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-tie wiscosity.) These results were found to compare favorably with

ABSTRACT

An experimehtal investigation was performed using water and
three oils of different viscosities along with a series of pitot
tubes of different nose shapes to determine the effects of viscosi-

ty and nose shapé on pitot tube pressure measurements, Data were

collected by means of a rotating arm propelling the pitot tubes
through stationary fluids in a circular trough. The only appre-
ciable error was considered to be due to the induced motion of
the fluid in the trough. No satisfactory means of determining this
error was found.

The results were presented in the form of pressure coefficient
(Cp = l2Ap//aV2)A as a function of Reynolds number (Re = Vd/>). (Ap=

|
difference between impact and static pressures, 0 = fluid density, . l
V = free-siream wvelocity, 4 = pitot tube diameter, » = fluid kinema~ a

|

experimental and theoretical résults of previous investigations. It
was determined that data for similar nose shapes but with different
ID/0D (Inside Diameter/Outside Diameter) ratios agree better with
Reynolds rumber based on the 0D for square-nosed tubes and with
Reynolds number based on ID for hemispherical- and flat-oval-nosed
tubes, It was also determined that for the same ID/OD hemispherical~

nosed tubes indicate higher preésures than do square-nosed tubes,

S R



INTRODUCTION

The pitot tube is one of the most frequently used measuring
devices in the aerodynamics laboratory, and has many applications
in fluid flows. The quantity measured, total or stagnation press-
ure, is useful in determining the energy level and velocity of the
fluid. However, several factors can influence the accuracy of the
measurements taken, Among these factors are stream turbulence -
level, tube rroximity to the fluid boundary (wall or surface), tube
geometry, and fluid viscosity, This study was concerned with the
effects of tube geometry and fluid viscosity.

It has been established by previous experiments (7-15)" that
at low Reynolds nunbers (Re<1000) the viscous forces of the fluid
override the inertia forces, This causes the pressure coefficient
(cp) tc bacome increesingly greater than vnity with decreasing
Reynolds numbers, where

It has also been shown that in some cases values of cp< 1.0 are

obtained for a range of Reynolds mumbers of approximately 20<Re<1000,

*  Numbers in parentheses refer to references listed in the
bibliography.
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~ and theoretical data from previous investigations.

Although different nose shapes have heen investigated, there

- has been no direct comparison of nose-shape effects coupled with

viscous effects. R. G. Folsom (7) has compiled and compared a

. number of experiments but since all these experiments were per-

formed at different times under different conditions, no relisble
conclusionsg may be drawn. It has also been indicated that orifice
size affects the readings.

The purpose of this investigation was to study nose-shape
effects and viscous effects simultaneously. By doing this it was
hoped that insight could be provided as to what nose shapes are
especially influenced by viscosity. Means of correlating data were
also investigated, 1.e., does data for simiiar],y shaped tubes but
with differenf; inside to outside diameter ratios agree with Reynolds
number based- on inside diameter, outside diameter, or some comproe
mise of the two?

The results of the author were compared with experimental




LITERATURE SURVEY

| As early as 1922, an investigation was made by M. Barker (L) .
“““which indicated that at low Reynolds numbers the indicated pressure
increases far above that predicted by.Bernoulli's equation. Since
that time many experimental investigations have been made to find

a satisfactory correction factor so that Bernoulli's equation may

be used in the regime of low Heynolds numbers. Analytical investi-
gations have also been made for various nose shapes in an attempt

to predict the indicated pressure.

Homann (8) and Chambre [ from Folsom (7)] made analytical
investigations for the pressure at the stagnation point of a sphere.
Later experimental work by Homann was in generally good agreemel;lt
with his theory. Both these analytical investigations were based
on thin boundary-~layer theory which limits their validity to values

of Reynolds number greater than about 10, Some other analytical

investigations are by Homann (8) for a cylinder and by Ipsen [fron
Folsom (7)] for a prolate spheroid and source shape.

Lester (13) investigated the cylindrical pitot tube analyt-
ically and found good agreement with experimental results of
MacMillan (1L), Hurd, Chesky and Shapiro (11), Barker (L), and
others. Lester aprroached the problem by solving the Navier-Stokes
equations numerically. According to Lester, the assumptions made

should be valid for Aeynolds numbera up to about five, Solutions




for higher Reynolds numbers may be obtained but care should be
exercised in interpreting the results.

