAL 
/ISTEPOOOl EA'"EC PGM=TPPRINT 
I/SYSPRINT DD SYSOUT=* 
I/SYSUTl DD DSN=VPI16, 
II DISP=OLD, 
II UNIT=TAPE, 
/I LABEL=(l,NL), 
I I VOL=SER=VPI16, 

system program which checks 
tape characteristics. 

/I DCB=BLKSIZE=32000 largest possible; tape should 
//SYSUT2 DD SYSOUT=•'· have smaller blocksize. DSN 
I ISYSIN DD ,~ 
FILES=99,STOPAFT=3 
/>'. 
II 

and VOL give name of NASA tape 
being checked. 
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2. Program TAPE TAPE - transfers NASA's tape to VPI's system tape . 

. //B0589JCR JOB 529E5, 'JC ROSSON' ,REGION=1536K, TIME=( ,59) 
/*LONGKEY WINGFAL 
/*ROUTE PRINT VPIVMl.ROSSONJC 
/*ROUTE PUNCH VPIVMl.ROSSONJC 
/*JOBPARM LINES=lO 
/*PRIORITY STANDARD 
//STEPOOOl EXEC PLIXCLG 
//PLI.SYSIN DD* 
* PROCESS SOURCE, FLAG(I), GOSTIIT; 

READTP: 
PROCEDURE OPTIONS( MAIN) ; 
DECLARE SYSPRINT OUTPUT PRINT FILE 
DECLARE SYSIN INPUT RECORD FILE; 
DECLARE OUTFIL OUTPUT RECORD FILE ; 
DECLARE DATA( 1920) FIXED BINARY( 15) ; 
DECLARE COUNT FIXED BINARY( 31) ; 
DECLARE END_OF_FILE FIXED ln:NARY( 31) INITIAL( 0) 
ON ENDFILE( SYSIN) END_OF_FILE = 1 
ON ERROR SNAP BEGIN; 

ON ERROR SYSTEM 
PUT DATA; 
STOP ; 

END; 
DO WHILE( END_OF_FILE = 0) ; 

READ FILE( SYSIN) INTO( DATA) ; 
WRITE FILE( OUTFIL) FROM( DATA) 

END; 
END READTP; 

/,'r 
//GO.SYSIN DD DSN=FILEl, 
/I DISP=OLD, 
II UNIT=TAPE, 
I/ LABEL=(l,NL), 
II VOL=SER=VPI006, 
II DCB=(RECFM=F,LRECL=3840,BLKSIZE=3840) 
IIGO.OUTFIL DD DSN=A529E5.VPI006.FILE1, 
// DISP=(NEW,PASS), 
// UNIT=TAPE, 
// LABEL=(8,SL,EXPDT=88304), 
// VOL=(,RETAIN,,,SER=EC13G), 
JI DCB=(RECFM=VB,LRECL=3844,BLKSIZE=16000,DEN=4) 
//GO.DDl DD DSN=&&GOSET,DISP=(OLD,DELETE) 
II 
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3. Program TAPE LISTE - read from the system tape and print the first 
20 elements of every line. 

//B0589JCR JOB 529ES, 'JC ROSSON' ,REGION=l536K,TIME=(,59) 
/*JOBPARM LINES=40 
/*PRIORITY PRIOR 
//STEPOOOl EXEC FORTVCG 
//FORT.SYSIN DD* 

INTEGER*2 DATA( 1920) 
N=O 

10 CONTINUE 
READ( 5, END= 20) DATA 
N=N+l 

99 
WRITE( 6, 99) ( DATA( I), I= 1, 20) 

FORMAT( ' ', 2016) 
GOTO 10 

20 CONTINUE 
WRITE(6,30)N 

30 FORMAT(lHl,'N= ',IS) 
STOP 
END 

I* 

-
//GO.FTOSFOOl DD DSN=A529E5.VPI1.FILE7, 
// DISP=OLD, 
II UNIT=TAPE, 
II LABEL=(2,SL), 
fl VOL=(,RETAIN,,,SER=EC13G) 
II 
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4. Program TAPE LISTE example output. 

