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REVIEW OF THE PITOT TUBE

R. G. Folsom¥*

1. INTRODUCTION

Modern engineering practice and research frequently require the measurement of
a fluid velocity (both magnitude and direction) at a given point in a flow field. Tubes
of various sizes and ingenious shapes have been constructed and calibrated for a large:
number of conditions. Although much valuable data appear scattered throughout the tech-
nical literature, there appears to be a dearth of articles providing a summary of per-
tinent information for the designer and user of such equipment. This paper is an at-
tempt to summarize most of the available material about such tubes. It will have a-
chieved its obJective if this paper eliminates the necessity of some user wasting time
in the development or calibration of an unsatisfactory velocity-measuring probe.

Apparently the first description of a tube used to measure pressures for ve-
locity determinations was by Henri Pitot in 1752,1 and tubes for this purpose have fre-
quently been named after him. He described a tube to meet a practical problem, namely,
the determination of whether the fluid velocities in a river were higher near the bot-
tom than they were neatr the surface. The name "Pitot tube" has been applied to two
general classifications of instruments, the first being a tube that measures the impact
or total pressures only, and the second a combined tube that measures both the impact
and the static pressures with a single primary instrument. D'Arcy mentioned improve-
ments to the instrument in 1854.2’5 Airey15 and Guy16 give a reasonable summary of the
history and status of information about the tubes up to about 1910.

As late as the period from 1900 to 1915, lengthy discussions were held about
the fundamental form of the basic equation that applied to Pitot tube measurements.
The two forms were

V = V2 gh

and

V= Ve

*Professor of Mechanical Engineering and Director of the Engineering Research Institute,
The University of Michigan
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Typical of the discussions of the period are the paperg by Whiteuﬁ5 and Gregory.6’9
Conclusive articles were presented by Rowse, 7 Mooqu,1 and Groat. Attention dur-
ing the 1920's was devoted principally to a study of the various shapes of tubes for
special conditions and to an investigation of some of the limitations in the use of
the tubes. The rapidly growing field of aeronautics presented a fruitful area for
application of velocity-measuring probes. Also, the general progress of fluid me-
chanics required more information about the internal mechanism of the flow system,
with the result that more emphasis was placed on determining velocity distributions
in a wide variety of circumstances.

During the 19%0's there was a revived interest in studying the fundamentals
of the Pitot tube and other velocity-measuring tubes as applied to watﬁr E%asurements
for quantity rate-flow determinations. The papers by Hubbard, 0 Cole, 5,%6,59 and
Allen and Hooper59 are examples of this interest.

Since the late 1930's there has been wide-spread application of velocity-
measuring tubes to compressible fluids, incompressible fluids at sub= and supersonic
velocities, multiphase fluids, viscous and turbulent flow phenomena, boundary layer
investigations (basic to heat transfer and fluid friction), fluids passing through
cascade systems as in turbomachinery, air speed of airplanes, rockets, upper=-atmos-
phere investigations, and other-scientific and engineering problems. This wide-
spread usage developed from a demand for more fundamental information about fluid
flow in order to understand the mechanisms involved and to be able to evaluate pre-
dictions based on theoretical considerations. A wide range of engineering and scien-
tific literature contributes to our present knowledge about velocity probes.

Although the ASME Power Test Codes for Hydraulic Prime Movers ([ and the
Special Research Committee on Fluid Meters3 describe velocity-measuring tubes of
various kinds, the information regarding the variables involved inu%heir appl%gation
is largelgnﬁssing,, Books devoted to flow measurement, like Ower, '~ Addison, = and
Linford,rf although including some design and application details, provide inadequate

discussions of velocity-measuring probes for the normal use of the- engineer,

A Pitot tube or similar velocity-measuring deviece consists essentially of
three parts: the head or instrument section, the pressure=connecting lines between
the head.and the pressure-indicating device, and the indicating device. The discus-
sions of this presentation will be limited to the head or instrument section. It is
recognized that the connecting lines and the pressure-measuring deviee are important
elements of the system, but in many respects they are adequately treated elsewhere.llo
Although the matter of measurements in pulsating flow is of -extreme importance in
many applications, this subject will not receive more than a secant mention in this
paper since the effect of pulsations cannot be adequately treated without a detailed
consideration of the flow in connecting pressure lines and the dynamic characteris-
tics of the pressure-measuring device.

A large variety of geometrical shapes are possible and actually have been
used. This complicates the problem when one attempts to analyze and correlate avail-
able data for presentation in summarized but adequate form. Any suitable opening in
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a reasonable geometrical shape will provide a pressure approaching closely the total
or impact pressure. Also, any difference in pressure between two pressure openings
can be calibrated in terms of velocity or, if the tube is installed in a pipeline,
against the rate of flow. This paper attempts to correlate similar phenomena asso-
ciated with probes, giving references to guide the reader to specific calibration in=-
formation,

2. FLOW SYSTEMS

Many flow situations approach closely a one-dimensional flow system. Wind
tunnel and water tunnel throat sections are designed for constant velocity outside
the boundary layer, i.e., a one-dimensional flow system. Usually, the direction is
known, due to the location of the solid boundaries, and the problem is to determine
the magnitude of velocity. For this simple flow system Pitot or Pitot-static tubes
are suitable instruments for velocity=~distribution determinations., The following
definitions will be used: '

a, Pitot tube -~ A cylindrical tube with an open end pointed upstream, used in
measuring impact pressure.

b. Pitot-static tube - A parallel or coaxial combination of a Pitot and a stat~
ic tube. The difference between the impact pressure and the static pres-
sure is a function of the velocity of flow past the tube.