The work of Hurd, Chesky, and Shapiro (11) involved the use
of a rotating arm propelling a pitot tube through viacousnfluids.
The data of this work indicates values of pressure coefficient less
than unity for certain values of Reynolds number (50<Re<1000).

In an attempt to verify the findings of Hurd, et al.,
MacMillan (1L) performed tests on blunt-nosed pitot tubes but no
values of Cp< 1.0, MacMillan thus claimed the results of Hurd,
et al, to be in error, However, the ID/OD* ratio used by MacMillan
was 0,6 as compared with 0,74 used by Hurd, et al. Also, the
technique used by MacMillan was to measure the flow through a rire.
In a later work by MacMillan (15) using the same technique, he
measured airflow using flattened pitot tubes. The data of this
later investigafion indicates values of Cp< 1.0 for Reynolds num-
bers of 20<Re <1000,

Other tests have shown similar wvalues of Cp< 1.0 for super-
sonic and hypersonic flow. Tests in supersonic boundary layers
and hypersonic flow have shown a definite effect of nose shape on
the pressures recorded by pitot tubes at low Reynolds numbers.,

The data of Sherman (18) and of Bailey and Boylan (3) indicate that

- thin lipped tubes record lower valuves of pressure than do cylindri-

cal tubes or tubes with rounded noses, Data of Bailey and Boylan

also indicate that orifice size also has a.bealri.ng' on the measured

*  Inside Diameter/Outside Diameter

°



impact pressure. These data indicate that &s orifice size decreases

for a given outside dilameter, so does the measured impact pressure.
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TEST APPARATUS

The test apparatus, patterned after reference 11, consisted
baically of a torus-shaped trough, in which the fluid remained at
rest, while the pitot tubes wers driven through the fluid (Figures
3, U, 5)e The x.>ressure differences were recorded on a vertical
manometer at the center of rotdation.

TROYUGH

The trough was constructed of galvanized sheet metal and
was lined with polyethalene plastic to prevent leakage (see Figure
k). The dlameter of the torus at the trough centerline was ten
fe:t and the trough cross-section was twelve inches wide by fourteen
inches deep. The fluid line was two inches below the top, making
the total fluid volume approximately 31.lL1 cubic feet,

The base was constructed of two-by-fours and plywood to
support the trough and its contents. The base stood about four-
teen inches high so that the top of the trough was approximately
twenty-eight inches above the floor. Vertical supports were mads
to extend to the top of the trough to suprort the sides; however,
it was necessary to use additional horizontal supports of galva-
nized steel on the immer-most side to prevent buckling.

PITOT TUBES

The pitot tubes (Figures 6, 7) were made from copper tubing
with common outside era of 0.078 inches. The inside diamsters

*



used were 0,020, 0.028, and 0.046 .'mciaes. The combinations used

are given in the following table.

Nose Shape

Square
Square
Square

Tapered
Tapered

Internal Chamfer
Internal Chamfer

Hemispherical
Hemispherical
Hemispherical
Flat Oval

Flat Oval

TABIE I

Pitot Tube Descriptions

Outside
Diameter

0.078 inches
0.078
0.078

0,078
OI078

0.078
0.078

0.078
0.078
0,078

Inside
Diameter

0.0L6 inches
0.028
0,020

0.0u46
0.0L6

0,046

0,046
0,046

0.028
0,020

5° taper

10° taper

0.250 Chamfer

0.039 in.
0.039 in.
0,039 in.

0.028 in.

- 0,016 in.

0.059 in.
0.02L in,

0,063 Chamfer

nose radiuns
nose radius
nose radius

major axis
minor axis
major axis
ninor axis

All the tubes were made in the Department of Aerospace £ngineer-

ing machine shop at West Virginia University. Each tube was threaded

on the butt end to comnect with the propelling mechanism.

PROPELLING MECHANISM

The pitot tubes were propelled through the fluid by means of
a rotating arm (Figure L) driven by an electric motor through a

worm-gear speed reducer, A vertical pipe was fastened to and ro-
tated with the speed reducer output shaft, The arm was fastened to .



this vertical pipe and it in turn rotated with the shaft.

