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ADDENDA AND CORRIGENDA

Add after 'in all these tests', the words 'in a uniform
flow'.

Add  'The Reynolds numbers of the pitot tubes at the
centres of the wakes ba.sed on the outside diameter and
conditions behind the pitot shock wave varied from about
5,000 at M = 1,75 to 240 at M = 3.19. Hence at the
highest freestream Mach numbers viscous effects may
affect the pitot tube readings near the wake centre for
tubes of outside diameter less than 1.0m.m.’'

Delete 'induced by the upstream influence of the pitot
tube!,

'reduced! should read ‘'reversed'
Delete ‘'much'
Add after 'theoretically' the words ‘'at the time of writing'

d‘/‘D should read '0.078'

'3,im.m. 0.Ds x 3mem, I.D,' should read
Panan, 0D, = Imias 1.0,

Delete point ) at D _ 0.06, 4 ol
W D
(o]
aand insert at % = 0,06, %: 0.17
(o]
e D d
Add peint V at & = 8.0, S = 0,06
(o]

Alter point  at log %

/H,

g = 0.9, log D = 1,25

to 1
2m,m, offset should read 0.2m.m,
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SULMARY

The apparent displacement of the effective centre
of a circular pitot tube from its geometric centre when
placed in narrow wakes has been measured at sub- and super-
sonic speeds, Similar effects were found at all speeds, If
the tube dieameter was small compared with the wake width, the
displacement was towards the region of higher velocity, and
was proportional to the tube outside diameter. For larger
tubes the displocement was reduced, and was reversed in
direction when the tube diameter exceeded ebout three times
the wake width,
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-5

17« &ydam ' ! ! O.2rm1 offset

16, 1rm. tube behind Fin, chord wing at M = 3,19 (0.5rm offset§
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2, IList of Symbols
a radius of cylinder (see Appendix)
D outside diameter of pitot tube
d , inside diameter of pitot tube
H? pitot pressure (measured) in wake
Hb reference pitot pressure (measured) out;ide walke
M Mach mumber
Py stagnation pressure ahead of pitot tube shock wave
P, calculated freestream stagnation pressure dovmstream
of trailing edge shock wave
r,0 cylindrical polar coordinates
aHyHo
8 transverse gradient of total head ratio 3y
u, freestream velocity along cylinder axis (see Appendix)
w apparent wake width
W, undisturbed wake width
Wo naxirum undisturbed wake width
(x,5) rectangular cartesian coordinates
) - displacemnent of stagnation streamline
A vorticity



3¢ Introduction

It has been shown by Young and lMaas (1) that at low
subsonic speeds the cffective centre of a pitot tube in a
transverse gradient of total head is displaced from the geometric
centre of the tube towards the region of .higher velocity,.
Their results showed that over a fairly wide range of conditions
this displacement was approximately equal to 0,18D, where D
is the outside diameter of the pitot tubes It follows that
the displacement effect is smell if the pitot tube diameter

~is small compared with the width of the region of varying

total heads In general, thercfore, in experiments in wakes
or boundery layers at subsonic speeds it is usual to select
a pitot tube diameter small compared with the weke width or
boundary layer thickness,

At supersonic speeds, however, it may of'ten be ik
desirable to use a pitot tube whose size is large compared
with the dimensions of the wake or boundary layer which it
is traversing. This may be due either to the small size of
model being used, or in intermittent wind tunnels where the
long time lag associated with a small tube must be avoided,

It is therefore important to know the magnitude, if any, of

the pitot tube displacement effect in flows at supersonic
speeds, lMeasurements with pitot tubes in the wske of an
aerofoil at a lMach number of 1,96 have been reported by
Johamcsen and lair (2), These tests were conducted in the

wake of a 0¢75in. span single wedge aerofoil, 2,5in, downstream
of the trailing edges The outside diameter of the tubes

used varied from 0,036in, to 0,720in., but no displacement
effect as found by Young and Maas could be detected.