7 1914 0 264 1316 983 8800 837 -64 364 227 32767 
7 1914 1 264 1316 1016 6400 1975 446 509 354 32767 
7 1914 2 264 1316 1049 4000 -1675 -2395 -783 -192 32767 
7 1914 3 264 1316 1082 1600 1665 737 227 336 32767 
7 1914 4 264 1316 1114 9200 755 473 -37 318 32767 
7 1914 5 264 1316 1147 6800 2111 637 -392 -173 32767 

., 1914 376 264 1318 1301 6400 1902 564 -119 209 32767 I 

7 1914 377 264 1318 1334 4000 4660 -1266 200 446 32767 
7 1914 378 264 1318 1367 1600 2002 728 928 491 32767 
7 1914 379 264 1318 1399 9200 1638 309 364 373 32767 ., 1914 380 264 1318 1432 6800 2166 1447 154 600 32767 I 

7 1914 381 264 1318 1465 4400 1838 409 27 354 32767 -
N=383 
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5. Program TAPE LISTL - show the first few lines of the file in totality. 

I IB0589JCR JOB 529E5, 'JC ROSSON' ,REGION=1536K, TIME=( ,59) 
/*JOBPARM LINES=40 
/*PRIORITY PRIOR 
//STEPOOOl EXEC FORTVCG 
I/FORT.SYSIN DD* 

/* 

INTEGER*2 DATA( 1920) 
READ( 5) DATA 
WRITE(6,99)(DATA(I),I=l,5) 

99 FORMAT(1Hl,3X,5I6) 
WRITE(6,100)(DATA(I),I=6,1920) 

100 FORMAT(lX,717) 
20 CONTINUE 

STOP 
END 

IIGO.FT05F001 DD DSN=A529E5.VPI1.FILE7, 
// DISP=OLD, -
// UNIT=TAPE, 
II LABEL=(2,SL), 
// VOL=(,RETAIN,,,SER=EC13G) 
II 
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6. Program TAPE LISTL example output. 

7 1914 0 264 1316 
983 8800 837 -64 364 227 32767 
984 0 1283 236 -255 109 32767 
984 1200 1720 673 -82 400 32767 
984 2400 1083 -337 273 354 32767 
984 3600 2029 455 -629 27 32767 
984 4800 2548 1083 582 409 32767 
984 6000 2403 1238 72 327 32767 
984 7200 2694 1165 892 491 32767 
984 8400 1929 1201 345 473 32767 
984 9600 2503 1201 691 527 32767 
985 800 2512 1584 136 354 32767 
985 2000 1046 -356 200 582 32767 
985 3200 1811 145 -337 291 32767 
985 4400 1966 609 646 373 32767 

985 6800 1665 36 !Is 336 32767 
985 8000 855 -246 327 591 32767 
985 9200 2048 291 63 91 32767 
986 400 2057 1065 282 482 32767 
986 1600 1966 382 -201 -55 32767 
986 2800 1957 254 710 746 32767 
986 4000 2676 1392 -101 63 32767 
986 5200 2084 910 537 354 32767 
986 6400 910 -192 373 427 32767 
986 7600 1756 72 91 400 32767 
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APPENDIX B. DESIGN AND CONSTRUCTION OF DUAL-WIRE ASPIRATING 

TEMPERATURE AND PRESSURE PROBE 

Given the concept of operating two hot-wires in a constant Mach number 

channel, the design of the aspirating probe is a engineering compromise 

between several constraints: spatial resolution (small size) versus 

hot-wire length-to-diameter ratio (£/d), and angular acceptance versus 

frequency response. The hot-wire t/d must be large (above 200) in order 

for thermal end effects to be small. Based on past experience, it is 

decided to use 6.2-µm (0.00025 inch) diameter wires in a 1.5 mm (0.0595 

inch) diameter channel [ 13 J. This is also consistent with construction 

constraints. The choked orifice at the channel exit is 0.87 mm (0.040 

inch) in diameter so as to make the Mach number at the wire plane M=0.2. 