Bernoulli's equation is applied most frequently on the basis of the average
velocity, which corresponds to the assumption of one-dimensional flow across the
cross section considered. Frequently, in practice, two-dimensional flow considera=
tions more nearly approach actual conditions, i.e., the real velocity distribution
in pipe flow when symmetrical about the pipe axis. When the magnitude of the ki-
netic-energy term becomes important, the velocity distribution must be known in or=-
der to evaluate ¢ in the equation

ava2> /2g

when the velocity distribution is symmetrical with respect to the pipe axis
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where A = area of cross section of flow
V = average velocity for area dA
V, = average velocity for area A
r = radius to center of area dA
R = inside radius of pipe
u = velocity at radius r
Q = AV, = quantity rate flow through area A.

The problem of velogity-measuring probes for two-dimensional flow is complicated be-
‘cause it becomes necessary to measure pressures in velocity gradients and frequently
the direction of flow is unknown. In general, a two-dimensional probe measures an
average magnitude and direction of velocity in a small area rather than at a point
in a two-dimensional flow field, An example of a typical instrument is a circular
cylinder with two or three pressure-tap holes which is placed with its axis perpen-
dicular to the plane of symmetry of the flow.

In turbomachinery, proecess equipment, end other-cases, it is desirable to
know the magnitude and direction of the velocity at any point within the flow system.
A probe with a sphericaJ§ or claw head containing five pressure taps forms a suit-
able instrument for such measurement.

3., TUBE SHAPE

Tmpact Total Pressure

The results obtained by a large number of investigators have demonstrated
that, if the shape of the Pitot head is one in which a stagnation point exists in the
flow system, the full impact pressure is measured at a tap located at the stagnation
point. It should be pointed out that this conclusion applies only to & uniform-
velocity flow field such as that obtained in a wind tunnel or at the centerline po-
sition in a pipe, where the velocity gradients with respect to the radius are small
and thus the flow approaches one of uniform velocity in the vicinity of the tube.

It is conceivable that the full impact pressure would not be measured in the case

where the flow about the tube head is changed due to mutual interference effects be-
tween the tube and a solid boundary or the tube and a liguid-free surface. The in-
fluence of impact-tube size in a uniform-velocity stream was checked by Zahm,51 using a
l/8-inch-diameter square-ended tube against a 5=-inch-diameter pipe as well as a 1/8-
inch glass tube against a 0,0l-inch-ID hypodermic needle. Roth checks gave the same
impact pressure within instrumentation tolerances. The ability of Pitot tubes to
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determine the true impact pressure for a wide range of geometrical shapes has been
recognized for a long time, a typical statement in this respect being given by Zahm8
in 1903: "Almost any size and form of nozzle will convey the impact perfectly, pro-
viding it squarely face the wind."

The most common type of Pitot tube has the head mounted on a support stem.
The axis of symmetry of the head is parallel to the direction of the velocity and
perpendicular to the axis of its stem. The head may have an impact-pressure tap, one
or more static-pressure taps, or both impact and static taps in the same head, the
latter forming a Pitot-static tube. The generalized dimensions of some typical Pitot-
static tubes are given in Fig. 1.

A wide variety of head-tip shapes have been investigated, a general classi-
fication being presented in Fig. 2. It should be noted that only two examples of
possible combinations of basic types are given. It is necessary to consider the ad-
dition of a miscellaneous group classification in order to cover many shapes investi-
gated for special purposes, such as the wedge or cone for static-pressure determina-
tions in supersonic flow.

Typical of experiments relating to the magnitude of the impact pressure
measured by Pitot heads of different shapes is the work of Merriam and Spaulding 8
and Ower and Johansen,Bo Colé, in the discussion of Hubbard's work,6o presents a
series of tests for tubes in a pipe. Merriam and Spaulding have investigated the ef-
fect of the size of the pressure tap with respect to the diameter of the Pitot head
in the case of a hemispherical tip within the range of 0.241d/D<:O.7h and found that
the size of the hole has no effect on the magnitude of the impact pressure measured
at zero yaw. On the other hand, to cbtain the true impact pressure, the problem of
alignment in yaw of the Pitot head is much more critical in the case of the smaller
pressure~tap sizes.

Another common type of tube is formed by installing pressure taps at suit~
able locations in a tube of uniform cross section placed with its axis perpendicular
to the direction of the flow field. The tube may project into the fluid stream from
one boundary or it may pass through the fluid stream with the pressure taps located
near the middle portion. The tubes projecting into the stream have been designated
as cantilevered Pitot cylinder,ll3 eylindrical impact tube,h3 and heavy-duty Cole
Pitometer.”T The common head shapes are square-ended, hemispherical, ellipsoidal
(oval shaped), and spherical when the tube does not span the flow. The cross-sec-
tion shape is circular or of some type of streamlined section. In the event the
tube passes through the flow field, the probe is known as a transverse tube. In the
usual case, the cross section is circulﬁg. This type of tube has been designated a
transverse Pitot tube,”! Pitot cylinder,’? Collins tube,’! and streamlined Pitot-
tube bar.ll6

Static Pressure

In some cases of flow in pipes it is possible to obtain a suitable measure-
ment of the static pressure from a piezometer installed in the pipe wall. Allen and
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Hooper39 investigated types of construction and magnitudes of errors of such pipe-
piezometer installations for the determination of static pressure. Within the range
of tests in a 12-inch-diameter pipe with average water velocities up to 7.3 ft/sec,
variations in the size of piezometer hole from 1/16 to.27/32-inches diameter have no
effect. A true square-edged hole without edge burrs, flush with the inside pipe wall,
and with a depth of constant cross section for at least two diameters, provides an
accurate piezometer when there are no fluid swirls or cross flow. A slight rounding
(radius of curvature less than one-fourth of hole diameter) does not change the read-
ing of the piezometer and is easier to produce than a sharp edge without burrs. BEr-
rors due to a variety of poor constructions were found to be expressible in terms of
a constant percentage of local velocity head existing at the orifice for each type

of piezometer. Comparison of readings from piezometers installed downstream from a
90-degree elbow will provide some information about effects of cross flow and swirls
on static-pressure measurements. Angus56 has made such tests and showed pressure
variations up to almost one velocity head. The general pattern of pressure variations
remained unchanged over the velocity range of his tests from 5.3 to l?.B_ft/sec.

