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ABSTRACT

The development and testing of a miniature probe for determining
fluid flow direction .and magnitude is considered. The new probe obtains
pressure data from a pair of angled tip impact tubes at a point in a
flow. This-is combined with a static pressure measurement to obtain the
flow vector. Basic theory and calibration of the probe is discussed. A
numerical example of how the probe is used is included.




CHAPTER I
INTRODUCTION

Mapping of flow fields over ‘bodies immersed in a hoving:f]uid ha§
received a great deal of attention in recent years. In thé realm of
flight vehicles, studies of.the flow over airfoils, coritrol surfaces,
.engine in]ets,_antennaes, and radomes have received intense'sérutiny as
engineers seek to reduce turbulence, drag, bﬁffeting and increase fange
and performance. _

This effort has taken two thrugts. One is to numerically model
inviscid flow fields by solving the equations of continuity, momentum,
and energy over very fine grids about areas of interest. This has .met
with some suécess but the comp]eiities of the flow make'éimplification
of the equations difficult. The result is that the investigator fre-
quently dbtains large systems of nonlinear, coupled equations to solve
that require 1afge amounts of computer time.

fhe-ine]usipn of viscosity effects can make the problem of obtain-
ing analytical éo]utions td flow fields insurmountable -for all but the
simplest geometries.

The second major thrust has been experimental. Mapping of flow
fields by making measurements of velocities, temperatures_and pressures
require sénsors that are simple, rugged and reliable. The purposé of
this invesfigation was. to develop such a device for measuking'flow mag-
nitude and direction in air, that Had the capability of making a precise

measurement in regions of high velocity gradiehts. Such a davice must be
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'suitable for miniaturization to minimize flow dfsturbances'and to pre-
vent spurious readings caused by a large sensing surface in a high
. gradient. | |

The sensor studied was a pair of impact tubes fasfenéd side by side
whose tips were oriented at different angles to the flow. ' |

Mach ﬁumbers in th{s study ranged aver 0.025 - 0.065, flow speeds
from 8725 meteré/second and the Reynolds number based on probe diaméter
had a range of 300 - 3000. | |

Results obtained were calibration curves of flow éngTe of attéck
as a function of pressure readings, énd dynamic pressure as a function

of pressure coefficients and angle of attack.




CHAPTER 11
DESCRIPTION OF PREVIOUS WORK

Previous attempts have been made to construct yaw probes based.on
impact tube bundles whose tips are oriented at different angles to the
flow.

Hall [1] cohstructed three-tube probes of the type shown in Figure
2.1 " in 1962, using them for turbulent boundary Tayer studies. He
used 0.020 inch outside diamefer tubing and a wedge angle of 60°. Onea
size of probe was used only. Hall operafed his probe in the'hull mode,
i.e. the probe was rotated until the pressure sensed by the outer tubes
was equal. Using a yaw probe in this manner does not necessitate making
calibration curves of flow ahg]e of attack versus pressure readings. It
- does require, however, that the aerodynamic center of the probe be found;

In 1969, Dudzinski and Krause [2] developec probes based on the
same tip geometry as.Hall's, but.-they calibrated their probes so that
they could be operated in a non-rotary, fixed position. Fixed-position
probes have several advantages over rotating ones. They are less com-
p]gx to fabricate and use, they require less spaqe,'and since fhey.do
not have to be rotated to a null position their response is much ﬁuicker.’

Also developed and calibrated by Dudzinski and Krause were three-
dimensional probes consisting of five tubes as in Figure 2.2. Their
two-dimensional probes were constructed of 0.064 inch 0D fubing and

their three-dimensional probes were made of 0.032 inch OD tubing:




Figure 2.1 Tip geometry of a three-tube yaw probe




Figure 2.2 Tip geometry of a five-tube, three dimensional
yaw probe
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In 1975, Spaid, Hur]ey,'and Hellman [3] designed miniature probes
-aé in Figure 2.3 for -transonic boundary layer mapping. Their probe is

a flattened version of the standard three-tube arrangement, shown in

- Figure 2.1. The probe was manufactured from 0.010 inch 0D tubing that

was.flattened to a height of 0.006 inch. The finished probe had tip
dimensions of 0.040 inch x 0.006 inch. The wedge angle of the beve]ed
faces was 45°.

