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Summary.—Seven pressure probes have been tested in a uniform stream in order to ascertain the best types for
measuring velocity and flow direction. Methods of calibration are discussed in section 3 together with the effects
of wind speed, flow direction and turbulence on the calibration factors (section 4).

The performance of three of the probes in the turbulent boundary layer of a flat plate is analysed and their
accuracies compared when they are used to estimate displacement and momentum thicknesses (section 6).

The Conrad probe is proved superior to other types for boundary-layer measurements. Further research on the
lines indicated in section 7 is necessary before the best type of probe for use in regions of separated flow can be
ascertained. The main features of the velocity-measuring probes are listed in Table 4.

For measuring static pressure in three-dimensional flow, a disc type of probe is described and shown to be insensi-
tive to flow direction and scale effect (section 5).

1. Introduction.—In recent years, low-speed wind-tunnel research has been much concerned
with swept-back wings and the behaviour of the flow past them. Although qualitative flow
observations are fairly easily obtained, the detailed study of the three-dimensional-flow
characteristics demands the precise measurement of flow parameters at many positions around
the model. For this purpose it is necessary to consider means of improving flow-measuring
instrumentation which should not only provide data of acceptable quality but be capable of
rapid operation.

In general, there are two main types of flow in which measurements are likely to be required:

(@) The attached boundary layer where large changes in flow direction are confined to
planes parallel to.the wing surface, but where normal distance from the surface must be
known to a high degree of accuracy.

(b) Regions of separated flow such as the wake or part-span vortices where large changes
in flow direction may be encountered in any plane, but where measuremeénts to a
" lesser degree of accuracy than for () are usually acceptable.

* Published with permission of the Director, National Physical Laboratory.
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Flow parameters in conditions similar to both («) and (b) were obtained in the past by separate
measurements of a number of flow quantities at one point, different instruments being used for
each quantity. This method, apart from the excessive time required, proved inaccurate because
of errors in the positioning of successive instruments. It became evident that a first step towards
an improved technique was to find a single instrument which could be used to measure all the
relevant quantities without the necessity of shutting down the tunnel to adjust or substitute
probes. With this object, a number of instruments of the pressure-probe type have been tried.
It was seen that for (#), the probe must be small, but the component of flow normal to the wing
surface need not be measured. = By contrast, for (b), with less likelihood of interference, a larger
instrument can be tolerated but all the flow components are required. Therefore the probes
fall into two main categories, those suitable for use in flow of type (a) and those for type (B).

At the National Physical Laboratory, measurements in a swept-wing boundary layer were
first attempted by the Conrad yaw-meter method due to Brebner (1950) ; the results in this
case were found to be unrepeatable owing to the inadequacy of the available traversing apparatus.
An accurate apparatus (Ref. 2, 1953) was then constructed with which repeatable results were
obtained, but some discrepancies remained and were attributed to the uncertain behaviour
of the calibration factors. To discover the cause of the discrepancies, a series of tests were
carried out in the N.P.L. Low-Turbulence Wind Tunnel where the performance of various
probes was studied to determine the most satisfactory types for use in either boundary layers
or regions of separated flow. The results of the investigation form the subject of this report.

2. Details of Probes and Apparatus—2.1. Choice and Construction of Probes—FEight types
of pressure probe were tested. Drawings of these and their relevant dimensions are given in
Figs. 1a to 1h. Their selection was governed partly by availability and ease of manufacture,
but they form a representative group of the types used for wind-tunnel work in recent years.
Spherical and hemispherical probes were intentionally omitted. Past experience has shown
that probes of this type, small enough for most wind-tunnel work, are very difficult to make
accurately ; even if this can be achieved, they are then liable to excessive lag in the transmission
of pressure readings. Their properties have been discussed elsewhere by Winternitz® (1956).

The Conrad probe (Fig. la), evolved from a yaw meter design due to O. Conrad* (1950),
consists of two nickel tubes soldered together side-by-side with their forward ends ground to
form a point. Four of these probes were made in order to observe the effect of changing the
external diameter of the tubes, the ratio of the internal to external diameters, and the apex
angle between the forward faces. ‘

The 3-tube and 5-tube probes (Figs. 1b and 1c¢) embody a central tube to which are attached
side tubes with their forward ends chamfered in the same manner as the Conrad tubes.

The chisel, conical and pyramid probes, shown respectively in Figs. 1d, le-and 1f, are all
constructed in a similar manner from stainless-steel tubing. Individual tubes are selected to
fit into an outer sheath, the interstices packed with copper wire and the whole soldered together.
The forward end of the probe is then ground to its particular shape.

The axial probe, designed by Templin® (1954) at the National Aeronautical Establishment,
Canada, has a solid tip (Fig. 1g) to which are connected three hypodermic tubes encased by a
tapered shroud. The three pressure holes in the tip are drilled before final shaping.

Fig. 1h shows details of the disc-static probe which will be discussed later in section 5. Tt
consists of a brass disc with its edge radiused and a small pressure hole drilled through its centre.
An internal passage connects the central hole to a hypodermic tube fixed to the edge of the disc.

In the manufacture of all these probes, the internal diameter of the pressure tubes was increased
from a position as close as possible to the measuring point. Thereby lag in the transmission of
pressures was reduced to a minimum, :
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2.2. Apparatus and Tests.—All the probes were calibrated in the N.P.L. Low-Turbulence
Wind Tunnel which had a 16-sided working-section with opposite faces 7 ft apart. The probes
were mounted in turn on a traversing and yawing apparatus (Ref. 2) and provision was made
for the accurate setting of pitch. Tests were carried out at wind speeds ranging between
50 ft/sec and 110 ft/sec. In some of the tests a steel-mesh screen was used to increase turbulence
in the tunnel stream. The screen was £ in. thick with £ in. square holes separated by % in. wide
strips and was fixed normal to the flow at a position 6 ft upstream of the calibration position.
Pressures were measured with a sloping-tube alcohol manometer which could be read to 0-01 in. ;
this gave an overall accuracy within approximately 1 per cent of the dynamic pressure in the
worst case, this being the lowest wind speed of test.