The experiments described in this report were
intended to investigate the displacement effect over a wide
range of Mach numbers and tube diameters. For completeness,
some tests having similar ratios of pitot tube diameter to
wake width were also carried out at a low subsonic speed,
These latter tests extended the range of the Young and Maas
tests to the case where the pitot tube diameter was of the
same order as the wake width,

The experimental results at supersonic speeds were
obtained between 1953-1955 by Brown A.C, and Olds W, (M = 1,75),
Keates Re.E. and Socha W (M = 2.36), Hastings R.C. and Searle G.A.C.
(M = 3419), as a part fulfilment of the requirements for the
Diploma of the College of Aeronautics,
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4o Description of tests and apparatus

(i) Supersonic

These tests were conducted in the College of Aero-
nautics 2%in, x 2%in, supersonic intermittent wind tunnel at
Mach numbers of 1,75, 2.36 and 3.19, In normal operation,
air flows from a dry air bag at atmospheric pressure through
the working section of the tunnel into vacuum tanks which are
exhausted by continuous pumpinges The normal available
running time varies from ebout 30 secs, to 90 secs., according
to the Mach number, The stagnation pressure of the tunnel
was approximately equal to atmospheric pressure, the small
dif'ference being measured by a Chattock gauge. The free=
stream Mach number was found by measuring the static press
on the surface of a calibrating cone placed in the working
sectione

The dimensions of the pitot tubes tested at each
Mach number are given in table I. The tubes were first
tested in the empty working section to check that they all
gave the same reading., A two-dimensional symmetrical double
wedge aerofoil of #in. chord and thickness chord ratio ten
per cent was then fitted in the tunnel, and traverses were
made through its wake, 1/4in, behind the trailing cdge. The
traverses were made in a direction perpendicular to the plane
of the wing, by mounting each pitot tube on a sliding support
moved by a micromecter screws A static pressure tube was
also traversed behind the wing at the same position. At
M = 3419, a similar wing of 1.75in. chord was also used, in
order to obtain a wider wake,

The pitot pressures were measured on a vertical
mercury manometer, to an accuracy of about 0,01in, of mercury.
Corresponding readings of static pressure were taken from
tappings in the top liner of the working section, A number
of Schlieren photographs were taken at each lach number, and
some of these at M = 3,19 are shown in figs. 15 ~ 18,

(ii) Low_speed

Two sets of low speed tests were made, the first
being at a wind speed of 59 f.pss., using the pitot tubes
whose dimensions are given in table II, Traverses were made
in the wake of a 2in, chord symmetrical 10 per cent thick
aerofoil, with the pitot mouth 1in, from the trailing edge.
The total head pressure was measured on an inclined tube
manometer, and the traverses were repeated several times in
one direction only, to avoid errors due to backlash in the

lead screw of the traversing gear, In these tests all the
pitot tubes except that of 32mm, diameter were very small
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compared with the wake width,

The second set of tests was made using very narrow
wakes, given by 1/16in, and 1/32in, thick flat plates of 1in.
chord at zero incidence, The wind speed was 50 fep.s. and
pitot tubes 2, 3, 4 and 9 (table II) were used.

Be Results

(i) Supersonic

At each Mach number, static tube traverses were
made across the working section in the wake of the aerofoil,
and the static pressure was found to be constant within
about + 2 per cents The pitot tubes were then tested in the
empty working section, and found to give similar readings of
total head, indicating that no errors due to viscous effects
were present, This might be expectcd, as Sherman (3) gives
Re = 200 as the Reynolds number below which viscous effects
on pitot tubes are importants 1In all these tesW
Reynolds number, based on conditions in front of the pitot
tube shock wave, was greater than 1000 per mm, The readings
of total head obtained from the pitot tube traverses were
expressed as a fraction Hp/po’ where Hp is the totel

head reading, and P, is the calculated stagnation pressure

behind the trailing edge shock wave in an inviscid flow, F
Typical total head profiles across the wake at M = 3,19 are
shovn in fige 1. It will be seen that the apparent wake
width at any given value of H p/po increases as the tube

diameter is increased., Thus the effect of pitot size in
this case is to displace the effective centre of the tube
towards the region of lower velocity = an effect opposite to
that found by Young and }Maas at subsonic speeds.