The arm extended outward to the centerline of the trough
where a streamlined strut extended vertically downward into the
fluid, The strut consisted of a brass tube running inside an air-
foll shaped fairing. A brass connector threaded to receive the pitot
tubes wae fastened to the bottom of the strut. This was done to
facilitate rapid and easy tube changes,

The speed reducer was run by a belt drive from the electric
motor with a pulley ratio of approximately 3.L to one. The gear
ratio in the speed reducer was thirty to one making a total speed
reduction of approximately 105 to 1 from the motor to the propell-
ing arm,

The motor was rated as 3/L horsepower with a maximum speed of
1750 revolutions per minute., It was equipped with an attachment for
General Radio Vafiac which permitted the speed of the motor to be
varied over a total possible range of speeds of zero to 1'}50 revolu-

tions per minute,

The velocity of the rotating arm was determined by timing a
sﬁeciﬁed number of revolutions (usually 10 ;-ovoluti_ona) with a stop
watch for given settings on the variac, |
PRESSURE MEA SUREMENTS |

Changes in pressure were recorded on a manometer tube housed
in the vertical pipe above the speed reducer (Figure L)e The mano-
meter rotated with the vertical pipe and portions of the pipe were

cut out so that readings dould be taken, The manometer was conneatad
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to the strut tube with plastic tubing which allowed the pressures to
travel from the pitot tube through the strut tube and plastic lead-in
and to be recorded on the manometer. The manometer fluid was the
same as the test fluid. A Wild model T2 theodolite was used to read
the changes in manometer fluid height.
DAMPING SCREENS

Removable .damping screens (Figure L) were installed in the
trough to minimize the fluid velocity induced by the rotating arm.
The screens were made of galvaniszed fly screening attached to
u-shaped flat strap about 3/8 inches wide. Sections which were
large compared to the pitot tube diameters, were cut out of the
screens to allow the passage of the pitot tubes,

10




TEST PROCEDURE

PEIELD!INARI TESTS

Preliminary tests were run with water to eliminate leaks in
the system, to eliminate minor structural problems of the apparatus,
and to attempt to determine the induced fluid velocity.

Both the leaks in the system and the structural problems were
eliminated from the system. However, no satisfactory means of deter-
mining the induced velocity was found.

DATA COLLECTION

Data were collected for water and three oils with viscositias
of 15.7 x 10"5, 56.7 x 10"5, and 356.x 10~5 £t.2/sec. The viscosity
of each oil was vdebemined by taking Saybolt viscometer readings after
the oil had been put in the trough. This was done to insure aj; iinst

thickening of the thimmer oil by any of the thick oil which may hLave

remained in the trough. It was determined from the viscometer read-—— - -

ings that the small temperature fluctuations (23°) did not signifi-
~cantly change the viscosities of the fluids,

Data were collected for all the pitot tubes in a particular
fluid before the fluid was changed., Each tube was run at a number
of different velocities over an #pproximte range of O,4 fps to
13 fps to cover the widest possible range of Reynolds nuwbers. Speed
readings were taken for each run and the pitot tube va!; allowed to
run until the manometer fluid reached a constant height,

B N BRI I |
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k : ' Three successive readings were taken for each run and the
average of these readings was used as the datum. This was done to
reduce the error in reading., The same procedure was carried out in
determining the pitot tube velocity.




DATA REDUCTION

According to Bernoulli's equation for imcompressible flow

with no viscous forces present

2
‘ Viz 14
Pt =p+ 47

where Pi is the impact pressure and V; the impact velocity. At the,
stagnation point the impact velocity is zero so the equation reduces
to

»Y?

A y 2
By subtracting P from both sides and dividing through by ‘82""

we obtain
Pi—P _ {
-—-——-v?—‘ —

LV
2

where the pressure coefflicient, Cp, is defined as

: ~~Pif-—"f~g——§——g S
<
Bernoulli's equation then says that
cr =1

for incompressible flow with no viscous forces.

At very low Reynolds numbers, viscous forces can not be
ignored so that Bernoulli's equation no longer holds. In the case
of a rotating arm experiment such as this one an expression for the

pressure coefficient may be derived in the following mamner.



