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ABSTRACT

A spherical pressure probe designed to time resolve the total and

static pressure and freestream radial and rotational flow angles in

turbomachine flow fields was found to produce accurate results for flow

angles over a range of 200 in both the radial and rotational directions.

Reynolds number based on the probe sphere diameter had negligible effect

over the range 14,000 to 92,000. There is a weak Mach number dependence,

but the probe is usable up to a Mach number of 0.90. Calibration curves

are plotted for M = 0.27, 0.7, and 0.9. These results were found by

calibration in steady flow. From the probe dimensions and transducer

response it is judged that the probe should have frequency response better

than 30 kHz.
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I. INTRODUCTION - PROBE DESIGN DEVELOPMENT

Design Purpose

The spherical probe was developed for use in the MIT Blowdown

Compressor Facility. In this facility compressor rotors are tested in

a pulsed or "blowdown" mode. The pressure probe traverses the compressor

annulus during the (20 ms) blowdown to retrieve a time resolved record

of local static and total pressure and local rotational and radial flow

directions. The data is recorded as a function of time, and hence of

radial position at selected axial positions. The mean Mach number in the

annulus is approximately 0.7 and the Reynolds number (based on probe

diameter) is around 26,000. The probe calibration is focussed on these

Mach number and Reynolds number requirements.

The probe must resolve pressure data between compressor blades at

blade passing frequency (about 3 KHz). From past probe development

experience with this facility, a frequency response of 30 to 60 KHz is

needed and can be obtained with a properly designed pressure probe.

Design Configuration

A probe configuration meeting the design specifications took the form

of a spherical probe body with 5 strategically placed pressure transducers

(Fig. 2). This spherical probe has 5 flat faces with machined seats for

attaching high frequency response pressure transducers (Fig. 3). The probe

sphere is set on a stem emanating from the probe body carrying transducer

connections. This stem is located near the P 5 pressure transducer because of

manufacturing constraints and does not introduce serious stem effects.
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Data Recovery

This probe was required to retrieve directional data in two planes, 0

and $ (labeled in Fig. 4), where the 0-plane is perpendicular to the probe

stem and the $-plane is parallel to the stem. To retrieve accurate direc-

tional data, 3 pressure transducers should be positioned in the desired

directional plane to maximize directional sensitivity (P2, PV, and P3 for

the 0-plane, P4, Pl, and P5 for the $-plane). For example, P2 and P3

measure 0-directional components of the freestream while P is required to

measure a correctional pressure for -components of the freestream. With

proper calibration function of Pl, P and P 3, -components of the freestream

direction can be normalized out of 6-directional data. The calibration

function required for 0-directional data is:

(P2 ~P3 )
F(1) = ) + (P2 -P 1

F(6) is plotted in Figs. 10-12 and is independent of $ for 6 = 300.

Once 6 and $ have been obtained, freestream static and total pressure

can be determined from the individual pressure transducer readings via

calibration curves.

Pressure Transducer Used

The pressure transducers used are Diffused Silicon Diaphragms.

They consist of a circular diaphragm, 0.058 inches in diameter and 0.001

inches thick and are cemented into machined seats on the probe sphere

(Fig. 3). A wheatstone bridge circuit is deposited on the diaphragm and

the local probe pressure measured is proportional to the voltage output of

the bridge. The pressure transducers have a natural frequency in excess

of 150 KHz.
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II. PROBE CALIBRATION TECHNIQUE

Calibration Probe

The calibration curves were obtained from steady-state measurements

in an open jet via a calibration probe. This probe had conventional

pressure taps instead of the delicate Kulite pressure transducers and was

twice fullscale (Fig. 4). For the steady-state pressure measurements,

openend manometer boards were used. Oil (s.g. = 0.827) was used for low

Mach number tests and Mercury (s.g. = 13.6) was used for high Mach number

tests (M = 0.7, 0.9). The definitions of calibration angles are given in

Fig. 4.

Using an Open Jet for Probe Calibration

An open jet consists of an inner jet core and a mixing region where

viscous shearing forces decelerate and mix the jet with the surrounding

medium (Fig. 5). A velocity profile of the 1" open jet used for probe

calibration (Fig. 6), shows the jet core to be completely developed around

5 jet-diameters downstream. So that the calibration probe would not be

subjected to jet velocity errors, a test plane 1 jet-diameter downstream

was chosen for calibration measurements.