_ When a Pitot tube is used in a pipe and the static pressure is determined
by a pipe-Wall‘piezometer, the pressure distribution about the Pitot tube stem may .
affect the piezometer pressure. Hubbard 0 presents data from a 12~inch-diameter
pipe for the magnitude of the pressure and resulting velocity error for various dis-
tances of piezometer ahead of the Pitot tube stem and at different positions around
the pipe circumference when the stem extends to the middle of the pipe. For example,
if the pipe-wall piezometer were situated 45 degrees from the plane of the Pitot
stem axis, the piezometer should be placed about 3.7 stem diameters ahead of the
stem centerline to obtain a static-pressure measurement with no error. At 90 degrees,
the distance becomes 7 diameters. Within the limits of the tests which extend to 180
degrees and distances of 12 diameters, an over- or underdetermination of velocity
magnitude may be made, depending on the relative positions existing for a given ar-
rangement. ‘

When the head of a Pitot tube extends into the region of the plane of a
pipé—wall pilezometer, the pressure measured by the piezometer tends to be low due to
the reduced cross section of flow. For the case of a head-projected area of 0.47
percént of pipe cross-section area and located at pipe centerline, Hubbard6o found
the pressure reduction to correspond to the "Venturi effect" calculated on the basis
of average velocities when the tip was five or more tip diameters ahead of the plane
of the wall piezometer. '

- With a Pitot-static tube, the magnitude of the pressure sensed at the stat-
ic-pressure: tap may be a function of the shape of the tip and the distance from the
tip to the plane of the holes. If the tube head is a body of revolution, potential
flow calculations will provide the approximate pressure distribution: For most real
tubes, an experimental calibration is necessary to achieve desired accuracy. Static-
pressure distributions on tube heads have been made by several investigators. Fig. 3
shows the difference in indicated and free-stream static pressures as percent of dy-
namic heads for hemispherical tips as found by Ower and Johansen?© in a closed-
throat wind tunnel at Ma<0.l. Their data on tapered tips showed a similar pressure
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pattern. Merriam and Spaulding48’dbtained similar results for a wide range of Pitot-
static tube tips and static-pressure locations, demonstrating the wide applications
possible for the design curves of Figs. 3 and 4, Experimental data by Krau5688 for

a hemispherical tip show that the reading at the static-pressure taps located from 3
to 7 tube diameters from the tip is unchanged through a velocity range up to Ma =
0.6. At Ma = 0.9, a change in static-pressure coefficient developed.

The Pitot=static tube must have a support to hold the head in position.
Generally the support takes the form of a continuation of the head tube by means of a
right angle or a 90-degree bend with reasonable radius to form a stem perpendicular
to the head. Any object placed in a stream will influence the static pressure up-
stream from the objeet. The approximate magnitude can be obtained from potential-
flow calculations such as carried out by Zahm’J and others. For real fluids and un-
symmetrical flows about the head and stem it is desirable to measure the differences
in static pressure as the position of the stem with respect to the static holes varies.

Ower and Johansen’© have investigated the stem effect on static pressures
of a Pitot-static head for tapered and hemispherical head tips .in a closed-throat -
wind tunnel at Mach numbers less than O.l. Merriam and Spauldingh' completed check
investigations for a hemispherical tip in an open-throat wind tunnel for tubes with
round and square bend connections between head and stem. All data were for cases
where the stem diameter was equal to the head diameter. The results were independent
of the type of bend connection for ratios of xs/d:xh, where xg is the distance be-
tweern the stem and the static-pressure holes and d is the diameter of the head. Fig.
4 shows an averaged curve of the available data from these investigations for the ef-
fect of stem position on the static-pressure determination when the static pressure
is the average obtained from a row of static taps around the circumference of the
tube head.

In the usual case the stem supporting the head joins it on one side only;
thus a difference in static pressure will exist around the tube circumference. Test
results obtained by Hubbard60 at the centerline of a pipe and shown in Fig. 5 indi-
cate the magnitudes of the pressure errors as functions of the stem location and
angle around the circumference. These results will be modified as the tube head is
displaced from its position at the pipe centerline, but magnitudes of variations are
not known.

Krause88 has investigated the stem effects and mutual interference for
static-pressure tubes in a rake when used in an open jet. He calls attention to the
low registration of a static-pressure sensing device when used in an open Jjet of lim-
ited diameter as compared to an infinite stream. He found the stem effect to be a
function of the ratio of stem diameter to jet diameter and of the Mach number in the
range 0.3 to 0.9 for the values of 5« Xxg/dg« 10, where dg is the diameter of the stem.
He found a change of less than 1 percent for 2 x 104<:Re¢:9 x 10%. For correct stat-
ic-pressure measurements for tubes used in a rake, the centerline distance between
heads should be greater than 6 head diameters. Greater distances are required if the
Mach number becomes larger than 0.6.
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Consideration of the difficulties in measuring the static pressure would
lead one to expect a variation in pressure distribution determined for a cylinder if
different-sized piezometer holes were used. Hemke”™ has determined some values
using a circular cylinder of l-inch diameter spanning a 6-inch-diameter open jet with
air velocities from 30 to 175 ft/sec, Tests covering the range from 0.008- to 0.25-
inch-diameter piezometer holes demonstrated that hole diameters must be less than
about 0.06 inch for accurate pressure-distribution measurements. The pressures on
the rear side of the cylinder were independent of hole size.

