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SUMMARY 

Wind tunnel measurements ars 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 oorrections 3.n non-uniform flow. 

The method is applied to fully developed pipe flow measurements 
in oiroular end rectangular ducts. 
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width or larger dimension of rectangular duct 

cross-sectional area of pipe 0~ duct 

drag coefficient. Dra$qS 

pressure coeffioient. (p - P)/q 

separation-pressure ooeffiaient (pb - P)/q 

diameter of pitot stem 

internal diameter of pipe 

height or smaller dimension of rectangular duct 

total-pressure 

blockage factor for small values of S/C (Sect.J.2) 

measured blockage factor for large values of S/C 

reciprocal of power-law index (Eqn.7) 

factor representing velocity increment equivalent to 
blockage (Sect.4.2) 

static-pressure of flow. Surface pressure at point on 
body in flow 

surface pressure at separation point on bod,y in flow 

static (or surface) pressure in infinite stream 

dynamio pressure (H - p) 

volume flow-rate 

radial aistance from axis of oircular pipe 
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internal radius of circular pipe 

pipe Reynold's number based on pipe diameter and velocity 
on axis (Uo D/V, 

max 

area of model chosen to define drag coefficient. Projected 
area normal to stream of exposed stem 

velocity component parallel to longitudinal axis of pipe 
or auct 

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). 

ratio (i)(%) or (z)(%) Sqns. 21, 24. 

0 0 

Maskell's blockage constant 
c -"cPbo ) 

kinematio viscosity 

fluid density 

ratio mean dynamic pressure over area of pipe to dynamic 
pressure cm axis of pipe. Eqn. 43. 

oorrected for blockage (Maskell's notation) 

Suffixmax. value on axis of pipe or duct 

Suffix 0 value in absence of stem 

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

2. Introauction 

Ower and Johansen' showed that the basic calibration factor of 
a pitot-statio tube is governed by the relative distance between the plane 
of the statlo~pressure holes and the axis of the oylindrical stem. In the 
absenoe 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 basic oalibration factor can be made equal to unity if so desired. 

The/ 
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The pressure relationships which determine the basic calibration 
factor only apply in a fluid of infinite extant. If the tube is used in 
a finite duct, these pressure relationships are modified by the blockage 
effect as the fluid accelerates to pass the restricted passage in the 
plane of the stem. The static pressure recorded becomes less than the 
true value in the same plane with the tube removed. 

The blockage errcr increases (a) as the plane of the static pressure 
holes approaches the axis of the stem and (b) as the ratio of the projected 
area of the stem normal to the flew, to the seational area of the duct 
increases. 

The author was not aware of any method by which these blockage 
corrections could be calculated except in the plane of the stem, It was 
therefore neoessnry to determine the magnitude of blockage corrections 
ahead of the stem by measurement in a wind tunnel. 

Throughout the report the term "stem blockage" is intended to 
cover the blooksge effect of the stem of 

(4 a static pressure tube on its own reading 

(b) a pit&-static tube on its static pressure reading 

(0) a total pressurw (or pitot) tube on the reading OP static pressure 
holes on the duct wall. 

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

3. Measurement of the BlockaPe Effect&e to a Stem of Circular Section 

3.1 Experimental method 

3.1(a) Basis of method 

The method chosen was based on the author's previous experiments2 
connected with Maskell's theory for blockage effects on bluff models in a 
closed wind tunnel3. 

From a study of thin flat plates normal to the wind, Ma&e11 had 
derived an expresslcn for the relationship between the measured pressure 
ooeffioient Cp at any point on a model and the oarresponding value C 

pa 
for the same point on a model in an inf%nite stream. 

Maskell showed that 

. ...(I) 

where I+, is the measured separation-drag coefficient for the model, based 

on an area S, in a tunnel of cross-sectional area C, C 
Dc 

is the 

correspondin$ 
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corresponding value in an infinite stream and 0 Is a non-dimensional 
blookage faotor equal to -(l/C 

'bc 
), where C 

'bo 
is the value of the pressure 

ooeffioient at the Separation point on the model in .sn infinite stream. 

