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SUMMARY

Wind tunnel measurements are described which determine the error
introduced into statio pressure measurements in a pipe or duct by the
presence of a pitot (or other) stem downstream of the plane of measurement.
The effects measured in a uniform stream are used to calculate corresponding
stem-blockage corrections in non-uniform flow.

The method 18 applied to fully developed pipe flow measurements
in olroular and rectangular ducta.
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Figures 1 to 8

1. List of Symbols

b width or larger dimension of rectangular duct
C eross-sectional area of pipe or duct

% drag coefficient. Drag/qS

CP pressure coefficient. (p - P)/q

Cpb separation-pressure goefficient (pb - P)/q
d diameter of pitot stem
D internal diameter of pipe
h height or smaller dimension of rectangular duct
H total-pressure
k blockage factor for small values of S/C (Sect.3.2)
k' measured blockage factor for large values of 8/C
m reciprocal of power-law index (Eqn.?)
n factor representing velocity increment egquivalent to

blockage (Sect.}.2)
P static-pressure of flow. oSurface pressure at point on
body in flow

Py surface pressure at separation point on body in flow
P static (or surface) pressure in infinite stream
aQ dynamic pressure (H - p) )
Q volume flow-rate
r radial distance from asxis of ocircular plpe
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R internal radius of circular pipe
RD pipe Reynold's number based on pipe diameter and velocity
max on axis (Uo D/v)
max
3 area of model chosen to define drag coefficient. Projected
area normal to stream of exposed stem
U velocity component parallel to longitudinal axis of pipe
or duct
x longitudinal distance from axis of stem (partioularly to
plane of static pressure holes),
% oxposed length of stem (measured from axis of head to wall
of duct).
u? u?
z %
o ratlo (—)(M) or (——)(-EM) Bgns. 21, 24,
R v? h u?
o] v}
0 Maskell's blockage constant ( -1/C
Ppe
v kinematio viscosity

fluid density

¢ ratio mean dynamic pressure over area of pipe to dynamic
preasure on axis of pipe. Egn. 13.

Suffix ¢ oorrected for blookage (Maskell's notation)
Suffix max, vallle on axis of pipe or duct
suffix a value in absence of stem

Suffix 1 to 7 value measured at position corresponding to that shown
in Pig.7.

2e Introduction

Ower end Johansen1 showed that the basic calibration factor of
a pitot-static tube 1s governed by the relative distance between the plane
of the statlc pressure holes and the axis of the oylindricael stem. In the
absgnce of a stem, the pressure recorded by the static pressure holes is
usually lower than the free stream static pressure. Retardation of the
fluid as it approaches the stem causes the recorded static pressure to rise,
so that by judicious positioning of the plane of the static pressure holes
the pasic oalibration factor can be made squal %o unity if so desired,

The/
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The pressure relationships which determine the basia calibration
factor only apply in a fluid of infinite extent. If the tube 1a used in
a finite duct, these pressure relationships are modified by the blockage
effect as the fluld amoccelerates to pass the restricted passage in the
plane of the astem, The static pressure recorded becomes less than the
true value in the same plane with the {tube removed.

The blockage error increases (a) as the plane of the static pressure
holes approaches the axis of the stem and {b) as the ratio of the projected
ares of the stem normal to the flow, to the sectional ares of the duct
increasea,

The author was not awasre of any method by which these blockage
corrections could be calculated except in the plane of the stem, It was
thersfore necessary to determine the magnitude of blockage corrections
shead of the stem by measurement in a wind +tunnel,

Throughout the report the term "stem blockage" 1 intended to
cover the blockage effect of the stem of
(a) & static pressure tube on its own reading
(v) = pltot-atatic tube on its static pressure resding

(c) & total pressure (or pitot) tube on the reading of statlec pressure
holes on the duct wall,

The resultant effect in each case is to overestimate the
dynemic pressure measured at any point in the duct.

3. Measurement of the Blockage Effect due to a Stem of Circular Section

3.1 Experimental method

3.1(a) Basgis of method

The method chosen was based on the author's previous experiment52
connected with Maskell's theory for blockage effects on bluff models in a
olosed wind tunnel?,

From a study of thin flat plates normal to the wind, Maskell had
derived an exprecsion for the relationship between the measured pressure
coefficient Gp at any point on a model and the corresponding value Cp

c
for the same point on a model in an infinite stream.
Maskell showed that
1 -¢C CD
P = = 1 +9 GS/C 0..'(1)
D
1-0C GD
Pa ¢

where GD is the measured separation-drag coefficlent for the model, based

on an area $, in a tunnel of cross-sectional area C, GD is the
¢

corresponding/
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corresponding value in an infinite stream and © is a non-dimensional

blockage faotor equal to —(1/0p ), where GP is the value of the pressure
be bo

coeffioient at the separation point on the model in an infinite strsam.