Figure 54 shows the basic probe geometry. The platinum coated 

tungsten hot-wires are soldered to four insulating brass supports which 

make up the probe channel and sonic throat. A 0.34 cm (0.134 inch) di-

ameter stainless steel sleeve surrounds the brass conductors. The 

stainless steel sleeve is bonded onto the brass supports with epoxy which 

also acts as an insulator for the brass supports. 

The first step in probe fabrication was a brass machining operation 

which resulted in a piece as shown in Figures 55 and 56. The epoxy 

insulator slits were cut with a 0.025 cm (0.010 inch) slitter saw to a 

depth which insured the supports would not electrically commute when the 

orifice was drilled. 
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Four O. 051 cm (0. 020 inch) slits were cut for lead wire attachment 

(Figure 56). AWG 32 teflon insulated electric wires were soldered in 

these slits and epoxied outside the probe body. 

Dexter Hysol Aerospace Adhesive was chosen to bond the aspirating 

probe because of its high strength and high resistivity in a cryogenic 

environment. Before the epoxy could be applied to the brass piece, the 

surface was prepared for bonding per instructions supplied by the Dexter 

Corporation. Epoxy was applied in the insulating slits using a small 

watch oiler. The epoxy was applied in layers and worked into the slit 

to prevent air bubble entrapment. Placing the epoxy in a vacuum chamber 

prior to application proved to help in removing many small air bubbles. 

The epoxy was not left flush "w'Ith the surface. Instead, a small bead 

was left over the slit which was carved to a point after the epoxy cured. 

Figure 57 shows the final shape of the epoxy ridge. This job was done 

under a stereomicroscope with a small X-Acto razor knife. The epoxy ridge 

should help prevent a direct short circuit between the brass conductors 

and the stainless steel sleeve. Also, the extension of the epoxy of the 

epoxy at the corner should limit the depth to which the sleeve is mounted 

to prevent a short circuit. 

A piece of 10 gauge stainless steel tubing was cut on a lathe to a 

length of 0.508 cm (0.20 inch) and deburred. Using a cut and try fit, 

the length of the sleeve was adjusted until the end was flush. 

Epoxy was applied to the brass piece and to the inside of the sleeve. 

After curing, the residual epoxy on the aft end of the sleeve was carved 

flush with the diameter as shown in Figure 58. About 0.13 cm (0.005 inch 
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thickness was left at the rear to prevent molten solder from causing a 

short during lead wire attachment. Also, the front of the probe was 

polished flat with emory cloth the ensure a smooth hot-wire mounting 

surface. Using a lathe, the piece was parted off of the brass stock to 

a length of 1.27 cm (0.500 inch). The cutting tool was very clean and 

no cutting lubricant was used. Machinability of the epoxy proved to be 

good. 

The rear stainless steel sleeve was cut to a length of 1. 143 cm (0. 45 

inch) and was epoxied to the brass piece the same as the front sleeve. 

The entire assembly was rolled on a clean glass plate to ensure symmetry 

of the front and rear sleeves. After curing, the epoxy around the edge -of the rear sleeve was carved the same as that on the front sleeve. 

The probe cap was machined from solid stainless steel as shown in 

Figure 59. The probe inlet is designed as a fat lipped inlet to give good 

off-axis performance. An inner ridge was cut on the inside of the probe 

cap to form a silicone RTV seal. The RTV seal gives a smoot:h transition 

around the tungsten hot-wires soldered across the brass supports. 

To form the RTV seal, a brass potting fixture was machined as in 

Figure 59. The probe cap fit snugly over the fixture and a 0.152 cm 

(0.0595 inch) drill rod fit through the cap and fixture. Before applying 

the RTV, GE SS4004 silicone primer was applied to the probe cap surface. 