For thin flat plates the separation-drag is equal to the 
measured drag. For relative1 deep models enveloped in a separated wake 
from the leading edge Cow&e 3x has shown that equation (1) still applies 
as long as one takes CI, to be equal to the measured drag ooeffioient, 

increased to allow for buoyancy effeots on the model within the wake 
(i.e., replacing the solid model by axi equivalent model which terminates 
at the separation line). The present author aonfirmed* that the drag 
relationship given in equation (I) applied for plates and grids normal to 
the wind regardless of their position in the tunnel (e.g. mounted 
oentrally or adjacent to a wall). 

Furthermore, the attenuation of the blookage effect at stations 
ahead of the model depended on the ratio of the distanoe ahead of the 
model to the square-root of the area of the tunnel seotion. More 
explicitly, in the present oontext, 

t-c 
px 

I -c 
= l+fJCD 

P 
0 (3 . . ..(*I 

XC 

where C 
p* 

IS the statio pressure coefficient measured et a distance x 

ahead of the model and on a chosen line parallel to the tunnel axis, 
C 

P 
is the oorresponding value in an infinite stream, f(x/-f6) is an 

xc 
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 blockage associated with pitot tubes of sensible dimensions relative to 
the duct to bL traversed. In these aircumstances we may oonsider Cp in 

the product terms of equations (I), (2) to be oonstant, so that the 
blookage effect should be substantially linear with (S/C). We may then 
oonsider the product (gCp) as a single constant to be cletermjned 

experimentally. 

Earlier theoretical work by Glauert was extended by Thorn 5 to 
cover blookage due to general models including thiok wings in a olosed 
tunnel. 

The method used assumed that the "solid blockage" effeot due to 
the shape of the model wan separable from the "wake blockage" effect due 
to the drag, and that these could be calculated separately and then 
oombqned. Thorn showed that the pressure change at the Wall due to Sol%d 

blockage/ 
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blockage was greater than that on the tunnel axis, for any plane ahead df 
* model. However, the pressure changes due to wake blockage were constant 
tmross any such plane. 

It is now generally accepted that the flow around bluff bodies 
oannot be separated into inviscid and visoous components, because the 
presence of eaoh affects the other. This is emphasised by the fact that 
Thorn's values for the wake blockage factor8 were much too low. However, 
Thorn'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 .scross any transverse plane. Moreover Thorn's work showed 
the advisibility of measurement of the unoonstrained pressure distribution 
ahead of .e finite wall-mounted cylinder when this was required in the 
present investigation, rather than reliance on calculation. 

3.1 (b) Ezcperimentsl details 

The measurements were made in two wind. tunnels. One had a closed 
working section 16.8 ins x 28.8 ins (0.427 m x 0.732 m) with fillets at 
each corner to give .e sectional area at the moael 3.25 fta(0.j5 ma). The 
other was an open-jet tunnel with an elliptical jet 9 ft x 7 ft (2.74 m x 
2.13 m) with a sectional area 49.5 fta(5.33 2). Both by virtue of its 
large area and by the fact that it had an open worldngseotion, 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 just ahead of the stem. The model fitted .s 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-l. 

A wall reference static pressure tapping was fitted 67 ins (1.7 m) 
ahead of the model. A very small static pressu 

g 
e 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 23 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 w&s inserted from the side wall to reauoe 
the insertion length and thus minimise tube vibration. 

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

Measurements/ 
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Measurements were made in the closed wind tunnel at several planes 
~~hend of the model. Each measurement recorded the change in static 
pressure between the empty tunnel condition and that with the cylinder 
inserted to a given depth. 
the dependence on S/C. 

Several insertion depths were used to cheek 

Measurements were repeated in the open jet tunnel with the 
cylinder mounted on 8 ground board in the flow. The reference static 
pressure tube for these measurements was placed well ahead of the model 
position on the dismetrlcally 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 blockage 
plotted against the insertion parameter (S/C) followed a linear relationship 
of the form 

AC = 
P 

- k' (S/C) . ...(3) 

where k' was a function of (x/6). This was anticipated in Section 2(a). 

Measurements on the aentre-lme were abandoned for the range 
a/2 < X < W2 (i.e. 2 diameters ahead of the model) because of the 
extreme sensitiiity of the measurea static pressure in this range to 
positional and directional errors. Outside this rsnge the centre-line 
values of k' were consistently 1 

T 
less than those close to the wall. 