Another open jet property is jet spreading (Fig. 7). Schlichting

develops the exact solution for a turbulent circular jet and determines the

dimensionless constants required to describe the jet. One empirical rela-

tionship describes the spreading phenomenon,

b1/2 = 0.0848 x

where b 1 /2 is 1/2 jet width at a given downstream location, x. Schlichting
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shows the jet width is proportional to x, therefore, the included angle

of jet spreading is,

tan- [2 x (0.0848)] = 10.770

Experimental verification of the jet streamline spreading is shown in Fig. 8

where a detailed directional survey of the 3-inch open jet, obtained with

the sphere probe, is plotted for a station 1-inch downstream of the orifice.

The streamlines within the jet core boundaries were found to spread at

approximately 10.80.

Open Jet Error Sources

Probe calibration errors can occur from jet core streamline curvature

and poor probe positioning in the jet core. To minimize these error

sources, the calibration probe must remain in the same jet core position

for different 0 and C orientations. To accomplish this, an alignment laser

was used.

A second large error source originates from probe blockage in the

open jet (Fig. 9). This error is caused by the open jet being forced to

bulge around the probe body. This bulging causes a local velocity error

consisting of a lower maximum increase in local probe velocity with an open

jet than with an infinitely wide freestream. According to Ref. 8, the exact

solution for the maximum local velocity of a cylinder in a two-dimensional

jet is:
MAX 2 7T 2 d2 3 2V + 7/6 M -_-H1L+ M.+e.
je. jet 12 () 12 jet
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where d is the cylinder diameter and H is the jet width. The maximum

bulge width, W , is:

W MAX H 5 2
H 2 M( 6jet

For increasing values of d/H, V /V decreases. Because C =
MAX jet Pn

2
1 - (V /V ) , a significant dependence between local probe pressure

local jet

and d/H occurs if d/H is sufficiently large. All calibration curves were

done in the 1" open jet and d/H had a value of approximately 0.25 to 0.35.

The significance of probe blockage error in the open jet calibrations

depends upon the calibration function. The error is insignificant if it

cancels out of the calibration function, such as in the directional cali-

brations. A velocity error calculation due to probe blockage done with

the above equation for a cylinder in a two-dimensional jet with d/H = 0.35

and Mjet = 0.27, gives a velocity error of 6.7%.

Zero Angle Reference Pressure Distribution

Because of discrepancies in experimental apparatus (streamline

curvature, jet core position, etc.), a reference pressure distribution

where P 2 = P 3 = P4 was chosen to define 00 6 and 0* t regardless of stem

orientation to freestream direction. To duplicate probe pressure measure-

ments, probe orientation angles must be measured from a reference pressure

distribution instead of a mechanical reference. This eliminated day to

day discrepancies in experimental apparatus because the freestream flow

only came from one direction when P2 = P3 = P4'
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III. PROBE CALIBRATION CURVES

F(O,M), F(4,M)

H(0 , ,M)

Kn (0,4,M)
n

M

P
n

P
5

(P - P )

- Directional Calibration Curves

- Dynamic Head (total-static pressure)
Calibration Curves

- Static Pressure Calibration Curves

- Freestream Mach Number

- Absolute Pressure Retrieved by Pressure
Transducers

- Freestream Static Pressure

- Freestream Dynamic Head (freestream
total-static pressure)

- Freestream Rotational and Radial Angles

The following calibration curves are plotted with techniques which

minimize data processing required to retrieve freestream total and static

pressure, and freestream flow angles. These techniques consist of using

absolute probe pressures, interpolation, and calibration functions which

are only a function of the desired flow direction. For example, the 0-

directional calibrations, F(0,M)(Figs. 10-12), are mainly a function of

0, nearly independent of 4. Calibration curves are plotted for M = 0.27,

0.7, and 0.9. Comparison of them shows there is almost no Mach number

dependence. The plotted calibration points are catalogued in the Appendix.

Retrieving Freestream 0 and C from Directional Calibrations

To facilitate freestream directional data retrieval, calibration curves

should be a function of only one flow angle. The required calibration

functions are:
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(P2-P 3)
F(,M) 

2 - 1 ) + (P3 -P 1 )

-20* < 0 < +200

FM) = - (P 4-P5)
( P-P1) + (P5-I1l

-20* < < +20*

F(e,M) calibration curves are plotted in Figs. 10, 11, and 12 for Mach

numbers of 0.27, 0.7, and 0.9. The functions are plotted over 40*

although a usable range of 200 is recommended. These directional

calibrations are almost independent of 4 and Mach number.

The F(P,M) calibration curves are plotted in Figs. 13 and 14 for

corresponding Mach numbers of 0.27 and 0.7. The normalization error (curve

spread at large angles of c and zero shift) in these plots is due to stem

effect on P5 which reduces the probes $ directional sensitivity (P4-P5).

To make up for the reduced sensitivity at large angles of $, interpolation

between the curves for e = 200 and 0 = 00 with the retrieved freestream

0 is required. Directional calibrations in the 4 direction are also

nearly independent of Mach number.