L, FLUID-FLOW CHARACTERISTICS

Due to the requirements of a particular flow-measuring situation, there has
been a large amount of interest among investigators in the pitch and yaw characteris-
tics of Pitot, Pitot-static, and other velocity-measuring tubes. An extensive 1lit-
erature provides excellent empirical data over a wide range of flow conditions and
tube geometries.. Characteristic curves for a typical hemispherical-tip Pitot-static
tube as obtained by Merriam and Spauldingu8 appear in Fig. 6. (See Ower and
Johansen,50 Hodkinson,6 Markowski and Moffatt,7l Gracey et al., 5 Gracey et al.,86
Russell et al,; 9 Gracey gziglo,9u and Schulze gﬁ_g&.gS) dﬁhggé characterigziz—éurves
are a function of the geometry of the tube and must be determined for each tube over
the éxpected operating range. V

Investigations, development, and testing of turbomachines such as stream and
gas turbines, axial and radial air compressors, and centrifugal pumps require re-
liable flow-surveying instruments. Flow characteristics of greatest concern include
total pressure, static pressure, velocity direction and magnitude, and temperature.
Although extremely important, temperature probes are considered to be beyond the
scope of this paper. Meyer and Benedict?? present a brief summary on performance and
design characteristics of claw, cylindrical (cantilevered Pitot), spherical, disk
averaging,-and rake probes. Markowski and Moffatt L give corresponding material on
micro-Pitot-static, Kiel, cylindrical, and three-dimensional cylindrical probes.
Schulze, Ashby, and Erwin? compare the performance of several probes for this ser-
vice and find high-sensitivity yaw indication with simple yaw-element probes when the
angle of slant is between 30 and 60 degrees relative to the tube axis, maximum di-
rectional sensitivity for the claw-type probes when the included angle between the
two yaw-element tubes is 120 degrees, and that several miscellaneous combination
probes will provide suitable information.

Velocity Gradient

Limited experiments55 have demonstrated that when a tube is used in a two-
dimensional velocity field, the effective center of the total pressure of a square-
ended circular impact tube is displaced from the geometric center toward the region
of higher velocity. The experiments covered the range of O.55<:d/D¢:O.75 and
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D v 2
e d(—p—) . .
0.1 8V N2/ 1.2 with the results being expressed in 8/D = 0.131 + 0.82 4/D,
2 dx
where d = internal diameter
D = external diameter
8 = displacement of effective center of total pressure
x = coordinate transverse to velocity.

The air velocities were low and provided essentially incompressible flow conditions.
Data were obtained in the wake of an airfoil where the tube was free from wall mutual
interference and also in the boundary layer of a model airship hull where mutual in-
terference existed. Results of these tests have been applied generally to other
tubes of different nose shape due to the lack of specific data regarding those shapes.

Tmpact tubes with square-ended flattened oval sections (fish mouth), Fig. 7,
have been used for boundary layer velocity-distribution measurements in order to re-
duce the displacement effect.87’9 ,106 Livesey108 states, without presenting the
supporting experimental evidence, that for incompressible flow, the displacement er-
ror is a function of the solidity of the cross section of the probe tip and the as-
pect ratio of that tip. Livesey recommends a displacement correction of 0.15 £
®/D£0.18. On the basis of boundary layer measurements 0'Donnell10> shows that meas-
urements are subject to tube interference if D/AN0.22, where A\ is laminar boundary-
layer thickness. Livesey also points out that there is no consistent indication of
a displacement error in compressible sub- or supersonic flow.

Blue and LowiOl made laminar boundary layer velocity measurements under
identical conditions with a series of flattened oval impact tubes. The thickness
ratios varied by 0.202d/D£0.72, the aspect ratio by 2.52L/D£L16.6, and the solid-
ity correspondingly. These tests made in air with 2£Ma <3 were in the range of no
low Reynolds number effects. The results determined with each probe showed that the
variations of measured boundary layer momentum thickness, were of greater magnitude
than could be explained by correcting for the effective centerline displacement55
on the basis of presently available data.

Turbulence

Turbulence in the fluid stream may have a decided effect on the flow in a
system, such as changing the boundary layer characteristics, including the separation
point (if one exists),lll and producing a pressure reading on a Pitot-static higher
than the true mean pressure. On the basis of the theory of isotropic turbulence,
Goldstein?? obtains the expressions for the pressures as

2

2
Total head = p + &1 + p(g')

2
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» 2
Static pressure = pg + p(q")

6

where q 1s the resultant mean velocity and q' the resultant turbulent velocity. Flow
in pipes does not exhibit isotropic turbulence, and Fage5h calculated on the basis

of turbulence neasurements 2

EERY-)
Static pressure = pg + EL%LL_ .

(see Grossmani® and LauferiO? for additional pipe turbulence data.) TFor the usual -
degree of turbulence at sections in pipes of fully developed velocity distribution,
the turbulence errors are small and tend to equalize in the velocity determination. 9
For higher degrees of turbulence it is possible for the turbulence errors to reach
appreciable magnitudes in terms of the dynamic pressure.82

bavitation

When the local pressure in the vicinity of a body submerged in flowing lig-
uild is reduced sufficiently, cavitation occurs, with resulting changes in pressure
distribution about downstream portions of the body. For Pitot tubes of normal shape,
no changes in impact-head reading are expected, but if a Pitot-static tube is used,
the static pressure may be.changed appreciably when cavitation takes place. In stud-
ies using water tunnels, a large body of data has been collected on symmetrical
bodies subject to cavitation flow. Typical results for a tube with a hemispherical
head are shown in Fig. 8, taken by Rouse and McNownT2 in the water tunnel of the Towa
Institute of Hydraulic Research. Additional dats are available from the work of the
David W. Taylor Model Basin, California Institute of Technology, and Pennsylvania
State University.

Multiphase Fluids

If condensation takes place when a condensable vapor exists in the fluid,
the velocity and temperature downstream from the condensation region will differ from
corresponding properties in the undisturbed air.67 Care must be used in the inter-
pretation of measurements obtained under such conditioms. Pearcey91 made experi-
mental studies in wind tunnels with water vapor in the air and a Mach number range
of 0.5 to 0.8 and found that condensation caused a loss in total head which depended
on supersaturation phenomena.