This was qualitatively what Thorn had predicted; numerically the measured 
values of k' were greater than those calculated from his formulae. It w.3s 
possible to deduce a plausible value k' = I.04 for the centre-line value 
at x = 0 by assuming the 13% difference between wall and oentre-line 
positions persisted up to the model. 

The model hail 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 S/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 increase in the velue of 
CD for the model by a factor [I + 1.04 (S/C - 0.02)] or 1.087 at fill 

insertion. Since the parameter k' includes the product OC all values 
of k' were reduced by this factor to yield values k more P' elevant to 
practical values of (S/C). Values of k are shown in Fig.2. 

For a wall-mounted finite cylinder at sub-critical Reynolds 
numbers C 

%o 
would be about - 0.8, so that the reciprocal, of reversed 

sim, S should be about 1.25. An average value of CD for this model 

might/ 



-8- 

might be 0,9 making k at x = 0 (=eCD) about 1.1. This aompares well with 

the measured values. However, as Raskell has pointed out3, in some Reynolds 
number ranges blookage might well affect the separation position and in 
consequence the separation pressure coefficient on a oylinder. It would 
be inadvisable to assume that there will always be good agreement between 
infinite stream measured values of (-.1/C pbo) and 0 at higher Reynolds 

numbers. In the present application the magnitude of the statio pressure 
oorreotion for stem blockage would normally be small, so that dlfferenoes 
between oorreotions on the axis of the duet and. those on the wall may be 
ignored. Then an average ourve for K (as in Fig.3) oould be used both for 
combined pitot-statio tubes and for pitot tubes used in oonjunotion with 
a wall static pressure tapping, 

4. The Caloulatlon of Corrections to Overall Flow-rate in a Duot for 
the Effcots of Pitot-stem Blockage 

4.1 General 

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

Aq = k(S/C) . ...(5) 

For aoourate flow measurement in duets it is also neoessary to 
ensure that the turbulenoe is not unduly high and to correct for it. 
These requirements are best met by making flow measurements in long smooth 
olroular pipes where the turbulence characteristics are reproduoible, 
moderate and known. In suoh fully developed pipe flow the mean-velociw 
profiles are stable and depend only on pipe Reynolds number, so that 
measurements at a few radial positions, chosen by the log-linear method-/, 
will suffioe to give an aoourate mesn flow velocity. Onoe the number of 
points of measurement per diameter have been chosen the location of the 
measuring positions follows automatically. 

In these circumstances it is oonvenient to oaloulate the effeot 
of oorreotions for blookage (and other effects) at each point of 
measurement and to assess the overall effect of neglecting suoh oorreotione 
on individual readings with the intention of applying overall corrections 
to the volume flow rate. 

An essential preliminary step in such oaloulations is the 
assessment of the effect of the non-uniform velocity profile in developed 
pipe flak on stem blockage. 

4.2 BlockaPe in a non-uniform velocity profile 

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

diffioult/ 
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Jifflcult ana so One has to rely on known b&C features of blockage and 
blllff-body aerodynamics in order to apply the uniform flow pitot-stem 
00rreotion.9 to the more general developed pips flow Case. 

From measurements of the base pressure on flat plates normal to 
the wincl in a closed wina 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 experimentam that the total blockage 
effect due to two flat plate or QL~ models in the same plane was the same 
as if the individual quantities (e(+,S/C) were introduced by a single model 
representing the same total value of(eC,S/C). 

Both of these features are consistent tith the concept that the 
total effeot of the infinite series of images of a model in any one tunnel 
wall is equivalent to a single concentrated image at a distance large 
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 seotion, irrespective of the position of the model or 
models in their Common plane. 

Fig.4 shows measured values of the ratio ( - CdCp;) measured 9n 

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 o. non-uniform power-law profile of 
index l/5. The measurements were incidental to an investigation of wind- 
loading on chimneys including surface flow visualisation, so that the 
boundary layer separation position at any height was known and there was 
no difficulty in deciding the circumferential positlon at which the surface 
pressure was equal to C . 