For thin flat plates the meparation-drag is equal to the
measured drag., For relatively deep models enveloped in a separated wake
from the leading edge CowdreyK has shown that equation (1) 8t111 applies
as laong as one takes GD to be equal to the measured drag coefficient,

increased to allow for buoyancy effects on the model within the wake
(i.e., replacing the solid model by ar equivalent model which terminates
at the meparation 1line). The present author confirmed? that the drag
relationship given in equation (1) applied for plates and grids normal to
the wind regsrdless of their position in the tunnel (e.g. mounted
oentrally or adjacent to a wall),

Furthermore, the attenuation of the blockage effect at stations
shead of the model depended on the ratio of the distance shead of the
model to the square-root of the area of the tunnel section. More
expliocitly, in the present context,

1_cx =1+OCD(§>f<;T§> veea(2)

where Cp 1s the static pressure coefficient measured at a distance x
x
ahead of the model and on a chosen line parallel to the tunnel axis,
Cp is the corresponding value in an infinite stream, £(x/¥C) is an
xec
attenuation factor. The present author found that the same attenuation
factor applied to both plates and grids normal to the flow.

In the present application we are concerned with small amounts
of blookage associated with pitot tubes of sensible dimensions relative to
the duct to b. traversed. In these circumstances we may consider CD in

the product terms of equations (1), (2) to be conatant, so that the
blocksge effect should be substantially linear with (S/C). We may then
oonsider the product (GCD) as a single constant to be determined

experimentally.

Barlier theoretical work by Glauert was extended by Thom > to
cover blookage due to general models including thiok wings in a ologed

tunnel,

The method used assumed that the "solid blockage" effect due to
the shape of the model was separable from the "wakq‘blockage" effaect due
to the drag, and that these could be calculated separately and then

oombined. Thom showed that the pressure change at the wall due to solid

blookage/
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blockage was greater than that on the tunnel axis, for any plane ahead of
a model., However, the pressure changes due to wake blockage were constant
across any such plane,

It is now generally accepted that the flow around bluff bodiles
cannot be separated into inviscid and viscous components, because the
presence of each affects the other. This is emphasised by the fact that
Thom's values for the wake blockage factor & were much too low. However,
Thom's treatment did suggest there were physical reasons for suspecting
that the blockage effect ahead of bluff models of finite volume might not
be constant across any transverse plane. Moreover Thom's work showed
the advisibility of measurement of the unconstrained pressure distribution
shead of a finite well-mounted cylinder when this was required in the
present investigation, rather than reliance on calculation.

3.1(b) Experimental details

The measurements were made in two wind tunnels. One had a ocloaed
working section 16.8 ins x 28.8 ina (0.427 m x 0.732 m) with fillets at
each corner to give a sectional area at the model 3.25 ft2(0.35 ma). The
other was an open-Jjet tunnel with an elliptical Jet 9 £t x 7 ft (2.74 m x
2.13 m) with a sectional area 49.5 f¥ (5.33 m’), Both by virtue of its
large area and by the fact that it had an open workingsection, the second
tunnel could be considered almost free from blockage effects on a given
model in comparison with the former tunnel.

The model chosen to represent the stem of a pitot tube was a
brass cylinder 3 ins (0.076 m) in diameter, and 22 ins (0.558 m) long,
terminated in a hemispherical cap at one end, the other end being plane.
A more realistic model would have been impractical because of the need
to traverse Jjust ahead of the stem. The model fitted a flanged collar
screwed to the outside of the tunnel so that the model could be inserted
to any required depth or retracted and reversed to present a flush surface
at the wall, The arrangement is shown in Fig.1.

A wall reference statlc pressure tapping was ritted 67 ins (1.7 m)
ahead of the model, A very small static pressure tube was used for the
main measurements and a Bradshaw micromanometer® was connected between this
and the reference tapping, All static pressure measurements were made in
the vertical central plane of the working section. One set was made on
the centre line of the tunnel ahead of the model, another set at 2% ins
(0.064 m) from the floor(i.e. very close to the floor but outside the
influence of turbulence from the floor boundary layer). In the centre line
position the static pressure tube was inserted from the side wall to reduce
the insertion length and thus minimise tube vibration.