In order to carry out boundary-layer measurements, a flat plate of 0-625 in. thickness, 4 ft
span and 14 ft. chord was rigged horizontally in the working-section ; incidence could be set to
either 0 or +3 deg and surface pressure holes were disposed chordwise along its centre at intervals
of 1 ft. To ensure a turbulent boundary layer, a trip wire was fixed to the surface at a short
distance behind the faired leading edge. To increase the turbulence in certain tests, a spoiler
of 1 in. square section was fitted to the surface immediately behind the trip wire. Before making
. measurements with the various probes, total-head and- static-pressure traverses normal to the
surface were carried out at selected positions along the centre-line of the flat plate. For these,
a 0-048 in.-diameter total-head tube and a 0-063 in.-diameter static tube were used, both
instruments having been carefully calibrated against an N.P.L. sub-standard pitot-static tube
in the calibration position. It was considered that, in the absence of yaw and a change of pitch
of less than 3 deg, the measurements so obtained were accurate to plus or minus 1 per cent of
the dynamic pressure at the edge of the boundary layer except in positions very close to the
surface or when the spoiler was present.

3. Principles of Calibvation.—In a steady stream, the magnitude and direction of the flow
at any point may be defined by four independent parameters, the angle of pitch 6 , the angle
of yaw v , the total head H and the static pressure p. In order to calculate these from wind-
tunnel observations, at least four quantities must be measured at the point and their relationship
to the flow parameters ascertained by calibration of the measuring instrument. We now examine
methods of calibrating the velocity measuring probes described in section 2.1.

3.1. 2-Tube Method.—For use in boundary layers where the velocity component normal to
the surface may be ignored, we consider first the simple Conrad yaw meter (Fig. la). Itis
seen from Fig. 2a that, when the probe is yawed about the vertical axis through its apex, the
difference in pressure in the two tubes (p; — $.) behaves linearly with ¢ , the angle between the
longitudinal axis of the probe and the local flow direction for |¢| < 15 deg. Moreover, as shown
in Fig. 1 of Ref. 1, the values of (p, — p,) are substantially greater than those obtained with
other types of yaw meter. Having recognized that a pressure probe could be fairly easily
arranged to rotate about the vertical axis through its apex, Brebner has given in the Appendix

-to Ref. 1 a method of operation which may be simplified in the following way.

The probe is yawed until the pressures in the two tubes are equal, i.e., p; = P, = p,, say.
At this position (¢ = 0), p, is noted together with the angle of yaw. The probe is then rotated
to ¢ = 10 deg and the values of $, and $, recorded for both positions. Then, with the aid
of the calibration factors K; and K, :

H = pq + K,d)

, (1)
P =po + szj

where

4= %{(ﬁl)ﬂo — (152)+10 - (P1)~10 + (p2)-10} )
3



f

The choice of ¢ = +10 deg is large enough to ensure 1 per cent accuracy in measurmg é , yet
well within the range for linear 4 (Fig. 2a).

For all the probes illustrated in Figs. 1b to 1f, the behaviour of the side-tube pressures with
yaw is similar to that of the Conrad probe, so that the method described above might be applied
to any of them. For example, Fig. 2b shows the effect of yawing or pitching the symmetrical
pyramid probe (Fig. 1f), whose upper and lower tubes could be used to indicate changes in pitch.

3.2. 3-Tube Methods.—The addition of a central tube to the Conrad probe to form the 3-tube
probe (Fig. 1b), enables total head to be observed directly when the probe is rotated in the plane
of the tubes until the side-tube pressures are equal (p; = p, = po). If Py is the pressure in the
centre tube:

H = p;
P =50+ Ka(?s “_250)

where K, is obtained from calibration.

(2)

Kiichemann® (1955) describes a method due to Crabtree, who suggests that the 3-tube probe
might be used without rotation. This method relies on three conditions being satisfied ; the
difference between the pressures in both pairs of adjoining tubes must be linear and their sum
in one pair must remain constant with respect to yaw. In practice, the first condition appears
to be satisfied, but Fig. 3 shows that the sum of the presures in adjoining tubes is approximately
constant only in limited ranges of yaw, 28 deg < |w| <47 deg for this particular 3-tube probe.
By increasing the apex angle of the probe to 146 deg these ranges could be brought together to
give an approximately constant sum for |¢| <15 deg. This renders the method impracticable,

since the sensitivity (p, — $,)/¢, which varies roughly as the cosine of half the apex angle, would
be reduced by a factor of about one third.

3.8. 5-Tube Methods.—The methods mentioned so far in this section are intended primarily
for conditions where the angle of pitch is negligible or its effect on the measured pressures is
small within a limited range of 6 . Where the flow is truly three-dimensional, it is necessary
to measure a fourth quantity, either angle or pressure, to obtain all four flow parameters. Such
measurements are usually required at positions far enough from the surface, to permit the use of
a larger probe without introducing any serious interference effects.

The most direct method of measurement is to use a 5-tube probe (Fig. 1c), which can be aligned
directly into wind so that the pressures in the four side tubes are equal; the angles of pitch
and yaw are indicated by the traversing apparatus, H is read from the centre tube and p can
be obtained from equation (2) as for the 3-tube probe. Unfortunately, the mechanical problems
involved in making the traversing apparatus are difficult to solve. It is therefore necessary
to investigate other methods which require rotation of the probe about only one axis.

The following method has been examined. The 5-tube probe is yawed to obtain equal pressure

readings in the side tubes, so that p;, = p, = p,. If p; and p, are the pressures in the upper
and lower tubes and $; the centre-tube pressure:

0 = C(ps — P3)/(Ps — P0)
QZH_P:K(P5_—P0) , e . E .o .o (3)
H=p;+ F(0)q

where C, K and F(6) are obtained from calibration.
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3.4. Templin's Method.—Another method, due to Templin®, is to use a probe of the pattern
shown in Fig. 1g. In this case, the probe is rotated about its longitudinal axis until the side-tube
pressures are equal, when this pressure p, and the centre-tube pressure p, are recorded. Then
the velocity vector lies in the plane containing the longitudinal axis and the normal to the plane
through the side tubes. The probe is then rotated through 90 deg and the larger of the side-tube
pressures p’ is recorded ; from this reading ', together with p, and p, from the previous position,
the remaining flow parameters may be deduced from calibration curves. In the presence of
scale effect at large flow angles, the method outlined above would require calibration charts.
To facilitate the reduction of results when the angle @ between the velocity vector and the axis
of the probe does not exceed 15 deg, however, it is suggested here that calibration factors could
be applied instead, the flow parameters being computed from the equations:

0 = C'(p" — po)/($s — o)

q=H — p = K'(ps — po) t{ . . .. . (4)
H=po+ F'g + G — 9 )
where C’, K', F', G’ may depend on wind speed.

4. Calibvation Factors.—The utility of any -velocity measuring probe will depend ultimately
on the manner in which the calibration factors vary with flow conditions. Changes in flow
direction, Reynolds number, turbulence and velocity gradient are likely to have some effect.
The uniform-stream calibration was intended to estimate the relative magnitude of the effects
due to the first three of these variables. On the result of this, three of the probes were selected
and the behaviour of their calibration factors was further examined in the presence of total-head

gradient.