Retrieving Freestream Dynamic Head

To retrieve freestream dynamic head (Freestream total-static pressure),

the following calibration function is used.

(P -P S)

EP2- 1) +(3 l1

-200 < 6 < +200 -200 < $ < +200
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The freestream dynamic head is

T s) = H(6,4 ,M) * [(P 2-P 1 ) + (P 3 -P 1)]

where the pressures inside the square brackets are absolute pressures

retrieved from the probe. H(6, ,M) is plotted for M = 0.27, 0.7, and

0.9 in Figs. 15, 16, and 17. H(0,$,M) is always negative because the

quantity [(P 2 -P 1 ) + (P 3 -P 1 )] is always negative

Retrieving Freestream Static Pressure

To retrieve freestream static pressure, the following calibration

function is used.

(P -P )

K 2(,,M) = [ 2  (1 n+ 3

-20* < 0< +200 -20 0 < p < +200

The local freestream static pressure is

P s =n - KP (6,#,M) [ ((P 2-Pl) + (P3-P1)]n

Because P2, or P both retrieve excellent pressure data, either could be

used for retrieving freestream static pressure depending upon which

diaphragm is best oriented to measure the pressure (P Pn etc).

Ps =2 - K2 (O,,M) - [(P 2 -Pl) + (P 3 -P 1 )] (0>00)

or
Ps =P3 - K3 (8,4,M) - [(P 2 -Pl + (P3-p1 )] (0<00)
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Because P essentially measures total pressure, K1 is also plotted

to measure total head variations due to angle of attack. 1 is required

to retrieve accurate total pressure measurements.

The static pressure calibration functions I, K 2 and K3 are

plotted in Figs. 18, 19 and 20 for M = 0.7. For retrieving data at other

Mach numbers, K2 is plotted in Figs. 21 and 22 for M = 0.27 and 0.9.

Retrieving Freestream Total Pressure

The freestream total pressure is equal to the freestream dynamic

head, PT - PS, plus static pressure, Ps. To minimize errors in the

total pressure retrieval, K1 is used for static pressure retrieval

because P essentially measures PT over most angles of attack.

PT = H(e,#,M)[(P2-P1 ) + (P3-P 1 )] S

P = P1 + [H(Gp,M) - KI (Gp,M)] - [(P2-Pl) + (P3-P1)]

For small angles of attack [H(6,#,M) - K P(G,#,M)] is essentially zero

or:

P T =P1
PT 1

Interpolation for Total and Static Pressure Calibration Factors

In addition to finding the total and static pressure calibration

factors [H(0,#,M) and KP (6,4,M)] with the retrieved freestream 6, a
n

linear interpolation with the retrieved freestream # is required for an

accurate total or static pressure calibration factor. This linear # inter-

polation consists of linearly interpolating between # = 0' and # = 25*

or 20* on the H(6,4,M) and Kn (6, ,M) calibration curves with the
n

retrieved freestrean .
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IV. PROBE OPERATING LIMITATIONS

Local probe pressure coefficients [C = (Pn - / - P s)] are used

to examine probe directional, Mach number, and Reynolds number limitations.

Directional Limitations

P had the best angle of attack range of all 5 probe pressures and

retrieved accurate data over the probes usable angle of attack range 200

o and 20' :. A plot of C P over 400 0 is shown in Fig. 23. The data

looked similar for C P values over the usable $ range.

Due to flow separation, the range for P2 was limited to 200 6 and was

limited for P 3 to -20* 0, thus, defining the usable 20* 0 range (Figs.

24 and 25). Similar behavior was observed for P over the range of radial

flow angle, $ = 200 (Fig. 26). The large probe stem effect at the P5

location can be seen by comparing Figs. 26 and 27. The early fall off of

the P5 pressure coefficient at 4 = + 200 reduces the radial directional

sensitivity but does not unduly complicate the data reduction process.

Mach Number Dependence

P exhibited a small Mach number dependence over the usable angle of

attack range of 6 = 20* and 4 = + 20* (Fig. 23). The Mach number depen-

dence is small because the freestream flow is essentially stagnated at P1

over this angle of attack range.

P 2 ' P3 ' 4 and P5 had a significant freestream Mach number dependence

for 0 = 20* and $ = 20*. This Mach number dependence took the form of

increasing C values for increasing freestream Mach numbers (Figs. 24-28).
p

This Mach number dependence has two possible explanations. The first
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explanation suggests the increasing pressure coefficients are just compres-

sible flow effects from the high subsonic freestream Mach numbers (0.27 < M

< 0.9). The other explanation for the Mach number dependence is the probe

blockage velocity error discussed in "Open Jet Error Sources". The Mach

number dependence is probably a superposition of both effects.