The tunnel speed was deliberately limited to about 90 ft/s
(2?.4 m/s) for all measurements so that the Reynolds number based on sten
diameter did not exceed 1.5 x 10° (below the limit of the sub-oritiecal
constant drag coefficient range). In consequence the drag cosfficlient of
the model should have been very close to that of a typical pitot tube stem
usaed at low speeds.

Measurements/
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Measurements were made in the closed wind tunnel at several planes
ashead of the model, ZEach measurement recorded the change in statio
preasurs hetween the empty tunnel condition and that with the oylinder
inserted to a given depth. Beveral insertion depths were used to check
the dependence on S/C.

Measurements were repeated in the open Jet tunnel with the
cylinder mounted on & ground board in the flow. The reference static
pressurs tube for these measurements was placed well ahead of the model
position on the diametrically opposite side of the Jet.

From such pairs of measurements, the blockage-free pressure
difference, due to the presence of the model, was subtracted from the
total measured pressure difference in the closed tunnel, to give the
pressure difference due to blockage alone,

3.2 Discussion of results

Individual graphs of the pressure difference due to blookage
plotted against the insertion parameter (8/C) followed a linear relationship
of the form

A, = -kt (s8/¢) ceas(3)

where k' was a function of (x//C). This was anticipated in Section 2(a).

Meassurements on the centre-line were abandoned for the range
d/2 < x < 5d/2 , (i.e. 2 diameters ahead of the model) because of the
oxtreme sensitivity of the measured static pressure in this range to
positional and directional errors, Outside this range the centre-line
values of k' were consistently 1 less than those close to the wall,
This was qualitatively what Thom 4 had predicted; numerically the measured
values of k' were greater than those caloulated from his formulae. It was
possible to deduce a plausible value k' = 1.04 for the centre-line value
at x = O by assuming the 13% difference between wall and centre-line
positions persisted up to the model,

The model had been originally chosen to be large (S/C at full
insertion = 0,103) to produce conveniently large pressure changes for
measurement. A more usual value of $/C for a pitot tube in accurate pipe
flow measurements would be 0,02, or at the most 0.05. Thus the use of a
large model had resulted in an unrepresentative increass in the value of
Cp for the model by a factor [1 + 1.04 (5/C - 0,02)] or 1.087 st full

insertion. Since the parameter k' includes the produect 6C_, all values
of k' were reduced by this factor to yield values k more ngavant to
practical values of (S/C). Values of k are shown in Fig.2.

For a wall-mounited finite cylinder at sub-critical Reynolds
numbers C would be about - 0.8, so that the reciprocal, of reversed
¢

sign, @ should be about 1.25. An average velue of (; for this model
night/
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might be 0e9 making k at x = @ (::OCD) about 1.1. This compares well with

the measured values, However, as Maskell has pointed out3, in some Reynolds
number ranges hlockage might well affect the separation position and in
oonsequence the separation pressure coefficient on a cylinder. It would
be inadvisable to assume that there will always be good agreement bstween
infinite stream measursd values of (~.1/Op ) and 6 at higher Reynolds

bo
numbers. In the present application the magnitude of the statio pressure
oorrection for stem blockage would normally be small, so that differences
between correotions on the axis of the duot and those on the wall may be
ignored. Then an average curve for K (as in Fig.3) oould be used both for
combined pitot-statio tubes and for pitot tubes used in conjunotion with
a wall static pressure tapping.

4. The Calculation of Corrections to Overall Flow._rate in a Duct for
the Effeots of Pitot-stem Blockage

4e1 General

From the main report it follows that the presence of a pitot-
stem in a duct with uniform flow requires the measured values of loocal
dynamio pressure to be reduced by an amount,

Aq = X(s/c) vesa(5)

For acourate flow measurement in ducts it is also necessary to
ensure that the turbulence is not unduly high and to correct for it.
These requirements are best met by making flow measurements in long smooth
oircular plipes where the turbulence characteristios are reproduoible,
moderate and known., In such fully developed pipe flow the mean-velocity
profiles are stable and depend only on pipe Reynolds number, so that vl
measurements at a few radial positions, chosen by the log-linear method’,
will suffice to give an socurate mean flow veloocity. Once the number of
points of measurement per diameter have been chosen the location of the
measuring positions follows automatically.