It may be noted that the total head readings rise
to meximum values immediately outside the weke boundaries,
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Flow
Direction

As will be seen from the diagram above, this rise in total
head occurs in the region behind the fan=-shaped compression
waves ncar the trailing cdge. Since it is probable that the
total head loss across this compression fan is slightly less
than that across the single oblique shock wave further out,
this would explain the higher measured total head reading.
This effect was not observed in the case of the larger wing,
where boundary layer separation,

Srdureed—by—the-upatnoes-
influenee—ef-the—pitet—tubesy occurred at sbout 60 per cent
chord.,

The results of the traverses behind the 1.,75in,
chord wing at M = 3,19 are shown in fige. 2. It will be seen
that the displacement effect is in the opposite direction from
that found when using the smaller wing,.

In figs. 5 to' 8, the apparent weke width w, .at
various values of H /p < is plotted against the external
diameter of the pit tubes the internal diameter being
constante The undisturbed woke width, W at each value

of total head, is given by extrapolating these curvecs back to
zero diemeter, and the displacement of the effective tube
centre from its geometric centre, &, is equal to #(w = wo).

On each of these graphs is also shown the estimated undisturbed
maximum wake width, Wo. This is taken as the maximum width

of the linear portion of the profile given by the smallest tube
‘used, It may not be an accurate estimate of the interference
frec maximum wake width but is useful as a reference length

in analysing the results,
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The variation of displacement with internal diameter
was not investigated as such. In the results obtained for
tubes of constent ratio d/D of internal to external diamecter,
most of the displacement was accounted for by the variation
of external diameter, and the effect of internal diameter far
values of this ratio less than 0,5 was found to be negligible.

For 4 > 0.5, a slightly smaller displacement was found,

D

(ii) Low speed

All the readings were expressed as ratios of
indicated total head to free stream total head, and typical
profiles with different wakes are given in figs, 3 and 4.
Plots of the apparent weke width againsgt diameter are showm
in figs. 9 and 10, together with an approximate value for the
undisturbed moxinum wake width W_ (sce definition above).

The effect of varying the internal diameter, with constant
outside diameter, is shown in fig, 12, where weke widths
obtained in the first set of experiments with pitot tubes of
32mme outside diameter and inside diameters of 1.7um. to 20rm.
are shovme It will be scen that as in the supersonic case,

the internal diameter has negligible effect for 0,1<4d/D < 0454
For valucs of d/D greater than 0e5, the displacement effecct
was slightly reduceds For very small inside diemeters, the
displacement effect was slightly increased,




6. Discussion

(i) Nature of the flow pattern

To clarify the physical picture, let us consider a
pitot tube placed in an inviscid shear flow, such that the
change in velocity across its diemeter is small compared with
the mean stream velocity. The vorticity present in the free-
stream will give rise to a curvature of the streamlines in the
vicinity of the tube and in particular to the stagnation
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streamline which intersects the mouth of the tube. This
stagnation streamline, therefore, does not come from a position
far upstream coaxial with the pitot tube, but from a position
displaced towards the region of higher velocity.

Since no flow is possible dowvmn the pitot tube a
free streamline will exist across the mouth of the tube, This
must be approximately a line (or surface, in the three-dimen-
sional case) of constant pressure and velocitys the pressure
is equal to the total head of the stagnation streamline, end
the velocity is zero. Thus the flow past the pitot tube
will be similar to that past a solid body of the same outside
dimensions, The inside diameter therefore should have little
effect on the external flow,

When the pitot tube spans the centre of a wake, and
is acted upon by regions of opposite vorticity, the problem
is obgiously more complicated, An attempt was made to
obtain a two-dimensional picture of such a flow in a smoke
tunnel, but any measureable displacement of the stagnation
strcamline was masked by the rapid spreading of the flow
near the tube mouth,

(i1) Direction of Displacement

The low speed experiments of Young and lMaas, and
also the earlier low speed tests made at Cranfield, showed
that the displacement effect was tofwards the region of higher
velocity, and equal in'practically all cases to 0,18 Ds It
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appeared to be independent of total head and velocity gradient.
On the other hand almost all the supersonic tests showed a
displacement in the opposite direction, which varied consider-
ably with total head and Mach number, * (Except for the larger
wing at M = 3,19, only one wake was used at each Mach number) .