The apparatus used in the calibration tests has been described in section 2.2. Changes of
flow direction were simulated by altering the attitude of the instruments in relation to the
wind direction. Reynolds number was varied with wind speed and small-scale turbulence
introduced by fitting the steel-mesh screen. To observe the effect of total-head gradient,
measurements were made in the flat-plate boundary layer where turbulence could be further
increased by attaching the spoiler. In no case was turbulence measured, but the perturbation
of silk tufts held at the measuring positions showed that an appreciable increase resulted from
either of the devices described. '

4.1. 2-Tube Method.—Uniform Stream.—Results from the uniform-stream calibration of six
types of probe to which the 2-tube method (section 3.1) could be applied are given in Figs. 4a, 4b,.
5a, 5b, 6 and 7. As regards the various types of Conrad probe, it is seen in Fig. 4a and Fig. 6
that the effect of pitch on the sensitivity ratio (p; — $,)/g¢ for |6] <6 deg is small in all cases
and will scarcely affect the accuracy of measurement except when the sensitivity ratio itself
is low. This is the case for the Conrad-(ili) probe, whose large apex angle reduces sensitivity
by about 40 per cent. In Fig. 4b, scale effect is seen to be appreciable for the Conrad-(i) probe,
but tends to disappear when the external diameter of the tubes is increased ; scale effect does
not appear to depend on the internal diameter, but reduction in the ratio 4/D lowers the
sensitivity. The introduction of small-scale turbulence by means of the screen (section 2.2)
has no serious effect on the behaviour of the Conrad probes which are therefore likely to be
suitable for boundary-layer exploration. For tests in boundary layers, the Conrad-(i) was
selected as being conveniently small, and the Conrad-(iv) as being insensitive to scale effect ;
with these two probes, it was possible to study further the effect of varying the ratio d/D.

It is quite clear from Figs. 5a and 5b that of the five probes compared, all except the pyramid
. probe show a degree of sensitivity to pitch sufficient to preclude their use with the 2-tube method.
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It follows that the chisel probe can be used only as a yaw meter. The conical probe can be
used to measure flow direction, but, lacking a central tube, cannot at the same time provide
sufficient data to estimate velocity. The pyramid probe, being reasonably insensitive to pitch,
scale effect and small-scale turbulence, was selected as-the third probe for boundary-layer tests.

A comparison of the Conrad-(i), Conrad-(iv) and pyramid probes in Fig. 6 shows them to be
of practically uniform sensitivity. In Fig. 7, the calibration factor K, = (H — p,)/4, used
to obtain total head, is plotted against 6 for each of the three probes. In each case, K, appears
to be independent of the flow conditions, provided that |6] <6 deg. Constant values of the .
calibration factors defined in equation (1) are taken as follows:

Probe K1 Kz
Conrad-(i) 1-13 —
Conrad-(iv) 1-42 —0-93;
Pyramid 0-90 —1-53;

In the case of the Conrad-(i) probe, there is an appreciable scale effect, which can be represented
by the formula:

2-164

0

— K, = 1-03 — 0-20 logy (5)

where g, = £pV?, when ¥V = 110 ft/sec. In all cases the dynamic pressure is ¢ = (K; — K,)4.

4.2. 2-Tube Method.—Boundary Layers.—The calibration factors, K, K, and (K; — K,)
obtained from boundary-layer measurements with the Conrad-(i), Conrad-(iv) and pyramid
probes are given in Figs. 8a, 8b and 8c respectively. For the Conrad probes corrections of
0-18D have been applied to the vertical displacement, as suggested by Young and Maas” (1936)
for total-head tubes. The calibration quantities, plotted against wind speed, include results
from positions at the edge of the boundary layer, and at 0-5 and 0-2 of the boundary-layer
thickness ¢ ; a few results in the separated turbulent flow behind the spoiler (section 2.2) are
also included. TFor each calibration factor a full-line curve indicates the values taken from the
uniform-stream calibration.

For the Conrad-(i) and Conrad-(iv) probes, it is seen that the values of K, and K, from the
uniform-stream calibration are in fair agreement with those estimated from measurements
taken in the presence of a velocity gradient ; of these two probes, the Conrad-(i) shows the least
scatter. In the case of the pyramid probe, the boundary-layer values are somewhat lower
than in the uniform stream, which suggests that free-stream values of K; and K, would tend to
overestimate total head and underestimate static pressure when used for boundary layers. As
may be expected, values of K; and K, at the edge of the boundary layer are generally close to
the uniform-stream value, whilst for the larger probes at 0-26 they are occasionally subject
to interference effects. The effect of increasing the scale of turbulence is seen to be small.

4.3. 3-Tube and 5-tube Methods.—The 3-tube probe has been calibrated in a uniform stream
. on the basis of equation (2). From these measurements, the sensitivity ratio (p; — p,)/g has
been plotted against velocity (6 = 0) and against angle of pitch 6(V = 110 ft/sec) in Fig. 9.
Sensitivity and scale effect are compared with results from the Conrad-(i) and 5-tube probes ;
the effect of 6 is compared with the 5-tube probe. The scale effect on (p; — p,)/g is seen to be
similar to the effect on (p; — p5)/g¢ for the Conrad-(i) probe, but the 3-tube probe has only
about three quarters of the sensitivity of the Conrad-(i) when ¢ = 4 10 deg. The lower sensi-
tivity is quite offset by the rapidity of the 3-tube equi-balanced method ; however, its extreme
sensitivity to pitch renders it unsuitable for use in any but purely two-dimensional flow.
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When upper and lower tubes are added to the 3-tube probe to form the 5-tube probe, the
effect of pitch on (p; — p,)/g is small (Fig. 9), but the scale effect remains appreciable. This
scale effect must be taken into account when calibrating for the 5-tube method using equations (3).
The calibration factors from the uniform-stream calibration of the 5-tube probe are given in Fig.
10. 'With this method, it is seen that the accuracy of dynamic-pressure measurement diminishes
rapidly for |6] > 15 deg, but the method could be used up to |0] = 20 deg if an accuracy of
plus or minus 4 per cent is acceptable. Tt should be noted that this method can utilize the same
type of traversing apparatus as the 2-tube method.