In these circumstances it is convenient to caloulate the effect
of corrections for blockage (and other effects) at each point of
measurement and to assess the overall effect of neglecting such corrections
on individual readings with the intention of applying overall correcotions
£6 the volume flow rate.

An essential preliminary step in such calculations is the
agsessment of the effect of the non—uniform velocity profile in developad
pipe flow on stem blockage.

4.2 Blockage in a non-uniform velocity profile

Maskell's theoretical treatment of blockage oorrestiona for bluff
bodies in closed wind tunnels is based on the assumption of & uniform
velocity profile far ahead of the model. The measurements desocribed earlier
in this paper were made under similar uniform veloocity conditions. A formal
analysis for non-uniform velocity conditions would probably prove too

diffioult/
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difficult and so one has to rely on known basic features of blockage and
bluff-body aerodynamics in order to apply the uniform flow pitot-stem
corrections to the more general developed pipe flow cass.

From measurements of the base pressure on flat plates normal to
the wind in a closed wind tunnel, Maskell was able to confirm assumptions
in his theory that blockage effects on bluff bodies in a closed wind tunnel
were equivalent to an increase in the approach velocity, with the result
that all velocities in the flow field outside the wake increase by the same
factor.

The present author showed experimentally that the total blockage
effect due to two flat plate or grid models in the same plane was the same
as if the individuel quantities (8 CDS/C) were introduced by a single model

representing the same total value of(GCDS/C).

Both of these features are consistent with the concept that the
total effect of the infinite series of images of & model in any one tunnel
wall is equivalent to a single concentrated image at a distance largs
compared with the dimensions of the working section, so that the blockage
velocities induced by the single image are fairly constant over any given
plane of the working section, irrespective of the position of the model or
models in their common plane.

Fig.h shows measured values of the ratio ( - CD/Cp ) measured on
b

a floor mounted cylindrical model (length/diameter = 12) in conditions
of negligible blockage and sub-critical Reynolds numbers with a uniform
approach velocity profile and also with n non-uniform power-law profile of
index 1/5. The measurements were incidental to an investigation of wind-
loading on chimneys including surface flow visualisation, so that the
boundary leyer separation position at any height was known and there was
no difficulty in deciding the circumferential position at which the surface
pressure was egual to Cp »
b

It will be seen that, for present purposes at least, the values
of ~(cD/cpb) are not seriously affected by the velooity gradient in the

non-uniform flow, since the velocity profiles found in developed pipe flow
are intermediate between the profiles tested. On this evidence one may
conclude that each small cylindrical element which constitutes the whole
oylinder will contribute the same value A(® GD S/C) in a non-uniform stream

as in uniform flow. It follows that the blockage effect, as defined by the
factor (1 + n}, by which all velocities outside the wake are inoreased, will
also remain unchanged whether the flow is uniform or not, and all values of
local dynamic pressure will increase by approximately (1 + 2n) when n is
sufficiently small for n® to be neglected.

By comparison with equation (1) in Seotion 2.2(a)

2n = 6 Cp s/C

or/
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or in terms of the experimental constant k,

2n = k S/C eees(6)
vhers values of k are plotted Fig.lk.

The approach velocity profile in the plpe may be expressed in
the power-law form for fully-developed flow,

‘;_9_ ) (1 _§> ceee(D)

0 max

Bi=>

where the local approach velocity is UO at a radius r, Uomaxon the pipe
axis, R the pipe radius and m is & constant depending on the Reynolds
numnber of the flow.
The corresponding ratio of the dynamic pressurea will be
2

= =(1'§) veee(8)

0 max

fa]

In a eircular pipe, mean values of these ratios will be

A on?

Uy pax @+ 1)(2m+ 1) UG
and

C e

;; nax C (m+ 2)(m+ 1) eee.(10)

If all veloclties in the power-law profile are increased by a
factor (1 + n) these ratios are unchanged. We may therefore sapply
Bernoulli's equation to the mean values of the dynamic pressure in a pipe
with and without blockage to find the change in static pressure caused by
blockage.