The Spaid group calibrated their probe so that it could be used in
a fixed mode, i.e. once the probe was placed in an area of interest it
was moved in a translational manner only.

The probes mentioned before were all of the three-tube type. Two
beveled tubes are used to obtain flow direction qnd an unbeveled center
tube is used to obtain impact pressure. From these thrée measurements
the flow speed and djrection can be deduced. |

Two-tube yaw probes, having no center tube, can be used'to deter-
mine flow direction, (see Figure 2.4). According to Roberson and CroWe.
[4], such devices are always used in the null mode. This necessitates
mounting the probes so they rotate and as mentioned previously, this has
some disadvantages. Also, no flow speed is obtained from the probe.

The devg]opment of a fixed yaw probe consisting of two tubes only
* would provide some advantages to the experimenter. First, since on1y~
two tubes are used, fhe‘probe would be easier and less expgnsive to

fabricate. Secondly, if the probe tip cross-sectional area must be




Downward

facing Upward facing

Figure 2.3 Tip geometry of a flattened version of a
three-tube yaw probe




Figure 2.4 Tip geometry of a two-tube yaw probe




" limited in size, as in a boundary layer pfobe, two tubes will have a
smaller cross-section than three tubes of the same size. Smaller 0D
tubing could be used in the three-tube prdbe to decrease its Cross-
section, But for small OD's undesirable Tow Reynolds number effects
begin to take effect, (ReD < 200). Thus for a two-tube probe and a-
three-tube probe having the same cross-section, the three-tube probe is
more likely to experiencé deleterious vfscosity effects due to lower
Reynolds numbers.

The disadvantage to a two-tube probe is that only two pressure
measdrements are obtained. These are inadequate by themselves if the
experimenter wishes to determine both speed and direction of the flow.
Therefore, an additional pressure measurement is required. The easiest
.pressuré to measure without additional probes ié the stafic pressure.
This can be done with a wall static pressure tap. The determinatidn of
the flow vector with two yéw probe pressures and the static pressure is

detailed in the following chapters.




CHAPTER I1I
THEORETICAL BACKGROUND

For an ideal fluid in steady, irrotational flow the ratio of stag-

nation to static pressure is expressed by the isentropic flow equationf

P | 2T
59.5 ( + 1%—-M )Y- (3.1)
S

Nhere'PS is the static pressure, P0 the stagnation pressure, vy i$"
the ratio of specific heats and, M is the Mach number. For the low Mach
numbers encountered in this investigation (M < 0.065), Equatibn (3.1)

can be approximated by:

B>

i:(1+%%) | (3.2)

which by applying the equation of state can be rewritten as:

p 2
0 . pU” =p _ 1 2
P, 1 + 2P, or PS Po = 5 pU (3.3)

where U is freestream velocity and p is the freestream density. Equa--
tion (3.3) is commonly known as the incompressible Bernoulli equation.
In the case of a real fluid Equation (3.3) is modified to:

2

-p - - '
P.= Py - C5 _ (3.4)

‘where C is a constant that is approximately unity except for Reynolds

" numbers based on diameter of less than 200 [5]. In thfs fhvestigaﬁion




11.

the range was 300 < ReD < 3000.

Thus for steady, irrotational flow of Tow Mach number and moderate
Reynolds number, Equation (3.3) is totally adequate for describing the
flow. This ha§ been repeatedly varified [5].