'b 
It will be seen that, for present purposes at least, the values 

of -(cJcpb) are not seriously affected by the velocity 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 whioh constitutes the whole 
cylinder will oontribute the same value A(0 CD S/C) in a non-uniform stream 

as in uniform flow. It follows that the blockage effect, as defined by the 
faotor (1 + n), by which all velocities outside the wake are inoreased, will 
also remsin unchanged whether the flow is uniform or not, and all velues of 
local dynamic pressure will increase by approximately (I t 2n) when n is 
sufficiently small for na to be negleoted. 

By comparison with equation (I) in Section 2.2(a) 
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or in terms of the experimental constant k, 

2n = k S/C . ...(6) 

where values of k ere plotted Fig.4. 

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

U m r 
0 = ,-- 
u 0 max ( > R . ...(7) 

where the local approsoh velocity is U. at a radius r, U OmCU on the pipe 
axis, R the pipe radius and m is a constant depending on the Reynolds 
number of the flow. 

The oorresponding ratio of the dynamic pressures will be 

2 

90 

ii 

- 1 

( ) 

,-T 

P 
0 max 

R . ...(8) 

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

ii 22 
-!T = 
u 0 ma* (m + 1)(2m + I) . ...(9) 

and 

n ma 

0 I 

9 
OmaX 

(m + 2)(m + I) . . ..(io) 

If all velocities in the power-law profile are inoreased by a 
faotor (1 + n) these ratios are unchanged. We may therefore apply 
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 oaused by 
blookage. 

Thus, 

ii.= p,+:, = p+(l+2n);io 

so that 

AC 
PO 

= (p - po,/<, = 4% = -k S/C 

. . ..(I11 

. . ..(I21 
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In terms of the axial value of the dynamio Pressure, 

AC 
P = (P - Po)/qo max= -(k S/C)(;/q 0 omax ) = m# k S/C 

OmaX 

. . ..(I31 

Since blookage corrections will normally be small, there is no 
need +.o obtain (Tdq,d f or 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 velocity U omd. These values have been obtained 

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

4.3 Correotion of looal velocities measured In developed pipe flow 

It is usual to express local velocities, measured in a oircular 
pipe, as fractions of the axial velocity, so that any subsequent Integration 
prooess is non-dimensional. The stem-blockage corrections for this purpose 
are best made in two stages. The axial dynamic pressure reading is first 
correoteaj that is 

P 0 max = %,,[I - $ k S/Cl . . ..(I41 

where S/C for this reading has the value 2 
( > 

d 
5 l 

Then the readings of local dynamic pressure are made non-dimensional 
in terms of the oorreoted value qomex These are subsequently oorreotad 

according to equatlofi (13) whereby 

cz,! = <: bks'C = e Y .*m*(,5) 
omax omax 

The derived values of U P Oli%X 
are available for graphical Integration. 

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

;,- [I+: (py)(~)]J~ 
(1 ax . . ..(16) 

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

From the individual corrected measurements of Uofiomax, graphical 

integration/ 
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integration is nonsally used to derive a mean value YJUcmax for the 

section traversea. The corrected flow rate then becomes 

QC = o($ ,JF) CmaX . . ..(I71 

Similarly a single corrected velocity would be 

)Jp-fg 

0 max . . ..(I81 

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

4.4 Overall blockage corrections to the volume Now-rate measured 
in a circular pipe by the log-linear method 

It is possible to calculate cczrections to the overall flow-rate 
in fully developed pipeflow, for general applicatzon at a partioular 
Reynolds number, provided traverses are made on each diameter by means of 
measurements at fixed radial positions. Such corrections are applied 
finally to flow-rates which have been estimated from uncorrected readings. 
If we convert equation (13) into the approximate form 

the error in substituting (q 
OmadqO) 

for (qcmeo(q) in the correction term 

will be negligible In the present application. 

For the measurement of flowsate in a pipe we require oorrected 
values Uc[i.e (Uo/Utia$Umax 11 whereas the stem-blookage error would arise 

from the use of unocrrect..M values U[i.e (U/U,~ (Urna=)]. Thus we can 
assessthe errors due to blockege by collsideration of the difference between 
the terms Uo/lT,,and U/Umax at each point of measurement. 