Thus,
H. = p°+q° = P + (1 +2n)qo ....(11)
so that
ACPO = {p - po)/qo = =2n = =k §/C eeea(12)

In/
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In terms of the axial value of the dynamic pressure,

Acpo - (p-p)a, o= -(k8/C¥a /e, .. ) = -ks/c
cees(13)

Since blockage corrections will normally be small, there is no
need %o obtain (EQ/QOIMMQ for a oircular pipe by integration of experimental

results., Fig.5 shows values of this parameter ¢ for a range of pipe Reynolds
numbers (based on the axial valoecity UOxnmg' These values have been obtained

from equation (10) using accepted values of m for fully developed flow in
smooth pipes,

k.3 Correction of local velocities measured in developed pipe flow

It is usual to express local velocities, measured in a circular
pipe, as fractions of the axial velocity, so that any subsequent integration
process 1s non-dimensional. The stem-blockage corrections for this purpoae
are best made in two stages. The axial dynamic pressure reading is first
corrected; that is

% max = “max {1 - ¢ ks/c] vaua(14)
where S/C for this reading has the value %( -g-) .

Then the readings of loecal dynamic pressure are made non-dimenaional
in terms of the corrscted wvalue 9, max These are subsequently correocted

according to equation (13) whereby

% N _ /%y (%Y
(;m>_< .m) Pre (U:max> eees(15)

ax %
The derlved valuss of UO/U are available for graphical integration.
Omax

It is possible to correct in one stage by means of a single
equation, but the arithmetic is less simple. The single equation is

k ,d ¢k , S B
AR O R C 16 i N

where the neglect of higher order terms in the expansion has & negligible
effect in the context of normal flow measurement.

From the individual ocorrected measurements of UO/UOmax’ graphical

integration/



- 12 =

integration is normally used to derive & mean value EE/UOmax for the

section traverssd. The corrected flow rate then becomes

U 2q
Q =c<_2 ) (ﬂ)
[+]
U P
O max

ceee(17)
Similarly a single corrected velocity would be
U = Eg 2qo max
o U \
0 max ) P veeel(18)

Such point by point correction is tedious, Traversing methods
based on fixed pointsof measurement (such as the log linear method) are
mich to be preferred because it is possible to make a single overall
correction to the flow rate calculated from uncorrected individual readings.
This 1s discussed in the next aection.

4,4 Overall blockage corrections to the volume Plow-rate measured
in a ocirocular pipe by the log-linear method

1t is possible to ocalculate corrections to the overall flow-rate
in fully developed pipeflow, for general application at a particular
Reynolds number, provided traverses are made on each dismeter by means of
measurements at fixed radial positions. Such correotions aere applied
finally to flow-rates which heve been estimated from uncorrected readings.
If we convert equation (13) into the approximate form

()= (5, Jl-wen(D) (=)

the error in substituting (qomaf/qo) for (qoﬂ“d(q) In the correction term
will be negligible in the present application.

eees(19)

For the measurement of flow_rate in a pipe we require corrected
values Uo[i.e (Uo/Uhax)Umaxji whereas the stem—~blockage error would arise

from the use of uncorrectéd values Uli.e (U/Un,) (U, .)]. Thus we oan
assessthe errors due to blockage by consideration of the difference between
the terms UO/Umax and U/Up . at each point of measurement.

From (19) it follows that

() ~GIL-+(E=)]

max max o

Thus/
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"hus the error
2

U s U
A(— ) =-%¢k(—>(—9_’l‘.ﬁ‘3‘-
U / . G Uo2

max -

If D is the pipe diameter ( = 2R}, 4 the pltot-stem diameter and z the
immersion depth of the stem in the fluld we may write

] ] d 2
(—) =(—)(-\(—)soﬁﬂtmemwmwbeuﬁmnmm
C R b w

convenlently for calculation &s

(G )OO LHE™]

max

The product in the square bracket varies for each position of measurement
and the mean value of this product for all points of measurement is
evaluated first, then multiplied by the other product to derive the overall
error on volume flow.rate.

We will consider as an example mesasurements of airfloew through
an 18 in (0.457 m) diameter pipe with an axial velocity of about 80 ft/s
(24,4 n/s). The messurements would be made at either 10 or 6 points per
diameter at radial positions derived from general expressions for the log
linear method given by Winternitz and Fischl 7, This method yilelds
average flow veloclties on each diameter traversed, by takling the
arithmetical mean of the velocities measured at each radiasl position. An
extra measurement is required on the axia of the pipe solely for blockage
correction, We will consider the measurements to be made in alternative
ways, (a) with a single insertion hole per diameter, so that ths pitot-
stem immersion can exceed one radius for some readings and (b) with two
insertion holes per diameter so that the pitot-stem immersion never exceeds
cne radius, For the example chosen the pipe Reynolds number

=1 D/v ) o 0.75 x 10° and in fully developed pipe flow the
max omax

velocity profile may be expressed in the form
(2)- (D
= = 1 - -
U R
0 max

The calculations are set out below to demonstrate the relative
contributions t6 the blockage error at the varlous measurement stations, as
indioated by the magnitude of the product term.