Modified impact tubes may be used to determine impact pressures in two-
phase fluld streams. Examples would be the gas-velocity measurement when liquid or
fine solid particles are involved in the stream. Difficulties arise due to plug-
ging and reading changes due to the influence of the momentum exchange between gas
and particles upstream and within the instrument. The tendency to plug can be re-
duced by venting the tube at the rear through a nozzle having an area of about 5 per-
cent of the inlet area. Dussourd and Sha]g):'Lr'o:‘u-l‘L have theoretically and experimentally
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tudied the momentum-exchange effects on pressures for a deceleration probe with static
aps located in the inside wall of the probe head. Good correlation of theory and ex-
eriments was shown to exist in the overpressure recorded with the tube. Practical cal-
bration data are available in the original articles.

5. DYNAMICAL STMILARITY

eynolds Number

True dynamical similarity requires geometrical similarity in all respects re-
arding probe- and flow-system boundaries as well as kinematic similarity. If dynam-
cal similarity exists for the flow about a Pitot tube, the Reynolds number becomes the
easure of this condition, i.e., Re = constant. A wide range of experiments has shown
o change in Pitot tube pressure-coefficient characteristics at values of Re greater
han about 500 and for Pitot-static probes (NPL type) at values cf Re greater than a-
out 2300 with Re based on probe-head external diameter. At Re < 500, the magnitude of

b, - b
he pressure coefficient C; = S increasingly greater than unity as the Reyn-

pV

o]

2

1ds number decreases, actual values depending on the geometry of the probe and impact
pening.

Theoretical investigationssoﬂiﬁ’79’95 have been made for the purpose of cal-
ulating the low Reynolds number effects on the impact tube pressure coefficient in in-
ompressible fluids. One procedure has been to integrate the momentum equation along the
ipstream stagnation streamline from the stagnation point to the free stream for specified
elocity variations in the vicinity of the stagnation streamline. Approximate velocity
istributions at'appropriate Reynolds numbers have been based on Stokes, Oseen, and po-
ential flow with boundary layer considerations. The geometrical shapes have included
pheres, cylinders, and prolate spheroids. The results in terms of the pressure coef-
'icients are given in Table 1.

Impact tubes have been calibrated by several different means to ascertain em-
irical magnitudes of the viscosity effects. The usual calibration methods are the fol-

owing:

a. The rotating arm equipment where the results are subject to corrections for
the fluid-swirl velocity induced by the probe under test and the determina-
tion of static pressure.

b. The centerline velocity (meximum) determination in fully developed viscous
flow in a circular conduit, the rate of flow through the known cross-sec-
tional area of pipe being determined by other calibrating means.
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¢. The known velocity field, where velocity at location of impact tube is known
from other calibrating means such as wind tunnel or water tunnel nozzles or
the float method.

Table 2 lists the important available calibration tests, and Fig. 9 presents the work
in terms of curves omitting the experimental points. MacMillaniOT shows a smaller
spread in these curves if Re is based on internal tube diameter.

The calibration work shows that the impact-pressure coefficient rises ra-
pidly at lower Reynolds numbers, even reaching a magnitude of 2 at Reynolds numbers
in the order of L4, the actual magnitude depending on the shape of the tip. Pressure
coefficients for spherical and source-shaped probe heads depart from unity at larger
Reynolds numbers and reach higher values at given low Reynolds numbers than do straight
tubes with square-cut or sharpened upstream ends. Some tests have shown pressure co-
efficients of less than unity in the Reynolds number range of about 100 to 6000; how-
ever, in general, the more reliable tests have tended to show no values less than
unity.

Supersonic Flow

Wilsonlo9 investigated the Reynolds number effects on static-pressure meas-
urements in a supersonic flow field for a cone-cylinder type of static probe. The
tube head was formed by a 15-degree total included-angle cone with the static holes
located about 13 tube outside diameters downstream from the base of the cone. At
Mach numbers of 4.13, 4.67, and 6.39 the probe diameter and static-hole diameter had
no effect on static-pressure readings for ReX3.500 (based on tube OD). There was a
trend (not established) for the static pressure to increase at Re below this magni-
tude.

In the special application of measurement under rarefied-gas-dynamics con-
ditions at low Reynolds numbers with Mach numbers below or above unity, slip-flow
phenomena may become important. Lin and Schaaf85 have developed theoretical values
for these conditions, and Sherman9o includes tests on supersonic flows at low Reynolds
numbers, but does not reach the region where slip flow (molecular mean free path same
magnitude as characteristic length of flow system) becomes important. Sherman?0 cal-
ibrated spherical, source-shaped, and sharpened upstream-end probes throughout a
limited range of Mach numbers. The results show characteristics which are similar
but take place at different free-stream Reynolds numbers, as compared with subsonic
data, the impact-pressure coefficient being a function of probe shape and Reynolds
number, with only a trend indicated for change with Mach number,

Mutual Interference
When pressure-measuring tubes are placed in the vieinity of a fluid boundary,

the tube calibrations made without such boundaries usually cannot be applied directly.
Information about special flow boundaries is very limited and only a few cases are
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TABLE 2

IMPACT-PRESSURE CALIBRATIONS

Ref. Head‘Shape d/D Re Range (VD/u)
50 Sphere S 2. - 80
Cylinder —-——— 2 - 120
90 Square, sharp 1.0 4 - L4oo
Source shape 0.20 . 100)
103 Square, blunt 0.7k 2 - 8000
107 Square, blunt 0.06 25 - 2200
28 Square ---- | 9 -55
1L Square ——— 40 - 1300
38% N.P,L. Std ---- 3 - 4000
Hemispherical 0.155 3 - 3000
d = tube hole diameter

D = outside tube diameter

H

¥Date for Pitot-static tube
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wailable. Some data for static-pressure differences with Pitot-static tubes ap-
yroaching pipe walls are discussed in the sections on the tubes concerned. Compar-
.sons of hot-wire and impact tube with known static pressure for velocity measurement
1n the boundary layer have shown good correlation as long as the tube diameter is
mall enough. Care must be exercised when making measurements in the flow passages
f turbomachines for the purpose of interpreting the instrument readings obtained.