From (19) it follows that 

. . ..(20) 

Thus/ 
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'"bus the error 

If D is the pipe diameter ( = RR), d the pitot-stem diameter and s the 
immersion depth of the stem in the fluid we may write 

so that the error may be written more 

conveniently for caloulation as 

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 measurements of airflow through 
an 18 in (0.457 m) diameter pipe with an axial velocity of about 80 ft/a 
(24.4 m/s). The measurements would be made at either 10 or 6 points per 
dlameter at radial positions derived from general expressions for the log 
linear method given by Winternits and Fischl 7. This method yields 
average flow velocities on each diameter traversed, by taking the 
arithmetical mean of the velocities measured at each radial position. An 
extra measurement is required on the axis of the pipe solely for blookage 
correction. We will consider the measurements to be made in alternative 
ways, (a) with a single insertion hole per diameter, so that the pitot- 
stem immersion csn exceed one radius for some readings and (b) with two 
Insertion holes per diameter so that the pitot-stem immersion never exaeeds 
one radius. For the example ohosen the pips Reynolds number 

'b .aJ = Uomax D/v ) o 0.75 x IO" and in fully developed pipe flow the 

velocity profile may be expressed in the form 

The calculations are set out below to demonstrate the relative 
contributions t.6 the blockage error at the various measurement stations, as 
indioatea by the magnituda of the product term. 

10 point/ 
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10 point log-linear method 

r 

Full diameter msertion 

A 
One redius insertion 

A 5 t \ 
.038 .152 .306 .434 .722 1.278 1.566 1.694 1.848 

R 

U 
0 .707 ,821 .883 .916 .966 .966 .916 .883 .a21 

0 max 

.076 -225 .393 .517 .733 1.370 7.865 2.087 2.740 

Mean of first 5 points = 0.397 Mean of 10 points = 

6 point log-linear method 
Full diameter insertion 

. 

1.962 

.707 

3.930 

1.398 

/ 
One radiu~insertion 

\ 
.064 .270 .642 1.358 1.730 I.936 

R 

uO - .749 .871 ,955 .955 .871 .749 
U 

OUVAX 

( ;xuor] .I14 .356 .705 j.490 2.277 3.450 

0 

Mean of-first 3 points = 0.392 hdesn of 6 points = 1.399 

These figures show that the stem blockage error8 are virtually 
identical. whether the 6 point or 10 point per diameter method is used for 
the velocity profile typical of this Reynolds number range. 

If we let the mean value of (e/R) (Uo',~,') equal a then at 

% max = 0.75 x I@ a = 0.395 or 1.398 for one-radius insertion and one- 

diameter insertion respectively. 

Inserting these values in equation (21) with the corresponding 
values for $ we have for RR max = 0.75 x IO6 
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for two insertion holes per diameter 

AQ 
-P 
Q 

for a single insertion hole per diameter 

If Ws repeat these oaloulations for M = 6 oorresponding to a Reynolds number 

5J = 1.7 x I@ (which represents the approximate lower limit for accurate 

fl&?meesurement) we find that 

AQ d 
- E - .OVl k - 

( ) 
for two insertion holes per diameter 

Q D 
23) 

AQ 
-r - .359 k " 
Q ( J 

for B single insertion hole per diameter 
D 

t 
The ~~11 scale effect resulting from this large change in Reynolds number 
is insignifioant in the calculation of blockage corrections and it is 
suggested that the values for RD 

me.x 
= 0.75 x lOa, should be applied to all 

flow measurements in pipes. 

Values of k have been inserted in e ustions 
tubes of various stem/pipe diameter ratios ( 3 D) 

(22) for pitot-statia 
and with stem to static hole 

distances x = 0, 8d and 16d. The value x = 0 applies to the oantilever pitot- 
tube3 x = 8d oorrssponds to the most-used range of pitot-statia tubes; 
x = 16d represents a pitot-static tube with .s generously long head. Each set 
applies equally to the case of a pitot-tube used with pipe-wall static pressure 
tappings where ths stem of the pitot tube is in a plane at B distance x from 
the plane of the wall tappings. 