10 point/
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10 point log-linear method

Full diameter aingsertion

-~ AN
One radius insertion
r 7 Y

1
- 038 152,306 434 722 1.278 1.566 1.69h 1,848 1,962
R
U
2 .707 .821 .883 .916 .966 .966 .916 .883 821 .707
UO max
-4

(

Mean of first 5 points = 0,397

R

1))
0

U |
X”‘“} 076 .225 .393 517 .733 1.370 1.865 2.087 2,740 3.930

Mean of 10 points = 1.398

6 point log-linear method

Full dismeter insertion

N
Ve -
One radig;h;nsertion
2 ’ N\
R
Uo
— « 49 871 +955 »955 .87 « 7549
Uonnax
%\ A 2
( - X o ma") Al .356 705 1.490 2.277 3.450
R u
o
Mean of first 3 points = 0,392 Msan of 6 points 1.399

identical whether the 6

These figures show that the astem blockage errors are virtuslly

the velocity profile typical of this Reynolds number range.

If we let the mean value of (z/R) (Uonmax/an) equal @ then at
RD max = 0.75 x 108 = 0.3%95 or 1.398 for one-radiua insertion and one-
diameter insertion respectively,

point or 10 point per diameter method is used for

Inserting these values in equation (21) with the corresponding
values for ¢ we have for Ry . = 0.75 x 108

AQ
e/
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)
&Q d
— = = ,093 k ( —-) for two insertion holes per dlameoter
Q D
(22)
AQ a
—_ = = 332 k ( —-) for a single insertion hole per diameter
Q D /

J
If we repeat these caloulations for M = 6 corresponding to a Reynolds number
IH)maxzz 1.7 x 10* (whioh represents the approximate lower limit for acourate

flow measurement) we find that

A
AQ d
—_ = - ,091 k ( —-) for two insertion holes per dismeter
Q D &
23)
AQ a
—~ = = 359k ( —-) for & single insertion hole per diameter
Q D )

The small scale effect resulting from this large change in Reynolds number
is insignificant in the calculation of blockage corrections and it is
suggested that the values for RDxnax= 0.75 x 10°. should be applied %o all

flow measurements in pipes.

Values of k have been inserted in equations (22} for pitot-static
tubes of various stem/bipe diameter ratios (d/D) and with stem to static hole
distances x = 0, 8d and 16d., The valus x = O applies to the cantilever pitot-
tube; x = 8d corresponds to the most-used range of pitot-static tubes;

x = 16d represents a pitot-static tube with & generously long head. Each set
applies equally to the case of a pltot-tube used with pipe-wall statlic pressure
tappings where the stem of the pitot tube is in a plane at a distance x from
the plane of the wall tappings.

The results are plotted in Fig.6. Tho benefit of the use of two
insertion holes per diameter in the reduction of blockage corrections is
clearly shown. The advantage of longer pitot-static tubes in this respect
can also be seen. Other values of x/d may be considered by taking the
appropriate values of k according to the valuses foE from Fig.3. For
considering a whole range of conditions it is useful to evaluate x/C for a

ciroular pipe as (2/V/x)(x/d)(a/D).

4,5 QOverall blockage corrections to the volume flow-rate measured in
a rectangular duct by the 26 point log-linear method

Information on fully developed flow in rectangular ducts is less
complete than that for circular pipes, Nevertheless there is sufficient
information to make an estimate of overall corrections to the volume flow-
rate for methods which use fixed measuring points. The most promising of
such methods is the 26 point log~linear method. Myles, Whittaker and Jones
give details of velocity traverses made in square and duplex ducts in order
to check the performance of the 26 point method.

The/
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The traverses need to be made along four lines parallel to one edge
( the shorter, 1f the duct is not square), and the traverse positions are shown
in Fig.7.