'ree Surface

At times it becomes desirable to use a Pitot probe near the free surface of
v liquid. There is a mutual interference in fluid flow between a tube and a solid
7all. "It would be expected that a Pitot tube measuring a velocity near a free sur-
‘gece would have a mutual interference effect with that surface. This phenomenon does
10t appear to have been investigated, either on an experimental or a theoretical ba-
sis. Parkin, Perry, and Wu,ll2 in checking the velocity distribution in a free-sur-
ace water tunnel, indicate that discrepancies in the uniform velocity distribution
‘ound near the free surface were not significant, since they felt that the Prandtl
yrobe near the surface did not read correctly. They indicate "so far as the writers
inow, calibration data for a Prandtl probe near the surface are not available."

6. APPLICATIONS

thielded Total-Pressure Tube

In the determination of the total pressure, it is frequently important to
1se instruments insensitive to yaw and pitch angles. Although it is possible to cor-
rect for effects of angularity of flow with many types of probes, the calibration
vork required is expensive and often inconclusive due to the different characteristics
>f the test and calibration flow fields. KJLel)‘L7 introduced a shielded total-pressure
sube to meet the requirements of insensitivity to angularity for total-pressure meas-
irements.

Gracey, Letko, and Russell86 investigated thirty-nine total-pressure tubes
>ver an angle-of-attack range of T 45 degrees at Ma<0.3. A few typical results are
siven in Fig. 10. Russell, Gracey, Letko, and Fournier89 extended the observations
to six Kiel type tubes for the range 0.26£Ma<0.95, demonstrating the greater in-
sensitivity of a curved entry (Fig. 11) compared to a straight conical entry (Fig. 10-4).
Fypical characteristics for Mach number effects are shown in Fig. 11, taken from
iracey, Pearson, and Russell,9h who investigated a typical shielded total-pressure
tube through the transonic region. Gracey, Coletti, and Russell85 used twenty tubes
selected from the thirty-nine 6 previously tested to determine Mach number effects in
the supersonic region up to Ma = 2.4. The Kiel type probe was the only tube to show
3 decrease in range of insensitivity as Mach numbers increased. Markowski and -
ﬂoffatt7l ecall attention to the miniaturization of the Kiel tube for use in turbo-
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machinery work without appreciable change in the yaw-insensitive range, resulting in
the shape shown in Fig. 12. -

Cantilevered Pitot Tubes

Tubes of circular or other constant cross-sectional shape that are inserted
into a pipe with an impact-pressure tap faced into the stream are classed as canti-
levered Pitot tubes or cylinders. A static-préssure tap or a downstream tap may be
included in the tube, or an independent piezometer may be used for static-pressure
determination. Standard tips include hemispherical, square-ended, and ellipsoidal
shapes with one, two, or three holes in a transverse plane located at various dis-
tances from the tip. Fig. 13 shows the magnitude of variations in impact pressure to
be expected for different tap locations for hemispherical and ellipsoidal tips.
Numachi and Hutizawa58 present data for square-ended cylinders with approximately the
same coefficients for Z=>2D.

Cantilevered Pitot tubes are valuable for measuring impact pressure and for
determining the direction of velocity in two-dimensional flow, the latter determina-
tion being independent of position of holes with respect to pipe walls. The direc-
tional properties are satisfactory also when the flows are inclined to the cylinder
axis.

The total pressure measured with cantilevered Pitot tubes aﬁpears to have
constant coefficients for Re greater than about b x 105 (see Numachi, 3 Kasai,5l
Kito,52 Numschi and Hutizawa,58 and WinternitzllB). This result appears to hold for
hemispherical, square-end, and ellipsoidal heads with holes 0.5 diameter or more

- from the tip.

The pressure distribution about the cylinder at the transverse plane of the
taps is similar to the pressure distribution about a cylinder of infinite length.
The distribution is a function of Re and the position of the taps with respect to the
pipe walls. Winternitzll3 shows that pressures vary for angles greater than 40 de-
grees as the taps approach the pipe walls. The "critical angle," where the true stat-
ic pressure is indicated, reduces from 0.5 to 1 degree for a Re increase of from 10
to 15 x 103, The piezometer hole size compared to tube diameter is important.

Silberman69 and Winternitzl1l? provide information on the total-pressure-
coefficient changes on a cantilevered Pitot cylinder when the flow is inclined to the
axis of the tube. Within angles of pitch of T 20 degrees, the coefficients are lower
when the tip is pointing downstream than when pointing upstream at a given inclina-
tion. A cosine square law gives coefficients within about 3 percent of experimental
values for the range considered. Meyer and Benedict?? show that there is some vari-
ation in coefficients in ineclined flow for tubes with a range of from 1~ to 3-diam-
eters distance from a square tip to the plane of the static-pressure holes. Markowski
and Moffattll describe a cantilevered tube with four holes, one belng on the hemi-
spherical portion of the head in the same plane parallel to the head axis and con-
taining the center hole of the normal three<hole tube. With the calibration curves
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hich they give, it is possible to determine velocities in three dimensions with this

ube.

Winternitzll? calibrated cantilevered Pitot cylinders in a towing tank and .
1 the throat of a wind tunnel. On the basis of agreement of experimental results,
1t can be inferred that turbulence effects were insignificant within the range 1000L
le< 12,000 and the variations in turbulence of still water and the wind-tunnel throat.
)n the other hand, turbulence affects the point of separation of flow from the pe-
‘iphery of the cylinder and changes the pressure distribution for angles greater than
;he angle at separation. Meyer and Benedict?9 give limited data on the effect of tur-
yulence produced by a screen on the static-pressure calibration of a tube with a tap

1t L0 degrees from the flow direction.