When a solid body is immersed in a moving fluid, the only points |

_that experience the stagnation pressure are the ones at whicﬁ the flow

is.brought isentropically to rest. A1l other surface points experience
a pressure lower than Po“ |

An inviscid ffow analysis of flow around a corner.illustrates tﬁis
variation in pressure (see Figure 3.1). As Streeter and Wy1fe [6] show,.

the stream function for corner flow is:
T

Y = -ur® m

sin ) '(3.5)

where y is the stream function, U is the free stream velocity, r is the

radial distance from the ‘corner, g is the angle of the corner, and @ is

~ the angle between the upstream corner wall and the point of interest.

The potential functioh, ¢, for corner flow is:

m

¢ = -UrB cos il

8 (3.6)

The velocity components in cylindrical coprdinates are defined as

follows:

V:.&:l.a_‘.y.~v =l.§i=_ﬂ
roor ro6’ 6. rog or




e

Figure 3.1 Inviscid flow around a corner of angle B
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Substituting Equations (3.5) and (3.6) into the velocity expressions

yields:
B .
Ve = - %g r B cos %? (3.7)
-8 .
Vg = %?-r B sin %g : ' (3.8)

y, =-<ZpB - (3.9)
Vo= 0 C (3.10)

In the case of 8 = 7, (flow along a flat wall), Equation (3.9) reduces
to:

V= U | (3.11)

which is the expression for uniform flow in the -x direction.’

For 6 = B, Equations (3.7) and (3.8) reduce to:

-8 : '
_Ur B - ' '
VY‘ = ? r X (3.]2)
V., =0 (3.13')

0

Valentine [7] states that the pressure coefficient for any point in a

flow could be stated asf

P-p

S
C =+ =1-(
p -]z-pUZ

u)z

il  (3.14)
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where P is the local pressure and u is the local velocity. He also
states that Equation (3.14) is independent of the extent of the flow,
and independent of the magnitudes of the velocities and pressures, with-

in the low Mach number approximation.

-

In flow around a corner, for o ;‘B,.U = Vr since Ve = 0. Thus

Equatidn (3.14) can be restated as:
P-P V. "
Cy = %=1 - (PP (3.14b)
7 P , |

Substituting Equation (3.12) into (3.14b) yields:

. B :
Rl e (3.15)

Therefore the pressure coefficient on the corner wall at 6 = 8 is a
function of .8 and r only. |

Thié argument can be,extended to the case of an infinite wedge at
an angle of attack as follows. The stream]iﬁe $=0 in Figure 3.2 can

represent the wall at ©=0 in .the previous case. The angles Bs and Bb

are given by the expressions:

- T
Ba = ¢w + 5" o (3.16)
By = 6, *+ g-+ a 8 . (3.17)

where Py is the wedge angle and o is the angle of attack of the wedge




Surface

Wedge
centerplane

Surface A

Figure 3.2
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Wedge _

apex  c©- o X
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Infinite wedge at angle of attack,=®, in an in-

viscid flow
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centerline to the flow direction. By Equation (3.15) the pressure coef-

ficients on surfaces A and B become:

2(m-8
P_-P 2 8
e A
7 PU Ba

. Z(ﬂ'Bb)

P, -P 2. B8
P51 -Tgr P
pad B

(3.18a)

(3.19a)

The expressions on the right sides of Equations (3.18a) and (3.19a)

can be expressed as Z(r,B) thus:

5 = z(r:8,)

z

P, -P

]b Z = z(r,8,)
oz

Rewriting Equations (3.18b) and (3.19b)

o
it

P + zoU%[2(r,8,)]

P, = Py + woU2lz(r,8,)]

Subtracting (3.19¢c) from (3.18c) yie]ds{

a

P - Pb = %‘DUZ[Z(rsBa).' Z(rseb)]

(3.18b)

(3.]9b)

(3.18¢c)

(3.19¢)

(3Léq} .
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Subtracting (3.19c) from Ps’ the static pressure, yields:
P - P =+ oU2[2(r.8,)] (3.21)
s~ Tp~ 2PV LaTeRy y