The results are plotted in Fig.6. The benefit of the use of two 
insertion holes per diameter in the reduction of blockage corrsotlons is 
clearly shown. The advantage of longer pitot-static tubes in this respect 
om also be seen. Other values of x/d may be considered by taking the 
appropriate values of k according to the values x/fi from Fig.3. For 
considering a whole range of conditions it is useful to evaluate x/fi for a 
ciroular pipe as (2/J;;)(x/d)(dJD). 

4.5 Overall blockage correotions to the volume f1owoxat.e measured in 
a rectanmlar duct by the 26 point log-linear method 

Information on fully developed flow in reotangular ducts is less 
complete than that for circular pipes. Nevertheless there is sufficient 
information to make an estimate of overall corrections to the volume flon- 
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 o&r 
to check the performanoe 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, if the duct is not square), and the traverse positions are shown 
in Fig.7. 

We will consider a quarter duct with 7 points of measurement. The 
mean velocity through a quarter duct is given by 

ii = l/24 2 (U, + Ua + Us) + 3 (Us + U., + Us + Us) + 6u, 
1 . . ..(23) 

where Un is the looal velocity at B point n in Fig.7. Myles et al8 give 

measured values of the velocity at each point end of 5 in terms of U-, the 

velooity on the axis of the complete dust. 

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

U 
A - ( ) U m*x 

= i+k( ;)( :;;-) 

For the reotangular duotl with stem insertions parallel to the shorter side, 
this beoomes 

and aocording to N.E.L. Report 251, 6 = (O.@h5)’ = o-714 

Thus 

= %357k(%)[(;)(s )] 
0 max . . ..(24) 

As for the circular dud, we will find the effective m3an vslue of the terms 

01 = (s,/h)(UOa/UOamax) first. This is given by 

a= l/24 2((ll+a,+aS)+3(as+ul+as+as)+6a~ 
L 1 

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

Upper/ 
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Point 

Point, 

wer quarter-duet 

(z/h) a 

.034 ,708 0.060 

.092 .796 0.145 

.250 .a07 0.3wc 

.500 .815 0.753 

.oYt .715 0.067 

.250 ,952 0.276 

.367s .988 0.377 

Lower quarter-duct 

b/h) (u/Jo,,) a 
.- 

.966 .700 1.928 

.908 .796 1.433 

.750 .m7 1.151 

.WJ .815 0.753 

.966 .715 1.890 

.750 ,952 0.828 

.63&1 .908 0.W 

a for the upper seation only = 0.329 
a for both motions = 0.723 

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

AQ 

T 
for t?o insertion holee per line of traverse 

I 

AQ d 
and - = 0.258 k - 

( ) 
for a single insertion hole per line of traverse. 

Q b 

Values of k may be obtaimd for appropriate values of C from Fig.3. 
A range of conditibns may be covered more easib by evaluating # c as 

b/@(d/b)Jlb7h7. V 1 a ues of the overall correotion have been calculated for 

tubes/ 
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tubes with a popular head-length characterised by x = 8d, for a range of 
values of d/b and with single or double insertlon holes per line of traverse. 

The results are shown in Fig.8 and once more show the increase in 
blockage correotion which is necessary with a single insertion hole oer line 
of traverse. 

In the absence of information on scale effects on the velocity 
profiles in the N.E.L. measurements, one cm only be guided by the circular 
pipe results and tzssume that the blockage corrections will not vary 
slgnlfioantly over the range of Reynolds numbers covering practical flow 
measurements with pitot-tubes. 

5. Conclusions 

Measurements in uniform flow conditions in a duet have shown that 
the reduction in static pressure due to blockage by a cylindrical stem is 
constant across any partxular plene ahead of the stem. The correction to 
the measured velocity at any point is thus the same whether the static 
presstire is measured by statx or pit&-static tube associated with the 
stem, or by wall static pressure holes in the same plane in the presence of 
the stem of a total pressure tube. 

The statio pressure error is given by AC = - k S/C where k varies 
P 

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

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

AC = 
PO 

- k S/C 

or es a change in the axial dynamic pressure 

AC 
P 

= - # k S/C 
0 mex 

where $J 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 correoted value of the ratio of s 
local velocity to the axial velocity on the same plane is related to the 
corresponding measured values of dynamic pressure by the equation 

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

the/ 
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the log linear method. The corrections sze presented in ~igs.6,8. 

These oaloulstions show that stem-bl~,akw:e 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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