We will consider a gquarter duct with 7 points of measurement, The
mean veloclty through a quarter duct is given by

U= 1/24[2 (U,L+U,,+U,,)+3(U,+U4+U,+U,)+6U.,] (23)
- [ XXX ] 23

where Un i1s the looal velocity at a point n in PFig.7. Myles et a.l8 glve
measured valuss of the velocity a% each point and of U 4in terms of Umax’ the
veloclty on the axls of the oomplete duct,

Once agsin the error on each local reading due to stem blockage
follows from equation (20)

U S U2
e( ) = e (5)(=)
Unax ¢ 002

For the rectangular duot, with stem insertions parallel to the shorter sidse,
this becomes

() = 1D (D GE)]

and according to N.E.L. Report 251, ¢ = (0.845)% = 0.74&

Thus
u a z U-?
(3. (DL
( U ma;) b h ) anmax

As for the circular duct, we will find the effectlve mean value of the terms

eeae(24)

a = (z/m)(U3/U? ) first. This is given by
o 0 max

;= 1/24[2(“1+“9+“s)+3(aa+ﬂ4+as+aq)+6a7:]

We will assume the pitot tube to be inserted from the top of the dusct when
only one insertion hole per diameter is used.

Upper/
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Upper quarter-duot

Point (2/h) w o, )
1 O34 .708
2 .092 .796
3 250 .807
N . 500 .B15
5 034 .715
6 .250 »952
7 L] 3675 L] 988
Lower quarter—duct
Point (/n) /0, )
1 .966 .708
2 .908 . 796
3 « 750 .807
4 500 815
5 . 966 .715
6 750 - 952
7 L6325 988

@ for the upper section only = 0,329
a for both seotions = 0.723

0.068
0,145
0. 38
0.753
0.067
0.276
0,377

1.928
1.433
1.151
0.753
1.890
0,828
0.648

The error on the overall measured flow-rate follows from equation (24},

AQ - d

— = 0.357 a k ( —-) so that

Q b,

AQ a

— = 0,117 k ( —-) for tgo insertion holes per line of traverse
Q b |

AQ d
and —- 0.258 k ( —-) for a single insertion hole per line of traverse.

b

Values of k may be obtained for appropriate values of
A range of conditions may be covered more easlily by evaluating

(x/d) (a/p)Y(b/h). Values of the overall carrection have been calculated for

J{E from Fig,3.

tubes/
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tubes with a popular heed-length characterised by x = 84, for a range of
values of d/b and with single or double insertion holes per line of traverse.

The results are shown in Fig.8 and once more show the increase in

blockage correction which is necessary with a single insertion hole ner line
of traverse.

In the absence of information on scale effects on the velocity
profiles in the N,E.L. measurements, one can only be pguided by the circular
pipe results and essume that the blockege correctlons will not vary
significantly over the range of Reynolds numbers covering practicasl flow
measurements with pitot-tubes.

5. Conclusions

Measurements in uniform flow conditions in a duct have shown that
the reduction in static pressure due to blockage by a cylindrical stem is
constant across any particular plsane ahead of the stem, The correction to
the measured velocity at any point is thus the same whether the static
pressure 1s measured by static or pitot-static tube associaled with the
stem, or by wall static pressure holes in the same plans in the presence of
the stem of a total pressure tube,

The static pressure error is given by ACP = = k 8/C where k varies

with the ratio of the distance between the axis of the stem and the plane of
the static holes to the square root of the duct ares, as shown in Fig,3.

In non-uniform flow it is shown that the corresponding error in
any plane of measurement can be expressed as a change in the average dynamic
pressure over the area of the plane of measurement

AC. = -k S/C
. /

o]
or as a change in the axial dynamic pressure

AC = -¢ k s/C

pO max

where ¢ is the ratioof the average dynamic pressure to the axial value, shown
for fully developed flow in circular pipes in Fig.5.

From this it follows that the corrected valus of the ratio of a
local velocity to the axial velocliy on the same plane is related to the
corresponding measured values of dynamic pressure by the equation

U Pk d ¢k S q
o 2[“__(_)-_(_\(355)] ’_.
U AN 2 \¢c/ \q q
O mnax max

Finally calculations are made for an overall single blockage
correction to the flow rate through circular pipes and rectangular duots
subject to fully developed pipe flow, for correction of the flow rate
calculated from uncorrected measurements of dynamic pressure according to

the/
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the log linear method. The corrections are presented in Pigs.6,8.
These caloulations show thal siem-blockage corrections will
normally be small provided traverses are made from each wall to the centre

of the duct, rather than from wall to wall.
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