4.4. Axial-Probe Methods.—Uniform-stream calibration curves for the axial probe are shown
in Fig. 11a where values from the Canadian tests (Ref. 5) are also plotted. The wind speed
of the Canadian tests was 50 ft/sec. Calibration of the axial probe reveals a marked scale effect
at the higher values of @ and there is a discrepancy between the values of (p; — o) /g obtained
with the N.P.L. instrument and the values from Ref. 5. It is difficult to account for this
discrepancy as the probe examined here is a fairly exact copy of the Canadian design ; at the
same time, the reasonably constant values of (ps — po)/g for @ < 15 deg given by the N.P.L.
instrument facilitate the application of calibration factors (equation (4)) for limited flow angles.
The behaviour of such factors under various flow conditions is illustrated in Fig. 11b where a
possible accuracy of plus or minus 2 per cent on velocity measurement is indicated for |@] <15
deg. If this is acceptable, equation (4) can be used with the values:

C’'=25-3deg, F' =055, G'=0-07 and

K':1-69—0~12510gm?3q_?9, N (5)
(]

where g, = %pV?, when V = 110 ft/sec.

5. Disc-Static Probe.—Although not entirely relevant to this paper, the disc-static probe
has been included as a type of static-pressure probe which is insensitive to changes of flow direction
in one plane and is not subject to scale effect. The instrument, described in section 2.1 and
illustrated in Fig. 1h, is shown to have the above properties in Fig. 12. Furthermore, if provision
is made to rotate the disc about the vertical axis through its centre (Fig. 12), it can be used in
three-dimensional flow where very large changes in flow direction occar. The probe was first
calibrated in the N.P.L. 18-in. Octagonal Tunnel at wind speeds up to 70 ft/sec. 1t was observed
to have negligible scale effect and a low degree of sensitivity to pitch. As shown in Fig. 12, the
recorded pressure attained a well-defined maximum, as the disc was rotated in yaw to about
minus or plus 4 deg from the ‘into wind’ position. Within these limits the recorded pressure
remained practically constant ; it is apparent that this property can be employed to align the
disc approximately along the wind direction when this is unknown. Further tests in the
Low-Turbulence Tunnel show that scale effect remains small between 50 and 110 ft/sec and that
the reading is little affected by turbulence in the tunnel stream. The readings obtained with
the present instrument require correction by about 0-12 of the dynamic pressure so that an
approximate estimation of total head is necessary before the static pressure can be deduced to
an accuracy of plus or minus 1 per cent of the dynamic pressure. By altering the edge shape or
thickness ratio of the disc it would be possible to reduce this correction.

6. Boundary-Layer Tyaverses—Measurements of boundary-layer velocity are most frequently
undertaken in order to estimate the displacement thickness and momentum thickness:

\=L0- ) )
w5 0— )
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Tt is therefore of major interest to compare the performance of the Conrad-(1), Conrad-(iv) and
pyramid probes when measurements with each are used to evaluate the above integrals. Results
from nine different boundary-layer profiles on the flat plate have been taken. Initially, careful
measurements were made with pitot and static tubes: the traverse positions and associated
data are listed in Table 1. Two typical traverses are illustrated-in Fig. 13a and Fig. 18b, where
the total-head and static pressure deduced from measurements with the three probes are plotted
together with curves obtained with the pitot and static tubes. The tendency for the pyramid
probe to overestimate velocity is clearly shown. For the Conrad probes, no consistent effect
appears to accompany a change in the ratio d/D. Tables 2 and 3 show respectively the values
of ¢, and 6, obtained with the pitot and static tubes together with available values from the
three probes. To obtain these values rapidly from a minimum number of observations, use
has been made of the formulae which are included under Table 3 and fully discussed in Ref. 8
(Garner. 1956). The use of these formulae is well justified by the comparison in Tables 2 and 3
of integrated values of ¢, and 6, with those obtained with the formulae for each of the nine pitot
and static traverses. Values computed by the two methods agree to within 1 per cent in nearly
all cases. Figs. 14 and 15 are intended to illustrate the degree of correlation in 6, and é, between
results from the three probes and pitot and static measurements. The Conrad-(i) results are
seen to be nearest to the line representing perfect correlation, although with this instrument,
experimental scatter can be up to plus or minus 4 per cent. The general tendency of the pyramid
probe to underestimate values of é, and ¢, is thought to be due partly to interference and partly
to a change in K, and K, (section 4.2) associated with a total-head gradient.

The efiect of flow conditions on the accuracy of velocity measurement does not alone dictate
the type of probe best suited to boundary-layer exploration. Other factors, which may have
no direct bearing on the overall accuracy but influence the choice of pressure probe, are ease of
manufacture, size and rapidity of operation.. Pressure probes comprising a simple arrangement
of tubes are readily manufactured to a high degree of accuracy. The maximum size is usually
limited by the minimum boundary-layer thickness to be encountered whereas the minimum
size will depend both on the pressure-transmission lag and the accuracy attainable in manufacture.
It has been seen here that no particular merit attaches to the use of tubing of ratio d/D less
than 0-60, so that standard hypodermic tubing of this ratio can be used.

7. Concluding Remarks.—7.1. Assessment of Probes.—An assessment of the various pressure
probes is given in Table 4, which lists their advantages and disadvantages when used to measure
velocity and flow direction by the methods described in section 3. In summarizing the salient
features of the probes and their methods of operation, consideration has been given to the
overall requirements of pressure probes for wind-tunnel work: '

(@) Small size with structural stiffness

b) All measurements as nearly as possible at a point
¢) Rapid pressure response

d) Calibration unaffected by flow conditions

(

(

(

(¢) Simplicity of accurate construction

(/) All the required measurements from one instrument
(

g) Rapid measurements at a number of points by remote control.

The last two properties are almost essential for detailed exploration of three-dimensional
flows. '

7.2. Boundary-Layer Measuvements.—For velocity measurement in the attached three-dimen-

sional boundary layer, the Conrad probe (Fig. la) is suitable and can be calibrated in the manner
described in section 3.1. '
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From the free-stream calibration (Figs. 4b, 6 and 7) the Conrad-(iv) appears slightly superior
to the Conrad-(i) mainly on account of smaller scale effect. Further calibration in the boundary
layer (Figs. 8a and 8b) reveals this to be misleading, as variations in the calibration factors
K, and K, under boundary-layer conditions suggest for velocity measurement an accuracy of
plus or minus 2-4 per cent for the Conrad-(iv) and plus or minus 1-6 per cent for the Conrad-(i).
‘The pyramid probe (Fig. 1f) does not measure velocities in boundary layers more accurately than
plus or minus 33 per cent.

From boundary-layer traverses with the Conrad-(i), Conrad-(iv) and pyramid probes, the
root-mean-square error in the estimation of displacement thickness 6, (Fig. 14) is respectively
3:5, 5 and 11 per cent, and for momentum thickness (Fig. 15) is 3, 4:5 and 9 per cent.