Dividing Equation (3;20) by (3.21) yields the wedge differential pres-
sure coefficient (Dpw)'

P_-P ’ - sB .
Py 28] - 2006 (3.22a)

Dpw B PP - z(r,8,)
1 2(r6y) C (sazb)
=1 - .22b
z(r,8b5 . : |
) 2(m-8,)
1 - Ef r Ba
B
_ a
1 - EE r Bb
2 .
By,

Therefore, the differential pressure coefficient on the wedge (Dpw) is a

function of r, 8., and Bb,only.~ Since Ba,and Bb-are'both functions df

a
o and ¢, as in.Equations (3.16) and (3.17), the differential pressure

coefficient can be expréssed as:

Do = Flonrso,) | o (3.23)

The tip of a yaw probe (see Figure 3.3) is very similar in some
aspects to an infinite wedge. The major differences are two. First,

the pressure faces of the yaw probe do not extend infinitely as the
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Figure 3.3 Tip of two-tube yaw probe at angle of attack,-o
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wedge's do. Second, the yaw probe tip is three dimensional whereas the
wédge was considered infinite norma] to the plane of Figure 3.2.

| Both factors suggest that (3.22¢) cannot be used to expfess the
differentjal pressuré coefficient of a yaw probé (Dpy). However, they

' do not rule out the possibility that a similar relationship exists such’

that:

Doy = 9 (earss,) | | (3.24) -

where Dpy is the differential prassure coefficient of a yaw probe, and
g is .some function other than f.

An example of an analogous relationship between a three-dimensional
body and its two-dimensiona1‘mode1 is that of a sphere and a cylinder.
A cylinder in crossflpw can be consideréd to be a two—dimensiona]lmodel
of a sphere, as the two-dimensional wedge was used as a model of a yaw
probe tib.

Tﬁe pressure coefficient distribution 6n a cylinder is given by.

Valentine [7] to be:

o

..PS

_ . 2
5 —'1 - 4 sin

c, = 2 (3.25)

P

p U

o[ —

Cp'of the model is a function of one variable, 6, thus one might expect'

the Cp of the sphere to be a different function of the same variable.

The Cp of the sphere ié such a function and it is given by Streeter and -

Wylie [6] to be: .
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I .
c, = T—Uz_s= 1 - 7 sin ' " (3.26)
2P '

Since the differential pressure distribution of the wedge 15 not a
simple function of a single variable, as the cylinder's is; the drawing'
of parallels bgtween the cy]inder-éphere analogy and the wedge-probe tip
analogy cannot be considered a rigorous prdof that Dpy = g](r,¢w,§)
exists. However, the probability that such a wedge-to-probeétip analogy .
does occur is high enough to warrant further investigation. .

The distance r in Equation (3.24),at which the pressure is sensed,
is not a.single point for'the case of a probe tip. Rather it is a
nominal value since the pressure is sensed over the area of an ellipse,

‘not at a point. There does exist a va]de, r, at which the pressure is
eqﬁa] to the average pressure over the elliptical opening. Its value
fs a. function of the probe tubing OD and ID, Oy and o. Thus F'qantbe 
stated as: | | | |

¥ = ¥(0D,1D,9,,,0) _ o (3.27)

Substituting the functions governing r in place of r in Equation
(3.24) yields:

D (c12,,,00,1D) o (3.28)

py ~ 92

The purpose of the experimental portion of this study was to deter-

mine if functions such as Equation (3.28) exists for yaw prabes and to
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determine their form. " This was done by measuring Pa-Pb and PS-Pb for

different values of 0D, ID, Py and o in experimental tests.