/It was ...

Since on theoretical grounds the displacement effect .is a
function of the sign of the vorticity ahead of the pitot
tube it was suggested that thc negative ‘displacement effect
at supersonic speeds might be associated with a change in
sign of the vorticity of the flow in crossing the bow shock
wave of the pitot tube, In fact it is found that for a
plane shock wave, upstream of which the supersonic flow is
of constant vorticity and static temperature, a reversal in
sign of the vorticity downstream of the shock wave occurs
for Mach numbers between 1 and 2. In cases where the
total energy, rather than the static temperature, is con-
stant upstream of the shock wave, the vorticity is wedeeed WM
in sign at all supersonic Mach numbers This might there-
fore explain the change in direction of the displacement

in the supersonic experiments,. However, there is no
evidence as to whether either the temperature 6y total
energy is constant across the flow, and it is difficult to
establish whether this reversal in vorticity would take
place across the curved bow wave. In any case, as the
later experiments showed, a reversal of displacement can
also occur at subsonic speeds,
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It was noted, however, that the earlier low speed
tests were all made using tubes of smaller diameter than the
maximum weke width, whereas the supersonic tests giving a
reversed displacement used very narrow wekes, and the tube
diameters were then at least twice the woke widthe The only
large supersonic wake used, that from the 1.3/4in, wing at
M = 3419, gave a displacement in the same direction as the
earlier low speed tests. It may be noted that boundary
layer separation occurred on the larger wing at M = 3,19, No
displacement effect was apparent in the relatively flat
central region of the wake but a positive effect was found in
the regions of shear flow, (We shall call this direction positive)s
Some further experiments were made at low speeds using very
narrow wakes and large tubes, and a negative displacement was
found, The direction of displacement appears therefore to be
controlled, in our experiments, not by the stream Mach number,
but by the size of tube relative to the wake widthe In
fige 13, the value of §/D given by experiment is plotted as
a function of 'D/Wo’ where W_ is the undisturbed maximum

weke widthe A logarithmic scale has been used for D/‘Wo,

as these values vary from about 0,01 (Young end Maas 0,014in,
tube) to 10 (Cranfield 6,4mm tube)s It will be seen that
both the subsonic and supersonic results, together with those
of Young and lMaas, lie roughly on a straight lines Tubes
for which the value of D/W_ is greater than sbout 2 give
a negative displacement efféct,s In the case of Johannesen
and Mair, it was formerly assumed that no displacement was
shown by their resultss However, for their tubes B and C,
D/W_ is of the order of 1 or 2, so we should expect the
disglacement to be very small, Plotting the wake widths as
in fige 11, we sec that the mean displacement for tube D

is about 0,06D, and for this tube D/'wO = 3,6, This result
therefore agrees qualitatively with ours, although the total
head profile given by tube D is considerably distorted, . The
other large tube, F, which has a very small internal diameter,
gives a negligible displacements This may bec due to the small
internal diameter causing an increased positive displecement
as found in our experiments, and so reducing the negative dis=-
placement which would otherwise have been obtained for this
tube,
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As mentioned in the previous section, it was not
possible to obtain a satisfactory flow pattern in the smoke
tunnel for the case of a very wide pitot tube, It is evident,
however, that as the tube size increases, the upstrcam effect
of the tube on the wake development will become greater, and
there will be considerable distortion of the weke profile and
external flow strecamlines, An increase of the actual wake
width will of course have a similar effect on the total head
readings as a negative displacement effects The real dis-
placemgnt effcet, which is always positive, will be masked
by the growth of the wake, and it is perhaps surprising that
such little distortion of the true wake profile occurs when
a tube of fairly large diameter is used,