Besides showing more consistently accurate results, the Conrad-(i) probe is preferred to the
Conrad-(iv) because the ratio /D = 0-6 allows for a smaller probe with less pressure transmission
lag or danger of blockage due to dust particles. :

The 3-tube, 5-tube, chisel, pyramid and conical probes are unlikely to be of use for
measurements in three-dimensional boundary layers (sections 4.1, 4.2 and 4.3).

7.3. Measurements in Detached Flow.—It is premature to suggest that any pressure probe
will give acceptable results under all possible conditions of detached flow. Generally, a sharp-
edged instrument is preferred to a rounded one, boundary-layer transition at the nose being
affected less by Reynolds number.

The 5-tube probe could be used equi-balanced, or with two calibration factors and one curve
(Fig. 10), providing the angle of pitch is less than 15 deg.

Similarly, the axial probe could be used with calibration factors for values of the mean-flow
angle © less than 15 deg (Fig. 11b). For @ >-15 deg, the calibration requires two charts and
a single curve for p (Fig. 11a).

Where very large changes in flow direction occur, static pressure could be measured with a
disc probe (section 5). Tests show the disc-static probe (Fig. 1h) to be essentially free from scale
effect at wind speeds below 110 ft/sec.

7.4. Future Work~—TIt is probable that the best results in detached flow would be obtained
using instruments of the 5-tube type with apparatus capable of aligning the probe to the local
mean flow direction. An apparatus of this type due to Fail (Ref. 8) has been used at the Royal

Aircraft Establishment ; development of a remotely controlled apparatus is being undertaken
at N.P.L.

In a programme of tests about to be started at N.P.L., it is proposed to examine the behaviour
of Conrad probes in the boundary layer of a two-dimensional model aerofoil. The 5-tube and
axial probes will be tested in the wake of the aerofoil with separated flow of high turbulence
intensity and low mean velocity. Under these conditions it is known that different pressure
probes give inconsistent measurements of mean flow. In the opinion of the authors, this may
be due to the relative sensitivities of the probes to fluctuations in flow direction. It is hoped
that from hot-wire turbulence measurements and a knowledge of the steady-flow characteristics
of the probes it may be possible to ascertain to what extent they measure the true mean velocity.

8. Acknowledgements.—The authors wish to acknowledge the help of Miss S. M. Passmore,
who carried out much of the computation, and Miss I. G. Davidson, who assisted Mr. Walshe
with the experimental work. Mr. J. H. Warsap was responsible for the calibration of the disc-
static probe. '




NOTATION

D External diameter of individual probe tube or of circular-section probe
d Internal diameter of probe tube
H Total head
K., K, Calibration factors (2-tube method) )
P Static pressure
Do Pressure in side tubes when probe is orientated until these give equal
readings '
P Pressure in tube # of probe (n =1, 2, ...5)
P’ Pressure in side tube of axial probe (section 3.4)
q Dynamic pressure (= $p1?)
9o Reference value of ¢ (V' = 110 ft/sec)
R;s» Reynolds number of boundary layer (= Ué,/v)
U Velocity at edge of boundary layer
% Velocity at distance z from surface
14 Velocity
Z Normal distance from surface
4 Average pressure difference between side tubes {equation (1)}
0 Thickness of boundary layer
84 Displacement thickness
8o Momentum thickness
o Angle of flow relative to axial probe (section 3.4)
6 Angle of pitch
v Kinematic viscosity
p Density of fluid
¢ Angle of probe in yaw (relative to )
P Angle of flow in yaw ‘
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TABLE 1
Boundary-Layer Data

Case Incidence  Position U ) 01/0 Rsg X 10—3
(deg) (ft) (ft/sec) (in.)
1 0 2 113 - 0-53 1-38; 3-3
2 0 8 113 1-35 1-355 8:0
3 0 12 115 2-00 1-35 11-5
4 0 12 67 1-90 1-37 7-2
5 0 12 54 2-30 1-33 6-3
6 3 4 116 1-00 1-365 6-0
7 3 12 116 2-20 1-33 13-1
8 3 4 68 1-10 1-37 3-9
9 3 12 68 2:25 1-35 84
TABLE 2
Values of 8, (in.)
Probe Pitot and Static Conrad-(i) Conrad-(iv) Pyramid
Case Integrated Formula Formula Formula Formula
1 0-0761 0-0754 0-0717 — -—
2 0-1837 0-1819 0-1839 — 0-1701
3 0-2587 0-2557 0-2414 0-2434 0-2260
4 0-2785 0-2763 0-2662 — —
5 0-2937 0-2954 0-2806 0-2765 —
6 0-1345 0-1347 0-1355 0-1244 0-1171
7 0-2866 0-2860 0-2803 0-2776 —
8 0-1498 0-1490 0-1520 0-1448 0-1308
9 0-3167 0-3141 0-3236 0-3107 —
TABLE 3
Values of 8, (in.)
Probe Pitot and Static Conrad-(i) Conrad-(iv) Pyramid
Case Integrated Formula Formula Formula Formula
1 0-0550 0-0543 0-0522 — —
2 0-1357 0-1359 0-1373 — +0-1292
3 0-1915 0-1915 0-1810 0-1822 0-1724
4 0-2035 0-2044 0-1989 — —
5 0-2206 0-2228 0-2116 0-2088 —_
6 0-0985 0-0987 0-0995 0-0922 0-0880
7 0-2155 0-2154 0-2112 0-2092 —
8 0-1092 0-1086 0-1102 0-1059 0-0977
9 0-2348 0-2340 0-2414 0-2318 —
04 u %
% —0-8769 —0-3370()  —0- 5289<—
é U /o-14685 U /o-61958
62 Y % 2 % 2 6
% — 08774, —0-3302(F) 0-5810(7) —%
P 5 U /o168 U/o-6105 8

12



Summary of Probe Characteristics

TABLE 4

The following probes are assessed for boundary-layer work only requiring measurements of
yaw and velocity.

Probe Fig. No.| Method Advantages Disadvantages
Conrad la 2-tube Easily manufactured. Measure- Requires accurate yawing appara-~
ments mnearly at a point. tus
Practically insensitive to 4- 6
deg of pitch
Conrad-(i) la 2-tube Small (suitable for boundary- Scale effect must be taken into
layer measurement). Most account
accurate
Conrad-(ii) 1la 2-tube High sensitivity. No scale Large for boundary-layer work
effect
Conrad-(iii) 1;1 2-tube No special advantages Low  sensitivity. Appreciable
scale effect
Conrad-(iv) la 2-tube No scale effect Large for boundary-layer work
(if reduced, internal diameter
too small)
3-tube 1b  |equi-balanced] Direct reading of total head. Sensitive to pitch and scale effect
: Very rapid —
3-tube 1b 2-tube Direct reading of total head Sensitive to pitch and scale effect
Requires accurate yawing app-
aratus
Chisel 1d 2-tube No special advantages Very sensitive to pitch. Unsuit-

able for 8-dimensional work.
Slow response.  Difficult to
manufacture

13



Summary of Probe Charactevistics

TABLE 4——continued

The following probes are somewhat large for boundary layers and are assessed for other three-
dimensional work. In gddition to yaw and velocity, the angle of pitch is obtainable with all

these probes.