Winternitzil3 used a three-hole cantilevered Pitot tube to measure static
)ressure in the throat of a circular closed-throat wind tunnel. The Pitot diameter
vas 0.311 inch and the tunnel throat 7.5 inches. Using the wind-tunnel piezometer
15 a standard static pressure, the measured static-pressure difference from the stand-
ard varied from +10 to -10 percent of the velocity head at the tunnel centerline,
vith the measured value being high near the wall where the tube was inserted.

Jole Pitometer

This instrument, in its various forms, has been used for many years and is
specified in the ASME fluid meters report5h and in its Power Test Codes for Hydraulic
Prime Movers. ([ Many articles have appeared in the technical literature, so that
reasonably complete information is available for normal applications.’y10,11,12,23,2k,

45,46,59

Transverse Tube

One type of transverse Pitot tube is a straight circular tube of uniform
diameter with one or more pressure taps for the determination of the dynamic head in
a stream of fluid. When used in a pipe line, the tube passes through stuffing boxes
in opposite pipe walls and is free to slide and rotate to place pressure taps at de-
sired locations in the pipe. One form of this instrument is the Collins tube of
5/16-inch diameter with two pressure holes of 0.116-inch dieameter placed 180 degrees
apart and offset by a distance of 7/16 inch, Calibration data are presented by
Christiansen and French?! and by Cornwell,62 the latter being more complete. For
two=hole instruments similar to the Collins tube, the tube coefficient is less than
unity since the downstream pressure is less than static, and a blocking correction
(function of tube diameter or pipe diameter) and an overall pipe coefficient are
necessary to determine flow in a pipe.

The inside pipe contours at the stuffing boxes are very important for a
transverse tube. The type illustrated in the fluid meters I'epoz"‘c5LL may produce
large errors, and recommendations have been made to have the gland welded to the



- 18 -
outside of the pipe and let the tube pass through a simple hole in the pipe wall.DT

Fig. 14 shows measurements made with a transverse tube and a cantilevered
Pitot tube in a 6-inch pipe with 20-diameter unobstructed straight pipe upstream.
For the same rate of flow as indicated by a calibrated orifice, all curves compare
the pressure indicated with the pressure from a standard piezometer placed in the
side of the pipe, The shape of the static-pressure curve illustrates the difficulties
in the interpretation of such measurements.

Many pressure distributions about circular cylinders crossing a uniform flow
field have been reported in the literature. Fig. 15 shows typical pressure distri-
butions at Reynolds numbers above and below the critical ﬁeynolds number range
(Reynolds numbers through which the drag coefficient decreases rapidly from about 1.2
to 0,3) determined in air at Mach number of about 0.06. Tests have demonstrated that
the potential~flow solution provides information closely approximating actual condi=-
tions on the forepart of the cylinder. The departure of theory from experiment de-
pends on the establishment of the adverse pressure gradient associated with boundary
layer separation. This separation takes place at larger angles as the Reynolds number
increases. Gowen and Perkins?' have shown that Reynolds number effects on pressure
distribution were negligible at Mach numbers above unity to the limit of their tests,
i.e., Ma = 2.9.

Short-Head Tube

The dimensions of the short-head tube given in Fig. 1 were selected from the
design data of Figs. 3 and 4 to give a velocity coefficient of unity. This procedure
was verified by the work of Merriam and Spaulding,u8 The square corner between the
head and the stem was to allow measurements to positions one-half tube diameter from
the pipe wall.

Comparative calibrations in a three-foot-square closed wind tunnel on five
Pitot-static tubes (Prandtl 3/8", ASHVE 1/4", ASHVE 5/16", NAFM 1/4", and short-head
1/2") showed no significant variation in tube-velocity coefficient (all test coef-
ficients within t 0.2 percent of standard Prandtl tube). The wind tunnel was checked
for constant velocity in magnitude and direction and constant static pressure in the
region occupied by the tubes under test. The air velocity varied from 50 to 100
ft/sec.

In an effort to evaluate the velocity-gradient errors and the wall effects
when using a Pitot-static tube for quantity rate-flow measurements of water in a
pipe, Pagegl made velocity measurements in 4-, 6-, and 8-inch pipes with 1/k-inch-
and l/2-inch-diameter short-head tubes. Pertinent data of the installation are given
in Table 3. Volumetrically calibrated free-discharge orifices were used to deter-
mine quantity flow rates. The calibration was expressed in terms of

Q =CA [3&@1 \2g & qE

max
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where Q = rate of flow, cfs
Ce = effective coefficient of Pitot-static tube when used in a pipe for
measurement of Q
A = cross-section area of pipe, £12
U'gye = average velocity determined from Pitot tube traverse, ft/sec
Upex = centerline velocity, ft/sec

n

Ah@_ differential head of Pitot-static tube when placed at pipe centerline,
ft.

If the method of equal areasBu is used to determine U',y, and the Pitot-static tube

velocity coefficient is assumed to be unity, the U'y,, determined will be greater

than the true average velocity in the pipe. Assuming that the velocity distribution

will follow the equation

1 - r/R =| U 7

where U is the velocity at any radius r, Page8l has computed the error in indicated
average velocity. The results are given in Table 4. His experimental results may be
expressed in terms of '

Ce = [1.00 - fL/2D p l.?(d/D)é] /(1 + m/100)

where fL/2D is the correction for pressure gradient between head tip and plane of
static-pressure holes, l.7(d/D)2 is correction for blocking, velocity gradient, and
wall effects, and (1 + m/lOO) is correction for error due to taking a finite number
of traverse positions to obtain U'gye. Almost all experimental points are within
t 0.5 percent of the value given by the equation.