The impact pressure may be expressed b§
2

_ pPr-w
P;—?;,-*-ﬁg(!"’h"" Z

where 1 is the depth of the pitot tube in the fluid, h is the height
r2w? ;
of the manometer and d‘—2—-—.'1.3 the dynamic pressure increase due to 7

the rotation of the arm. The static pressure at infinity is express.m*.

by

P = Pa +/o3| . |
Since rw is the tangential velocity of the pitot tube, v2 may be |
substituted for r2w? , Then the pressure coefficient becomes

Since the height of the manometer fluid was read with a
theodolite, which indicates only angles, the angles had to be con-
verted to a linear measurement. This was acheived in the following

manner,

The distance from the theodolite to the manometer was deter-
mined by reading the angle between the horizontal and a point nine
inches vertically downward from the hori.zotrhal‘; (Figure 1) The

vertical distance was determined by suspending a scale beside the
manometer. The distance x can be expressed as L

y

X= tn O

To deternine x, y was set at nine inches on the ruler,
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[ Y
" X ™
The <E. e 7 Manometer
odoli and
Scale
Y

DETERMINATION OF MANOMETER READING CONSTANT

Figure 1

The angle read on the theodolite was
@ =5°23.95'

so X = 9
= tan (5°23.95')

XxX= 95.228"
When taking manometer readings; y becomes the unknown so

y=x1tané.

—x = 95.226" ——ep

DETERMINRATION OF MANOMETER FLUID HEIGHT
Figure 2
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From Figure 2 ©=.8 for the zero reading (V =0 ), Then
Y =¢ =9gs5228 ton,g.

When the pitot tubes are being run, 6 =oc
and Y =95 228 tanc = c-h
or =ec—-95.228 tanec

If the fluid were without viscosity the dynamic pressure rise
should be exactly canceled by the centriﬁ:gal pressure drop and the
displacement h should be zero. ‘misvonldginacpoqnaltonnity.

Rt O T



~ was estimated on the basis of the average deviation from C

SOURCES OF ERROR

The estimated maximum errors in raw data are as follows:

Tube aligrnent @ o 6 5 0 0 0 0 2 00 0 8 0 0 20

Radins of pi‘l:ot tube travel ¢ ¢ c 0 ¢ ¢ 0 o o "

Time 7€adingS o ¢ ¢ ¢ ¢ ¢ 0 ¢ ¢ 06 06060 0 ¢4 0,010 minutes
Manometer, readi.ngs 6 ¢ ¢ o o o 0 5 000 0 o 0 0 0-15 inches
Saybolt Universal SecondS . « ¢ ¢ ¢ ¢ ¢ ¢ o o 005 seconds
Temperature ® 6 8 8 ¢ 0.6 0 06 0 0 686 0 0 0 0 0.5° F

The largest overall source of error is considered to be the
induced rotatibn of the fluid in the tank. No satisfactory method
of determing the induced fluid velocity was devised; therefore, the
error due to ﬂﬁid motion was not determinable. An average error
p " 1at
the high Reynolds numbers. This error was esti_.mated at 2¢.

kxcept at/. the very low speeds, the overlap of data is very

good for a given Reynolds number at different speeds. This indi-

s  cates that pitot tube bending and free surface effects were negli-~
-~ gible. If these effects were not negligidble, the curves would not

fair in so well,

The accuracy of the data points at the two lowest speeds is
questionable. From the data for witer and the two oils of inter-
mediate viscosities the micﬁted_valnes of pressure at the two
lowest speeds are low conpared to values at corresponding Reynolds
nurbers at higher speeds. This is believed to have been caused by
one of three things: frictional drag in the lead-in tube due to

11




riscous action along the tube walls, centrifugal forces over-riding
the impact pressure, or both. If the low data were due to drag im

the lead-in tube, the effect should be more pronounced for the more

‘viscous fluids. However; if they were due to centrifugal forces

" overriding viscous pressure forces, the effect would be more pro-

nounced for the less viscous fluids where fewer 'particles strike
i the stagnation point. ,Since the error is much greater for the
more viscous fluids, it is evident that the viscous drag in the

lead-in tube is a prominent factor in the pressure readings at the

- very low speeds.

In 1light of the foregoing discussion, it is not feasible to
estimate the accuracy of th‘e‘data -at the two lowest Reynolds numbers
since these data were taken at very low épeédg. These values of
pressure coefficient are considered to be quite low - possibly {4/ 1
or more, . | | | V

The damping screens introduced a possible error in the

pressure field about the pitot tubes. However, the screens were

to be negligible. A

Tube aligmment is not considered to be a source of appreciable
error since the deviation was not more than I 2°, It has been shown
that misaligmment does not arfect the dynamic 'pressnre reading up to
10° (9, 17). Therefore, error due to pitot tube misalignment is con-
sidered negligible,

e
e —
o

- 18

~at Yeast ten diameters from the tubes so the error is considered - -



" RESULTS

The data of the present tests are presented in Figures 8 - 18

as pressure coefficient, Cp, versus Reynolds mumber, Re. In Figures
8, 10, 12, 13, 1l Reynolds wumber is based on the pitot tube out-
side diameter, and in Figures 9, 11, 15 Reynolds number is based on
ingide diameter,