Also, the potting fixture and drill rod were coated with silicone mold 

release. After removing air bubbles in a vacuum chamber, enough GE RTV 

Silicone Compound was applied with a watch oiler to fill the casting void. 

The potting fixture was pressed into the cap and the drill rod was pushed 
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through the fixture and just through the probe cap. After curing, the 

drill rod and fixture were removed. 

Figure 60 shows the final probe machining. The front of the probe 

body was machined on a lathe to fit the probe cap snugly. A 0.102 cm 

(0.040 inch) hole was drilled through and the sonic orifice was formed 

front and rear with a 0.151 cm (0.0595 inch) drill. 

The vacuum line is a 14 gauge stainless steel tube epoxied into the 

rear sleeve. Because machinability of the epoxy is good, a bead of epoxy 

was placed on the vacuum tube and machined to fit snugly into the rear 

sleeve. This should eliminate any possible eccentricity which could choke 

the flow at the vacuum line junction. 

Also, -it was found that construction could be simplified and probe 

eccentricity improved by mixing 0.010 cm (0.004 inch) diameter glass beads 

with the epoxy before mounting the stainless steel sleeves. This elimi-

nated the need for the epoxy insulator ridge. A small ratio of glass 

beads in the epoxy proved to eliminate a short circuit between the brass 

wire supports and the stainless sleeves. 
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APPENDIX C. DESIGN ANO CONSTRUCTION OF ANGLE PROBE 

The geometry of the angle probe is dictated by a combination of 

aerodynamic, structural, and assembly considerations. Simultaneous 

measurements of the pressure at four points on a pyramid head would in 

principle be sufficient to yield values of stagnation and static pressure 

and the two orthogonal flow angles. Ideally, they should be at a point, 

that is the diameter of the pyramid head should be as small as possible. 

The arrangement of the Kulite transducers shown in Figure 61 is quite 

compact. The pyramid head is 5.16 mm (0.203 inch) in diameter and has -the advantage that one diaphram sees nearly stagnation pressure (for small 

flow angles) while the others give good angular sensitivity in two planes. 

The transducers are designed for cryogenic operation. They are 

thermally compensated for a temperature range of 300 K to 100 K to give 

zero sensitivity shift of less than 2% per 310 K. They are rated at a 

pressure of 172 kPa and give a full scale output of 150 mV. 

One of the most troublesome characteristics of the silicon diaphram. 

with semiconducting bridges is their temperature sensitivity. The probe 

tip is machined from 42% Nickel Invar purchased from Scimet Corporation. 

The alloy has a thermal coefficient of expansion (4. 76xl0-6 /°C) that 

matches that of silicon. This, together with external compensating re-

sistors from Kulite can eliminate much of the thermal drift and hence 

accurate de measurements can be obtained from the angle probe. 

Assembly of the diaphrams onto the probe body and connection of the 

lead wires are important considerations. Each transducer is 0.91 mm 
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(0.036 inch) x 0.91 mm (0.036 inch) square with a depth of 0.51 mm (0.020 

inch). Each diaphram is epoxied into a milled slot 1.60 mm (0.063 inch) 

wide x 0.63 mm (0.025 inch) deep (Figure 61). Special care was taken to 

ensure that the transducer mounting surfaces were absolutely flat under 

high magnification. All transducers are mounted over a 0.53 mm (0.021 

inch) diameter hole to reference the diaphram back pressure. The lead 

wires (four per transducer) are brought into the probe interior through 

0.63 mm (0.025 inch) diameter lead-wire holes (Figure 61). After assembly 

of the transducers and lead wires, a thin screen will cover each 

transducer and will lay flush with the probe surface. This should protect 

the delicate transducer from particle impingement without adversely af-

fecting frequency response. Th'e'"slots carrying the lead wires will be 

filled with epoxy to smooth the surface. 
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