Probe Fig. No.| Method Advantages Disadvantages
S-tube lc  |equi-balanced] Direct reading of total head. Requires elaborate yawing and
Rapid ‘ pitching apparatus. Appreci-
able scale effect
5-tube ic 2-tube High sensitivity Sensitive to pitch and scale effect.
Accurate yawing required
5-tube 1c ‘5-tube Requires only to be yawed Unsatisfactory for large pitch
{> 20 deg)
Conical le 2-tube No special advantages Difficult to manufacture. Very
sensitive to pitch
Pyramid 1f 2-tube Insensitive to limited pitch. Difficult to manufacture ,
No scale effect
Axial 1g Templin Requires rotation about probe Requires careful manufacture.
(section 3.4) axis only -Appreciable scale effect (re-
' quires calibration charts)
Axial 1g Equation {(4) | Requires rotation about probe Scale effect. Flow angles limited
axis only. Simple calibration to 15 deg

14
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F1G, 3. Limitation of non-rotating 3-tube probe.



8I

Free Turb. ' d Apex v
stream|stream| P /D angle |ft/sec Free | Turb D d/D APE’X »
N f—— 0-p31"| o060 | 70° | 10 __| stream| stream : ST9E | g=tapv?
(i) | ~-o-—|--e--| 0031} 060 70° 50 | g=Yev? U) e | 003" | 0-60 | 70°
N | —s— 0:063 | 060 70° | tio X (i) |—t—] + 0:063"| 0:60 70° | 6=0
(D) f—at--f——--| 0:063"| 050 70° | 50 o (i [——x— 0-063"} 0-60 | 120° .
iy | —x— 0-063° | 060 120;’ 1o ¢=%t10 (V) |——1 v 0-063"| 0-32 70 p=t10
(iv) | —— 0-063| 032 700 | 110
(iv) |==9-=] ==9==] 0063 032 70 50
0-050 0-050 .
+ T
+ + +
%
0-048 0048
"]
0046 0046 P
| p——
/
/O//
0:044 0-044
-5
7 V Loyl
0042 0-042 a
P P2 R 2
0 bomo 32 6.040
0038 0038
0-036 0-036
o.oq,{ - 0-034
0032 0-032
/
Ko | . //x
0:030 T 0030 X
— (RS
0028
0028
S T12° 40 50 60 100 {10 20

F40 70 80 20
Angle of pitch (e) Velociby (ﬂ:/sec)
Fi1c. 4a. Sensitivity of Conrad probes in measuring velocity.—

Fic. 4b. Sensitivity of Conrad probes in measuring velocity.—
Effect of pitch.

Effect of velocity.



61

Symbol | Probe g‘ i Ft\//sac Stream
—D>— | 3-tube | 70° | 10 | Free _ Symbol | Probe [P | st
—— Sgtut?e 70; 1o Free g=%p\? 4 r angle ream
—&— | Chise 90° | 10 Free o+ —b— | 3-tube | 70° Free _ 2
—#%— | Conical | 90° | 10 Free g =%0° —o— | B-tube | 70°| Free g="2pV
—o— | Pyramid | 90° | 10 Free . —#— | Conical 90° | Free 8 - 0
--p--{ PQramid 90: 50 Free —0— | Pyramid | 90° |  Free
—8-—| Pyramid { 90° | 54 |Turbulent E Pyramid | 90° [Turbulent $=110°
0-080 0:060
0-058 : 0058 —
) \\ o L—
0056 0056 ]
\ /|
0-054 %\ 0054
0:052 R 1 0-052
P~ Ps PP,
q¢ q¢
0-050 0:050
A\
0048 _ 0-048
0-046 \ \ 0-046
0044 : >/ i 0-044
A 1ol
0042 _,\> 31(-‘/; 0-042 -{I}_ﬁ
il ] -O— - ,
0-040 = == _ } 0-040 ? 3
0-038 , 0038 |
0 B %19° : 40 50 60 70 80 90 100 o 120
Angie of pitch (6) Yelociby (ft /sec)
F1c. 5a. Sensitivity of various probes in measuring velocity.— F1G, 5b,—Sensitivity of various probes in measuring velocity.—

Effect of pitch, Effect of velocity.



0%

v ft 5t Symbol | Probe (Fig i
feefStrean bl [Probe(Tig D V ft/eec]Stream Symbol | Probe (Fig. 1)
—o— | 10 Free o Conrady) -
--0--| 50 | Free v Conrad (v —o0— | 1o | Free o Conrad (i)
--6--| 54 [Turbulent o Pyramid --0--| 350 | Free v Conrad (iv)
P --@=--| 54 [Turbulent o = i
Rotation of probe in yaw ¢ = £10 yramid

Rotation of probe in yaw ¢ = +10°

0 048

04 04b(>

' |
P~ P, - ]r
q¢0'o44 == o '
—=zZZ7] - -7
0-042T % 'f:

5 — : —y
0-044
P."Ps =%
g9 — -7 -
0-042 4 L o=
H-py o=
0-040 ‘ A s - . ~
Calibration  g=2:35, (p,-p,) at p=%i0° ' Calibration constart =142
-2 ]

-

7 ' | -
| 1) o8 Calibration constant = 0-90
0-038 . :
v 12

160 0 16° *)2°
Angle of Pitch (8) Angle of pitch (8)
Fic. 6. Velocity-measuring probes of practically Fic. 7. Calibration constants for obtaining

uniform sensitivity. total head.



| ¥4

X<x+00

Calibration curve
Uniform free stream
Uniform Eurbulent stream
Boundary layer 3 =5
Boundary lager 3 =056
Boundary lager 3 =028
Separated turbulent flow

24

2-3\J s

Dynamic pressure

N "\4&-\* X

- q [o]
K=Ky X~ *
. I~ *
22 +7. o x = +—]
- T
T
20
13
Total head
12
X
K
' xlys w] 4 V¥ k% x ++ 1
L © o o« O x| ¥
10
i3 ~
Static pressure
1 2 P
[:]
| TR
L T~
44 % ¥
\Y\ x)’é\‘F_’;_‘_‘P
1oL
49 50 60 70 80 920 00 o
Velocity (ﬂ:/sec)
Fic. 8a. Dependence of calibration on flow conditions,—

Conrad-(i) probe.