CHAPTER 1V
EXPERIMENTAL APPARATUS

A. The Windtunnel

The experiment was conducted in a small subsonic windtunne1 manu-
factured by Aerolab Supply Co. The tunnel is a simple venturi with an
~ electrically driven fan providing suctioe to drive the air flow. The
test section is circular in cross-section with a 508 cm (12 inch)
diameter. The test section wall is clear p]exﬁg]as allowing the experi-
menter to observe piobes with'the tunnel running. The p]exfg]as is one-
fourth inch thick and it is easily drilled and tapped for mounting ex- |
perimental equipment.' |

The tunnel fore-section, which includes the intake, nozzle, and
test section, is on a sliding track. This allows opening the tunnel
between the test sectfon and the diffuser.(see Figure 4.1). The flow
speed of the tunnel is controlled by changing the width of this opening,
which was called the shroud gap, the wider the opening, the slower the
air flow.(see Figure 4.2). |

The tunnel has a makimum flow speed of approximateiy 22 meters per
' second; which at the temperatures encountered in the teet secfion (17°
to 29°C) meant that the maximum Mach number attainable was. about 0.065.

The test section temperdture wae assumed to be equaﬁ to.ambient.
This introduces 1itt1e.appreciab1e eerer.because the.refio Qf test sec-
- tion temperature to'ambient, according to Liepman and Roshko [8],.is.

expressed by:




508

Diffuser Telhis, - & 30.5 Nozzle__ “ Tetake

: - section ///;j&/,’_L_____ o
= s ', 3 508
/// T \— '
e = 3eZ 3 fm’ rn7 e ol B e O et Y

Shroud gap-

Figure 4.1 Windtunnel schematic (Dimensions in cm)
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Figure 4.2 Flow speed in test section
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T = (1« Ghwe)! . (4.1)
which for M=0.065 is 0.99916, or nearly unity.

B. Fabrication of Probes

The. yaw probes were manufactured from stainless steel hypodermic
tubing of outside diameters ranging from 0.083 inch to 0.022 inch.
Intermediate sizes were used to telescope the smaller sizes up to-more
manageable diameters;

To construct each probe, two tubes of equal diameter were silver
soldered side by side. Tﬁey were then placed in a jig and the tips were

beveled to the desired wedge angle, ¢ _ (see Figure 2.4).

W
The tubes were “hen silver soldered to the edge of 3/4 inch x 3/4 -
inch x 1/4 inch bfass plates. . The brass plates were drilled and nofched
so that they could be rigidly fixed to the rotary strut assembly (see
Figure 4.3). The finished yaw probes could be rapidly ﬁnterchaﬁged by
removing a set screw that fastened the bréss plate to the strut. Each
of the brass plates was.stamped with the probe 0D and by A total of

nine probes were constructed and used,having three different diameters

with three wedge angles (¢w) for each diameter (see Appendix I).

C. Rotary Strut Assembly

The rotary strut assembly consisted of threg main pieces; the

strut, the stfeam1ined crosspiece, and the rotating cylindrical base
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Figure 4.3 Rotary st-ut assembly (1/2 scale)
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(see Figure‘4.3), The strut, to which the probes were attached, is a
3/4 inch x 1/4 inch stain]gss steel bar that is four inches long. It is |
polished and rounded to hinimize disturbances of the f]ow fie1d.(see
Section 4D). It is notched and drilled at the upper end to fit the
brass.plate affixed to each probe. The base of the strut is attached to
a three inch aluminum crosspiece that is streamlined.

The upstream end of the crosspiece-is attached to a rotating cy]ih-
drical post. The cylindrical post is attached to the windtunne],supborf
frame. The probes and the strut assembly were designed so that the
probe tip remained fixed at midstream and the axis of rotation passed
through the tip and the centerline of the cylindrical post. At the base
~ of the cylindrical post an adjustable needle is attached that registers
the probe angle of attack on a protractof. The protractor is mountea on

the windtunnel support frame.