Critical Mach Number Limitations

The local probe pressure coefficient must be calculated before finding

the critical Mach number.

P Mnn

S Pn = Local probe pressure

M4- = Local probe Mach number
M n

P = Freestream static pressure
5

M = Freestream Mach number

The following compressible flow relationships are needed from Ref. 5.

1. P / = (1 + y-l M)T s 2

y-

2. P /P = (1 + y-1 M 2 Y-1
T n 2 n

3. Cpn = (Pn - P'\t -s) ("n/ s - 1) 2/yM2

A , 2] 2 Y /Y -1 ~
C = [-l 2/yMpn l+ y - 1)/2 MM

The critical pressure coefficient is defined as that for a local probe

Mach number of 1 (M = 1).
n

C crit = [( 1 + 1 iL )M2) -j * 2/yM2
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The following critical pressure coefficient values are obtained for

various freestream Mach numbers

M 0.7 0.75 0.8 0.85 0.9

C -0.779 -0.591 -0.435 -0.302 -0.188
crit

No pressure coefficients appear significantly below zero in Figs. 24 and 25

for the range of Mach numbers tested and the usable e range, thus

establishing the useful maximum Mach number at about 0.90.

Errors in Estimation of Critical Mach Number

If the previous relationship between freestream Mach number and C
~crit

is valid, then the only error source occurs in estimating C from the
crit

experimental data (Figs. 24 and 25). The lowest possible value for C in

Figs. 24 and 25 is -0.6 and setting this equal to C crit gives a conser-

vative estimation of critical Mach number. This is not a bad estimate

because C MIN did not vary significantly for freestream Mach numbers of 0.27

to 0.9.

Directly measuring the exact critical Mach number is difficult because

of the probe blockage velocity error discussed in Open Jet Error Sources.

This velocity error delays any shock formation beyond the actual critical

Mach number in an indinite freestream.

Reynolds Number Independence

The pressure coefficients were essentially independent of Reynolds

number over a range of 14,000 to 92,000 (Figs. 29, 30, 31), the variations

at large 0 being attributed to open jet bulge error. Because of the

impossibility for a laminar boundary-layer to occur at a Reynolds number

of 92,000 for an imperfect sphere in a turbulent jet, the boundary layers

appear to be turbulent over the useful range of Reynolds number.
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APPENDIX

Theta Directional Calibration Points - F(O, Mach Number)

F(O,0.27) F(8,0.7)

$=-20* $=0* 4=20*e
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-3.27

-2.33
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-1.1297

-0.853

-0.569

-0.347

-0.176

0.0

0.169
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0.589

0.882
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$=-25* $=0* $=250
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-1.822
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-0.937

-0.622

-0.427
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F(0,0.9)
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Phi Directional Calibration Points - F(4,Mach Number)

F(4,0.7)
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Dynamic Head Calibration Points - H(O, , Mach Number)

H(0,$,0.27) H(6,$,0.7)
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H(O,$,0.9)

0 4=-25* $= 0* 4=+250
-35 -2.215 -1.37 -1.26

-30 -1.454 -1.121 -1.118

-25 -1.055 -1.094 -1.12

-20 -1.18 -1.11 -1.193

-15 -1.098 -1.038 -1.15

-10 -1.038 -0.948 -1.10
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Static Pressure Calibration Points - K N(e,$,Mach Number)
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K 3 (0,,0.7) K 2(6,9,0.27)

6 $=-25* $=o* p=+25 0  4=-20 $=O0* =+20
-35 0.977 0.782 0.950 -1.384 -1.569 -1.650

-30 0.755 0.537 0.715 -1.262 -1.250 -1.166

-25 0.406 0.269 0.447 -1.075 -1.070 -0.898

-20 0.262 0.041 0.272 -0.770 -0.821 -0.671

-15 0.120 -0.32 0.134 -0.562 -0.582 -0.517

-10 0.013 -0.048 0.017 -0.411 -0.432 -0.388

- 5 0.079 -0.180 -0.084 -0.311 -0.297 -0.271

0 -0.181 -0.293. -0.194 -0.216 -0.212 -0.168

5 -0.279 -0.377 -0.298 -0.129 -0.166 -0.075

10 -0.381 -0.500 -0.402 -0.040 -0.085 -0.024

15 -0.469 -0.679 -0.531 0.051 0.004 0.129

20 -0.633 -0.884 -0.687 0.162 0.122 0.233

25 -0.843 -1.005 -0.856 0.321 0.245 0.385

30 -1.034 -1.114 -0.928 0.610 0.492 0.632

35 -1.111 -1.216 -0.875 0.960 0.851 1.447
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