In Figures 8 - 15 the data points with tails attached are
considered in error. These data were taken at very low speeds
(045 « 1,80 £ps) in the less viscous fluid in the given range,
Comparing these data with data at corresponding Reynolds numbers |
at higher speeds indicates that these data are in error by O - 10%
between water and light oil, 3 - 258 between 1ight oil and medium
oil, and 13 - 32% between medium 0il and heavy oil, The relative
accuracy of ihe data at the lowest Reynolds mmbers in the heavy

oil is discussed in the aection "Sources of Error.

Figures 16 1?, 18 compare the data for different nose ahapes |

‘but with the same ID/OD ratio. The data in these Figures and in
" Figures 19 - 23 are presented as smooth curves. All data points
have been omitted for purposes of clarity.

Comparisons of the present results with previous experimental

results and theoretical results (where available) are made in
F 15“3’08 19 - 23,

19
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FINDINGS

The results of the author generally agree well with the previous
experimental results and with theory. The comparison of results for
square-nosed tubes (Figure 19) is good except for the results of
MacMillan (lh). the reason for this discrepancy is not known. No

dip in C_ was observed as indicated by Hurd, et al. (10), Making

P
the 2% correction in (:p as suggested previously would cause the pre-
sent data to lie along the Cj = 1 curve for Re ¥ 80 based on external
radius. Present data is slightly lower than data of Hurd, et al,
at low Reynolds rurbers, '

Agreement between present data and data of Sherman (18) for
hemispherical-nosed tubes (Figure 20) is not too good. However, it
should be noted that with the Reynolds number based on internal dia-

meter, the agreement with Homann's (8) and Chambre's [from Folsom (7)]

. theory is quite good. The maximum deviation 13 approminately 11%.

For the tubes with internal chamfer, agreement is quite good
with the data of Sherman (18). It should be noted from Figure 22
that as the chamfer value increases, the measured pressure decreases,

Comparing Figures 8 and 9, data for square-nosed pitot tubes
with different ID/OD ratios correlate better with Reynolds number
based on the external diameter. Comparing Figures 10 and 11 and

Figures 1 and 15, the oppoaite is true, For heniapherical-noaed
and ﬂnt-ml-aonod tubel better data correlation is obtained with '_ )



Reynolds number based on the internal dimension. Taper-nosed and
internal-chamfer-nosed tubes wers not tested for Reynoclds muber
characteristic dimension for optimum data correlation.

* Figures 16, 17, and 18 indicate that the values of Cp indicated
by hemispherical-nosed pitot tubes are generally higher than those
values indicated by square-nosed pitot tubes. This fact was pre-
viously deduced by MacMillan (1k).

No attempts were made to predict the behavior at Reynolds
numbers lower than those invest;igated for two reasonst (1) each tube
would require a separate prediction; (2) the accuracy of the data
at the two lowest Reynolds numbers investigated is in doubt.
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SUGGESTIONS FOR FUTURE WORK

It is suggested that an investigation similar to the author's
be performed us:lng heavier oils than used by the author, This would
facilitate the acquisition of data at very low Reynolds nunbers
(Re<1) at high épeeds. Such data would eliminate the possible error
introduced into the present data by very low speeds,

It is also suggested that similar investigations be performed
for pitot tubes at various degrees of yaw. Such an investigation
could eliminate another possible source of error.

An effective means of, determining the induced motion of the
fluid in the tank should be devised. Such knowledge would eliminate
the largest source of error introducea into the system.

Internal.chamfer-nosed tubés and flat-oval nosed tubes should
be investigaﬂed in more detail. Different ID/OD ratios, chamfer
values and minor axis/major axis ratios should be investigated to
support the trends indicated in Figures 22 and 23. |

Taper-nosed and internal-chamfer-nosed tubes should be :
investigated for optimum data correlation.. |

Another means of eliminating the irduced fluid motion problem
would be to use a long straight tank and make runs in ons direction.
This would necessitate the use of better instrumentation to permit
taking measurements quickly.
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DATA SAMPLES
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SAMPLE CALCULATIONS
0.020 ID hemispherical nose in heavy oil
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