(iii) UMagnitude of the Displacement Effect

Having discussed qualitatively the effect of tube
size, we can consider in more detail the behaviour of the
displacement & when the tube is much smaller than the wake
widthe Under these conditions the tube may be considered as
in a unidirectionel constant shear flow. The expcrimental
results then show §/D to be equal to 0,18D under a wide
range of conditions. (Only one such result was obtained in
the supersonic tests, however, owing to the small size of wake
possible in the tunnel), 4s pointed out in ref., 1, §/D
should be some function of D U L, where % and u, are

the vorticity and mean velocity of the flow near the tube mouth,
The results therefore imply that P [D/uogj is equal to

0,18 for all positive values of D/hoz, and =0,18 for all
negative values, with a discontinuity as D/uo?; passes

through zero. Physically, this is difficult to accept, and
it is more likely that the function decreases rapidly for
values close to zero, as would occur at the centre of a wake
or with a very small tube, (The displaccment given by the
imme tube in the low speed tests does, in fact appear to be
meek- less than 0,18D),

The flow around a three dimensional body in shear 5
flow, such as a pitot tube, has not been treated theoreticallyﬂfd.bw
but some light may be shed on the problem by considering the m,,'t,j“z
case of a two dimensional cylinder (see Appendix), The dis=- \1
placenment of the stagnation streamline from the body axis far

2.3
4 ' [} _uo ‘/ &2
upstrecam is found to be 2 Y0 1+ Y1+ 5

2 u
(e}

(using the present sign convention)
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where a 1is the radigs of the cylinder, The form of this
function is as shown,

S

It will be seen that as %3 becomes large compared to unity,
A o
-g- tends towards a constant value of fl +» Presumably,
: 2
therefore, the displacement effect on the pitot tube will
behave in roughly the same manner when éD/uo becones large

with I:espect to a certain value, This value must be consid=
erably less than 0.1, however, for the experimental results
show that % remains constant for values of %Q dovm to Oo1s
To examine experimentally the behaviour of % © in the region

ﬁhere ? < 0,1, a series of extremely small pitot tubes in
o
a wide wake would be needed,

Coming now to the case where the tube spans the wake,
and the displacement is reversed, the flow is clearly too
camplex to find a theoretical relation foyr 0. Examination
of figse 5 to 11 shows that & increases rapidly with tube

# A more general result for two-dimensional cylinders of
elliptical cross~section has been given by Mitchell and
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H

diameter, and appears to be &lmost proportional to ﬁ_P_ 3

where H  is the pitot reading outside the weke, I% also
increases with increasing velocity gradient (although the
variation of the latter was gmall in the supersonic experi-
ments). By plotting values of

&
HP/H-O oS

d H/H

_732372 Jegainst log D (fig. 14), it is found that the

log (where s 1is the total head ratio gradient

displacement varies approximately as D2, which gives the -
dimensionally correct formula § = k g— oS DZ. The presen’c
o
results give values for k of 0,012 to 0,023 for the super-
sonic tests, and ebout 0.033 for the low speed test, The
widest. tube used in Johannesen and lair's experiments gives
a value of 0,035, Thus the arder of nagnitude of the dis=
placenent effect due to distortion of the wake by a very wide

tube may be token as very approximately 0,02 H,/HO s D2,

This is only applicable where the tube is at least
twice the wake width, whereas the relation 6 = 0,18D seems
to apply only for tube diamcters lecss than one third of the
wake widthe, In the intermediate region, the true displacement
effect is clearly modified by the effects of distortion of the
weke, Although no simple relation can be suggested for the
value of & in this region, some idea of the magnitude of
the effect may be obtained from fig, 14, It will be noted
that when D/WO is approximately 2, the resultant displacement

is practically zero.