120

Calibration curve

K ~K = H= 5 Uniform free skream
2T A A Uniform turbulent stream
K H- + Boundary layer. 2=8
I & TR X Boundary layer. 3=05%
Po- Y Boundaryg layer. 3 =0-28
“Ky = =% * Separated turbulent flow
2-5
Dynamic_pressure
. K2~4 X X T y - I—
1 A ! ¥
'Y‘i x X VA % Xx
2'3 X !
Y
2°2
)
Total head
15 k
K * ¥*
' r YA % 4-#
(-4 / Y+ A + = o3
v Y
&
[-3
(K]
Static pressure
-0 X
_K2 A | s 4 « .
+ y & X £
09t + _
** *
0-8 ;
40 50 60 30 100 1o 120

70 80
Yelocity (ft/sec)

F1G. 8b. Dependence of calibration on flow conditions, —

Conrad-(iv) probe.



4

Calibration curve
K K. = H-p a Uniform free stream
1T 2T TR Uniform turbulent stream
H-P, + Boundary layer. 3=6
Ky = =g~ X Boundary layer. 2 =058
Po-P Y Boundary lager, 5 =0-2%
-K, = DA * Separated turbulent flow
26
Dynamic pressure
25
T
K -K +
1”2 ,_, o0 —
24 - ™ -
23 { Y “x
-0
Total head
0-9 L
B i ot ) +t
K, -
0-8 A
07
-7
Static pressure
I-6 -
..KZ 5] 0 + 4
3 o + T
-5 Y— %
X e
8
-4
40 50 60 70 -8 90 100 1o 120

0
Velocity (ft /sec)

F1c. 8c. Dependence of calibration on flow conditions.—
Pyramid probe,

> 3-tube probe (p,- Po)/q
o Conrad (i) (P —pz)/q¢
& 5-tube probe  (ps -Po)/cl

0-72 - 0-048
o -0
069 0046
/O/
(Ps=Po)/q //‘/ (Pi-pa)
(Ps~ Po)/a ° // a¢
066 — . 0-044
/ /<
063 o "] 0-042
/
060 : 0 040
50 60 70 80 50 100 1o
Velociby (ft/sec)
0-70 .
l\ V <10 ft [ sec
068
P _P)7q66 \4\\ ;
3 (=] >\ .
\
~ Py O]
(Ps"P ){)(1;4 \Aip\
N T
062
060
0 2 2 14 16

6 8 0 I
Angle of pitch 6(deg)

Fi1G. 9. Usefulness of eq_ui—balanced 3-tube probe.



510

a VY=loft/sec
+ V= s0ft/fsec
2
|
Pa~Ps
Ps_Pg)
_l P -P
Flow angle 8 =106 ——L2 ¢
wang Ps-Po &g
-2
—
/E
-3
-30 20 ~i0 0 10 20 30
' 8 (deg)
070 o A [ v
X
6 =0 *0°£15°t20° q,=/hev? Vhenv:mft/secl-
065
Ps-P, o —0 8
o ——
060 5T
5 (]
Dynamic pressure q=(p5—po) [1-52—O~|! logm 7, :|
0:55 L L 1 1 ]
50 70 80 90 100 o
Velociby (Ft/sec) :
0-20
—— Calibration for /f
0lg tobal head
H- oV =lio ft/sec
ZPhs F V= 50 fE/faec
qo-t‘z /
008 \‘ Q//
” E\'\ /’
0 L ~F e 8
-30 -20 -0 0 20 30

0
8 (deg)

Fic. 10. Calibration of 5-tube probe for limited flow angles.

Canadian calibrabion V= 50ft [sec

—— | '
o Present calibration v=10ft/sec
+ Present calibration v =soft fsec
. Determination of flow angle 6 j(
3 i?
P —PU /4
P p, 2 <+
/
e
‘ ,
[v] L 0
0 10° 20°  30°.5 40° 50° 60
(.ol Determination of dgnarr_;ic pressure g
+
08 =
. Ps—Po /// 0
q L~ A
06
—— ] e —|—B . o
04 i .
0 0° 20° 3"0:@ 40° ° 50° 60
Determination of static pressure p
, I-0 /%—2‘
P-P e
9 '

s

08 —
v

0 10°

Fic. 11a.

207 300 #0°  50°  g0°

Calibration of axial probe.



¥o

V(ftfsec) Stream
051~ o 10 Free g U_) Yaw
+ 50 Free 7 itch
e 54 Turbulent wind fre pre
0-4 > : P-* static pressure
/ . Po- recorded disc pressure -
2
02 | q = eV
PP / |
—_— N
P3 _E 02
: L~ 0-30 . .
/ 18in. tunnel —o—  Variation with yaw
ol ~o—] V=50ftfsec —.x—- Variation with pitch
V Pl -p 025 M~ / P
Flow angle | @] = 253 L2 deg. <
0 L ! . B Po . \10/1 /j\
0 2 4° 60*:@ 8° 0° 27 14° 020 2 5
o PP
o [®]=0 q
s 1®]=6° g = '/ZQVZ when V=loft/sec 015 l{
x  1®i=2° ° Kommm o+ Ko o e X o lﬂ"/J
06 — T 2 I N N )
Ps~P, S e e x 00
7 |
05
Dynamic pressure q (p,-p,)[F69-0125 leg,, Pa'EO] 0-05
04 | i 1 ! ! " ?O
40 50 60 ™ 80 20 100 1o 120 0
Velocity (ft/ sec) -20° -18°  -10°  -5° 0 5° 10° 15° 20°
08 Pitch and yaw
o 1o ft/sec
+  50ft/sec 7
el ® 54Ft [sec Lo Symbol  Tunnel Stream
p-p /’Lr +  I8in.Octag. Free
q o Llow Turb. Free
o6 ] @ LowTurb  Turbulent
"D 015
05 B___P.D [u] B8 [a]
q T O
+ 1 . 0-i0
Static pressure p =007p t093p,-045g
04 ! ' 1 ) 1 1
0 005 010 05, 020 025 030 035 005
PP, 20 30 40 50 60 70 80 30 100 1o
T Velocity (ft [sec)
Fic. 11b. Calibration of axial probe for limited flow angles. Fic. 12. Calibration of disc-static probe.