Since the impact-pressure tap and the static-pressure tap are frequently
at different transverse planes in the pipe, a reduction in static pressure will oc-
-cur due to the pressure gradient in the pipe. The magnitude of reduction on tube
velocity coefficient can be approximated by the quantity f %% , where f is the fric-

2
tion factor in the expression he = f % gg s L is the axial distance between impact-
and static-pressure taps, and D is the diameter of the pipe. If for orders of magni-
tude, we consider f = 0.02, then the percent reduction in tube velocity coefficient
will be 1/D.

When a Pitot-static head is placed on the centerline of the pipe, the
Venturi effect of the volume occupied by the tube head will produce a reduction in
measured static head, while the impact head is constant. The effective tube velocit)



- 21 -

TABLE 4

CALCULATED RESULTS OVER INDICATION OF
AVERAGE VELOCITY WHEN USING STANDARD PROCEDURE
FOR METHOD OF EQUAL AREAS AND A ONE-SEVENTH
POWER-IAW VELOCITY DISTRIBUTION. PAGE.8l

Number in' Average indicated
equal areas velocity (U'gve)
in traverse too large by percent
2 2.27
4 1.k
6 0.91
8 0.67
10 . 0.53
20 ‘ 0.25

coefficient will be less than unity by the amount of (d/D)%; e.g., at (d/D) of 0.1
the coefficient becomes 0.99 and for (d/D) of 0.2 the coefficient becomes 0.96.

If the head is at a position other than the centerline, it is probable that
the Venturi effect will be the same if a sufficient number and size of static holes
are used around the circumference of the head. If the static taps are not adequate,
it is possible that the reduction in measured static pressure might be different due
to mutual interference on flow produced between the Pitot-static head and the pipe
wall. No experimental data on this point are known.

. Uave , . .

The ratlo.ﬁagg , where Q = AUyye, is known as the pipe factor (P.F.), a
quantity that is a function of Re, pipe roughness, and the degree of establishment
of fully developed velocity distribution (i.e., sufficient upstream straight pipe so
that velocity traverse is the same at downstream points and the test traverse sec-
tion). The relative roughness e/D is determined from Moody's pipe-friction charts65
by measuring pipe-friction factor and Reynolds number. Through application of the
mixing-length theorﬁ of turbulence to data from Moody's pipe-friction charts, Fig.
16 can be obtained. 9,76 If Re and.e/D are known, the pipe factor can be deter-
mined from Fig. 16, and it is only necessary to measure the centerline velocity and
use

Q = C.A(P.F. )V¢_
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where Cg = 1.00 - fL/2D - (d/D)? if straight pipe sections allow fully developed ve-
locity distributions to form.

To investigate static-pressure determination with a Pitot-static tube, a
piezometer tap was installed in & six-inch pipe, 7.1 inches upstream from the hole
in the pipe for the tube stem. This distance was chosen on the basis of data from
Hubbard® to insure that the piezometer reading is independent of the tube position.
The indicated static pressure was determined at several radii using short-head tubes
of two different sizes. The data were corrected for pipe friction between the pie-~
zometer tap and plane of static taps in the tube and results expressed in terms of
percent of velocity head and shown in Fig. 17. The calculated difference for head-
blocking effect at the centerline is 1.0 percent, while the curves show about 1.4
percent of velocity head. Examination of Fig. 17 reveals characteristics of indi-
cated static pressure when measured with a Pitot-static tube. The mutual interfer-
ence between the tube head and stem and the pipe wall produces the observed dis-
tortions for the geometry investigated.

Three-Dimensional Flow

The measurement of magnitude and direction of velocity at a point in a fluid
is accomplished frequently with a probe providing five readings. One form of this
type of probe is a sphere having a central hole and four holes distributed equally
around the sphere and spaced at the same angular distance from the center hole.56:uo:
80,115 From experimental calibrations and pressures measured at the five holes, the
velocity in a three-dimensional flow may be determined. Similar results may be ob-
tained from a claw-type probe having the corresponding five pressure determinations.
An understanding of the probe performance results from considerations of pressure
distributions about a sphere when it is placed in a uniform flow field. The claw
probe depends on indications of impact pressure by a square-ended tube when a yaw de- .
flection of velocity with respect to the tube axis exists. Some mutual interference
between adjacent tubes of the claw makes calibration under operating conditions de=-
sirable.

Special-Purpdse Probes

In designing probes for special purposes, the general considerations are
modified to meet the particular requirements. For example, Bentzelhu developed a
probe with a pressure indicator to measure very low velocities in hydraulic models
of civil engineering applications. Several manufacturing firms have compiled design' 
and performance data for specific applications of Pitot tubes of various forms.;l7;
119-126 gummaries of particular interest have been made for the field of turbojet-
engine investigations into flow characteristics in compressors and tufbines.ll8
Considerable information on special-purpose probes appears in the technical 1it-
erature, but space limitations prevent an adequate presentation in this: paper.
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SUMMARY

Many forms of Pitot and Pitot-static tubes have been calibrated and used
for a wide variety of applications. . Several of the more common forms of probes are
described, and their pressure performance is discussed in detail for normal and for
a few special flow conditions.

Experimental calibrations for a Pitot-static tube with a short tip, espe-
cially designed for measurements of quantity rate of flow of liquids in pipes, demon-
strates the suitability of the probe. Necessary corrections to probe calibrations in
a large cross-section uniform flow field for use in pipes are developed, presumably
to account for effects of velocity gradients and mutual interference of flow between
the pipe wall and the probe.

Quantitative information, presented in the form of curves, provides readily
available data for designers and users to determine desirable forms for given appli-
cations and to interpret pressure measurements made with specific probes. Additional
data may be obtained from the limited bibliographic references or from other refer-
ences from the large amount of technical information that has been published.
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Fig. 12. Typical miniature shielded impact tube.
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static tubes of different size in a 6-inch pipe. Ferguson.7o
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