(iv) Accuracy of the total head readings

In the shear region of the wake profiles, any
innacuracy of total head reading has been taken as part of
the displacement effect., Thus, if a correction for the
displacement is applied to the tube position, the reading of
the tube will be the correct total head at the new position.

Near the wake centre, where the total head gradient
falls to zero, there should be no error in the total head
readings provided viscous effects are negligible, This
eppears to be substantiated by experiment, since the variations
in total}-head reading at the weke centre are less than 2 per
cent for tubes smaller than the wake width, 1In the case of
the wider tubes, the spreading of the woke will of course
alter the truc total head at its centre.
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APPENDIX

The displacement effect for a two=-dimensicnal circular cylinder

in a shear flow

Congider a two~dimensional shear flow with constant
vorticity & past a circular cylinder of radius a, The

equation for the stream function, v , is

V W i é ....0.000.5.(1)

with the velocity components u and v given by

o g
u'ay"’“ ox

TRER i

and o SR ek

If the axis of the cylinder is teken as the origin
of the rectangular cartesian coordinates (x,y) and polar
coordinates (r,0) and u, is the freestreanm velocity at
¥=0 (x =41+ ) then it can be shown that the solution to
equation (1), satisfying the boundary conditions in the free-

stream and on the cylinder, is

2) £ 4)
S wilks ) a &\ 2
z‘ér +uOQ" v sn.n6+L,r\r cos 20
"..Q.......(z)
and in the freestream (r 35 o)
_& .2
v 5y +uy cosscosoeess(3)

The stream function v for the stagnal’cion streamline, and
its coordinates, are found from equation (2) when r = a giving
i
‘Ifs(r',e')=-LZ'=-%r'2 <r'--—>u sin ©
é- (r’z -2 > cos 26!
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and since r?! sin 6! = y!

2
é. <-—2 & 1) y‘z R T y' - %— =0 -.ocooo-o(l{-)

o .

The stagnation streamline meets the cylinder at the
point P(a,0 ). From equat:.on (4)

> |
Sln es = 5 Z . + 1 i \/1 e ! o.coo-oooooo(s)

l— -

For values of ? < -lj-'"- equation (5) gives one
o

front and one rear stagnation point, For values of é—aﬁ > -%-
: o

there are two front and two rear stagnation points. As

52 + o (u % 0) the stagnation points are at (30°,150° and
(o]

—300,2100). The displacement (8) of the stagnation stream-
line far upstream fram the cylinder axis is from equation (%),

since r’:oo,&:-y',.
u G2
'S::-'—o‘ <1i"/1+i2'_>
e,

For values of é?‘ <« 1 % & - %ﬁ but for larger values of

[e] o}

uéé % becomes more independent of %5 s and approaches
(o) (¢]

the limiting values of ‘/_'1'— .
2
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Tubes used in Supersonic Tests

Tube Outside Diem, Inside Diam, a/D
D (mem.) d (mem,)
1 0.50 0.25 0,50
2 14015 0450 0.49
3 2,00. 1.40 8570
L 2439 2,00 0,84
5 3,18 0.50 0,16
6 6.38 0.50 0.08
TABIE IT

Tubes used in low speed tests

Tube Outside Diam, Inside Diam, a/D
D (mem,) d (mem,)
1 ¢ AL, 0,50 0,50
2 3.8 0,50 0,16
3 L4476 0.50 0.10
4 6435 0,50 048
5 31,00 0,50 0,016
6 31,00 5,18 0,102
7 31,00 he76 0.153
8 31400 6435 04205
9 31400 19,00 0.615
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FIG. 15. 1mm TUBE BEHIND 3" CHORD WING AT M=3. 19(2mm OFFSET).

FIG. 16. 1mm TUBE BEHIND 3" CHORD WING AT M=3. 19(0. 5 mm OFFSET).



FIG. 17,

FIG. 18.

6.4mm TUBE BEHIND " CHORD WING AT M= 3.19 (0.2mm OFFSET).

6.4mm TUBE BEHIND 4" CHORD WING AT M = 3,19 (0.5mm OFFSET).