14

static pressure at the surface
dynamic pressure at edge of boundary layer

Py = static pressure at the surface
§ =dynamic pressure at edge of boundary layer ' a

<
"

1}

‘l-o (H—pw)/q Q//%’«-. 10 (H_P‘:ﬁ/g

09 5

AT . X
I I S V.
1%4 7

06 :
;/ Symbol | Probe(s) ‘ 0 7 Symbol | Probes)
0

Pitot & static| | ) /

N

05 Pitot % static
o o |Conrad () 0-5 o o |Conrad (i)
v |Conrad (iv) ‘ v |Conrad(iv)
o | Pyramid o |Pyramd
o4 / 0-4
03 - : 03 g
o
0-2 A 02
01 0l
- e
il (P‘Pw)/QJJ
0 fomg—t—pr 5P g pmo———t—" 0 [gv—— -5 g —%
-0 -0
0 04 0B }(in )'1'2 16 20 N 0 07 0-4 06 % ([ﬂ )0'8 1-0 I8}
Fi6. 18a. Boundary-layer traverse. Comparison of probes. Fic. 13b. Boundary-layer traverse. Comparison of probes.

d =2-0in. = = 110 ft/sec. ‘ 6 =1-1in. » = 65 ft/sec.



O)d'H 88/6 LM 089/03 M (L9L0T)

198-78

AAILNITA

NIVIIUNE IVIEID NI

9%

Symbol Probe
o | Conrad(i)
v Conrad(iv)
o | Pyramid
035
[+]
0:30 -
o
© g g
025 ‘
5, in @
inches
020
(Probe
Eraverse
015
o
D
0710
Qo
0-05
0-05 010 0-15 0-20 0-25 0-30 035

8, in inches ~ (Pitot - static I:raverse)

Fic. 14. Accuracy in estimation of displacement thickness.

0-20
8, m
inches
015
(Probe

traverse)

0-10

0-05

Symbol Probe

o | Conrad(i)

v | Conrad(iv).

0 | Pyramid

v
%
(o]
g
U
g
005 0-10 0.5 D20

. 8, in inches (Pitot-static Eraverse)

025

F1c. 15. Accuracy in estimation of momentum thickness,



R. & M. No. 303

Publications of the
Aeronautical Research Council

ANNUAL TECHNICAL REPORTS OF THE AERONAUTICAL RESEARCH COUNCIL
{BOUND VOLUMES)—

1939 Vol. I. Aerodynamics General, Performance, Airscrews, Engines. 50s. (523)
Vol. II. Stability and Control, Flutter and V1brat1on Instruments, Structures
Seaplanes, etc. 63s. (65s.)

1940 Aero and Hydrodynamics, Aerofoils, Airscrews, Engines, Flutter, Icing, Stability
and Control, Structures, and a miscellaneous section. 50s. (52s.)

1941 Aero and Hydrodynamics, Aerofoils, Airscrews, Engines, Flutter, Stability and
Control, Structures. 63s. (65s.)
1942 Vol. 1. Aero and Hydrodynamics, Aerofoils, Airscrews, Engines. 75s. (77s.)
Vol. II. Noise, Parachutes, Stability and Control Structures Vibration, Wind
Tunnels. 47s.. 6d. (49s. 64.)
1943 Vol. 1. Aerodynamrics, Aerofoils, Airscrews. 80s. (82s.)
Vol. II. Engines, Flutter, Materials, Parachutes, Performance, Stability and
Control, Structures. 90s. {92s. 94.)
1944 Vol. 1. Aero and Hydrodynamics, Aerof01ls Aircraft, Airscrews, Controls. 84s.
86s. 64.)
Vol. II. Flgtter and V1brat10n, Materlals Mlsce]laneous Nav1gat10n Parachutes,
Performance, Plates and Panels Stability, Structures Test Equlpment
Wind Tunnels. 84s. (86s. 64.)
1945 Vol. 1. Aero and Hydrodynamics, Aerofoils. 130s. (182s. 94.)
Vol. II. Aircraft, Airscrews, Controls. 130s. (132s. 94.)
Vol. ITI. Flutter and Vlbratlon Instruments, Miscellaneous, Parachutes Plates and
Panels, Propulsion. 130s. (132s. 64.)
Vol. IV. Stablhty, Structures, Wind Tunnels, . Wind Tunnel Technique. 130s.

(132s. 64.)
ANNUAL REPORTS OF THE AERONAUTICAL RESEARCH COUNCIL—
1987 2s. (25.24.) 1938 1s. 64. (1s. 84.) 193948 3s. (3s. 54.)

INDEX TO ALL REPORTS AND MEMORANDA PUBLISHED IN THE ANNUAL
TECHNICAL REPORTS, AND SEPARATELY——

Aprll 1950 . . . . . R. & M. No. 2600 2s. 6d. (2s. 104.)

AUTHOR INDEX TO ALL REPORTS AND MEMORANDA OF THE AERONAUTICAL
RESEARCH COUNCIL—

1909-January, 1954 . . . R. &M No. 2570 15s. (15s. 84.)

INDEXES TO THE TECHNICAL REPORTS OF THE AERONAUTICAL RESEARCH
COUNCIL—
December 1, 1936 — June 30, 1939
July 1, 1939 — June 30, 1945

R. & M. No. 1850 1s. 3d. (1s. 5d.)
R.
July 1, 1945 — June 30, 1946 R.
R.
R.

M. No. 1950 1s. (1s. 2d.)
M. No. 2050 1s. (1s. 24.)

July 1, 1946 — December 31, 1946 M. No. 2150 1s. 3d. (1s. 54.)

M.

T

January 1, 1947 — June 30, 1947

PUBLISHED REPORTS AND MEMORANDA O
COUNCIL—
Between Nos, 22512349 N
Between Nos. 2351-2449 No. 2450 2s. (2s. 2d.)
Between Nos. 2451-2549 No. 2550 2s. 64. (2s. 104.)
Between Nos. 25512649 . No. 2650 2s. 64. (2s. 104.)
Between Nos. 2651-2749 R. & M. No. 2750 2s. 64. (2s. 104.)

Prices tn brackets include postage

HER MAJESTY'S STATIONERY OFFICE

York House, Kingsway, London, W.C.2; 423 Oxford Street, London, W.1; 13a Castle Street, Edinburgh 2; 39 King
Street, Manchester 2; 2 Edmund Street Birmingham 3; 109 St. Mary Street Cardiff ; Tower Lane, Bristol 1 ; 80
Chichester Street, Belfast or through any bookselizr.

No. 2250 1s. 34. (ls. 5d.)
HE AERONAUTICAL RESEARCH

0.2350 1s. 9d. (1s. 11d.)

AREI

8.0. Code No. 23-3037

R. & M. No. 3037