D. Pressure Measuring System

Pressure measurements'were made with two differential pressure
transducers of the variable-reluctance diaphragm type. In this type,
the pressure d1aphragm flexes in response to pressure-djfferences across
ity moving magnetic cores thereby induciﬁg a voltage. The vb]tage is
amp]ified and filtered by the transducer conditioner. The output of the
" conditioner is a D.C. Qp]tage which can be read with an oscilloscope, an

X-Y recorder, or a voltage meter.
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The pressure transducers were calibrated using a pressure measuring
panel consisting of a manifold whose pressure can be measured with
Bourdon tube absolute gages. An atmospheric vent and a Qacuum pump
allowed the pressure to be varied from atmospheric to 0.1 mmHg.

Differential pressures were measurediover a range of 0.10 to 4.00.
mmHg. This corresponded to the range of differential pressures encoun-
tered in preliminary ﬁrobe tests with a water manometer. The calibra-
tion data was'p]otted and then curve-fitted with the.use of a least
squares computational scheme [9] (see program CAL in AppendixII).
Excellent Tinear fits were obtained f9r both transducers with regards to
the slope of the calibration line (see Figyres 4.4 and 4.5). Drift of
the zero point occurred for.both transducers making periodic rezeroing
necessary. Rechecks of the calibrations 'showed that Tittle appreciébTe
slope change had occurred.

The pressure measuring system was assembled.as shown in Figure
(4.6). Both the digital voltmeter and the X-Y recorder could be used
for determ%ning tranéducer output. Typically, the X-Y recorder was used

to determine when steady state had been réached'and the -absolute voltage

~value was then read off the digital voltmeter.

The digital voltmeter had a time averaging feature that could be

. set to 0.1, 1.0, 10, or 100 seconds. Transducer reéponse was nearly

instantaneous to any change in pressure; thus it was necessary to time

average the signal output of the conditioner over 10 seconds to obtain.




Pressure (mm of H3)

w
T

~nN

.002185331 x (mV) - .023961067

6¢

P a - original calibration

e o - recheck
o/a/p‘}

& B

400 600 800 1000 1200 1400
Transducer output (mV)

Figure 4.4 Calibration of Transducer 1.




Pressure (mm of Hg)

3|
of
p=.00163497 x (mV) - .008392692 g
; e
. ';X
1 S ek
.‘A/
O - ,v/'ﬁ
I
—] =
_2 |
-3t a - original calibration
o - recheck
Ak
-1600  -1200 -800 -400 0 400 800 1200 1600

Transducer output (mV)

Figure 4.5 Calibration of Transducer 2.

o€




31

Figure 4.6 Schematic of pressure measurement system
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a stable reading. This time averaged signal wa; traced by the X-Y re--
corder to determine steady state.

Transducer 1 was used for measuring the pressure difference between
impact and static pressure. T}ansducer 2 was used to measure the pres-
sure difference between Pa and PE or P, and Pb' The transducers were
fitted to the pressure sensors with clear plastic tubing. The joints
were pressure tested and }eaky joints were sealed with Teflon tape. The
bressure sensors used were an impact tube, a wall-mounted static pres-

. sure tap, and the two-tube yaw probe.(see Figure 4.7).'

Freestream impact pressure was measured with the impact tube. The
impact pressure varied over the cross-séétion as in Figure 4.8.
Interference effects wjth yaw probes became measurable when the impact
tube was within 1 centimeter laterally of a yaw probe. Hence, the im-
pact tube was placed in a region Qhere neifher interference with the yéw
probe or the test section wall was measurable.

A type of yaw probe to impact tube interference that did occur was
a drop in dynamic pressure at higher yaw probe angles of attack. This
was caused by the streamlined strut being at an angle of attack whefe it
began to stall and cause sérious interference Qith the flow in the test
section. For angles of attack up to +35° the drop in dynamic pressure
was less that 1 percenf. At hiéher éng]es, q decreased more rapidly
reaching a value 7 percent low for oa=+60°. For this reason caution must

be used interpreting pressure data for |a|>35°.
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Figure 4.7 Pressure sensors in test section (1/2 scale)


















































































































































































