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Experiments have been made, in supersonic turbulent boundary layers, on a simple type of surface pitot 
tube, formed by cementing a piece of razor blade over a static-pressure hole." This type of surface pitot tube 
has great practical advantages, as surface-shear measurements may be made on any model designed for 
pressure measurements. 

A calibration curve, which is sensibly independent of Mach number, has been obtained for the dependence 
of the pressure rise at the pitot tube on the surface shear, both terms being made non-dimensional. Examples 

are included of the use of surface pitot tubes on two models. The models were a delta wing and a biconvex 
cone and the tests covered a range of Mach numbers, Reynolds numbers and model incidence. 
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1. Introduction. 

The interest in recent years in efficient flight at supersonic speeds has led to the development 

of shapes with low wave drag as exemplified by the work of Lord and Brebner 1. For such shapes 

the skin-friction contribution to the _drag is significant. For example, the tests of Ormerod and 

Sprinks 2 on an uncambered delta wing of aspect ratio 2/3 and centreline thickness-chord ratio of 

8.43% show that in the wind tunnel the skin friction contributes some 60% of the total drag at 
zero lift. This contribution can apparently be estimated well by flat-plate turbulent-skin-friction 

formulae. However, at zero incidence the pressure distribution on the model of Ref. 2 is relatively 

simple and the three-dimensional effects on the boundary layer are small. For wings at incidence 
and with camber, the pressure gradients and three-dimensional effects may be expected to play a 
larger part in determining the skin friction. 

Reviews of methods of calculating three-dimensional boundarY layers have been given by Sears 3, 

NIoorO, and Cooke and Hall 5. These reviews, however, deal almost exclusively with laminar 
boundary layers, whereas the boundary layer on a typical aircraft will be turbulent over most of the 

surface. For turbulent boundary layers, as in two dimensions, recourse must be had to empirical 
formulae for the surface shearing stress. The shearing stress is taken as the same as for two- 

dimensional flow along the external streamlines with further assumptions necessary for the cross-flow 

shearing stress. Even for two-dimensional flow there is little information on the effect of pressure 

gradient on surface shearing stress, and it was thus thought well worth while to attempt to measure 
the distribution of shearing stress on slender wings. 

In Section 2 various methods of measuring skin' friction are discussed. Of these methods the 

most straightforward is the use of surface pitot tubes. HooW has shown that a surface pitot tube can 
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be produced in a simple manner by attaching a piece of razor blade to a surface provided wi th  a 

flush hole such that the' chamfer of the blade edge overlaps the hole. This technique has been 

adopted in the work described herein. 

In Section 3 earlier work on surface pitot tubes is reviewed. In Sections 4 and 5 the method adopted 

for obtaining a calibration curve and the results obtained are discussed. 

In Section 6 the application of surface pitot tubes to the measurement of skin friction on models 

in a wind tunnel is described, with estimates of accuracy. The results of preliminary tests on two 

models are given in Sections 7 and 8. 

The results which have been obtained so far show that surface pitot tubes are usable in turbulent 

boundary layers in supersonic flow with some possible reservations as to the effects of pressure 
gradient. 

2. Methods of Measuring the Surface Shearing Stress in Boundary Layers. 

In order that the aim of measuring the distribution of shearing stress over a wing should be a 
practicable experiment a method was required which would neither require specialised equipment 

and techniques nor depend upon a multiplicity of readings for the evaluation of a single point. 
Methods such as that of Schubauer and Klebanoff 6 using hot wires to measure the distribution of 

shearing stress through the boundary layer, or methods based on application of the momentum 

integral equations or on the velocity profile close to the wall were therefore not considered. The 

three methods considered are discussed below. 

(i) Floating surface element. 
This technique, in which the force on a small, detached portion of the surface is measured, is the 

only direct method of measuring skin friction. The method was first used by Kempf v, whose 

measurements for Reynolds numbers greater than 100 million are still the only values available in 

this range. Dhawan s showed that the technique could be used successfully at transonic and 

supersonic speeds, and Smith and Walker 9 recently made some very careful measurements in 

incompressible flow at Reynolds numbers up to 43 million, using an improved type of measuring 

device. 

As well as being the only absolute method, this is also the most accurate method, Smith and 

Walker 9 claiming an accuracy of 2 per cent. This method has the serious disadvantage that in a 

pressure gradient, the pressure difference across the floating element will contribute a force, which 
can only be estimated, and which may be of the same order as the total shearing force on the surface 

of the element. In zero pressure gradient, however, this method provides a very accurate standard 
which can be used to check other methods of measuring skin friction. However, either the installation 
of a number of units in a model or the repeated installation of a single unit in various positions 
would clearly be a prohibitive problem. 

(ii) Heated surface element. 
Ludwieg 1° developed a method of determining skin friction by measuring the heat transfer from a 

small, locally insulated, heated portion of the surface. Liepmann and Skinner 11 showed that the 
method could be simplified by using a heated wire embedded in the surface, and Diaconis lz has 

extended Ludwieg's theoretical analysis to compressible flow. This method was used by Ludwieg 
and Tillman 18 to obtain an empirical law for the local skin-friction coefficient in incompressible 

flows with pressure gradients. The only limitation on the use of this method is that the heated 
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portion of the surface be so small that ks thermal boundary layer lies within the laminar sublayer 
of the velocity boundary layer. The method is quick, as only two measurements are required, the 
temperature of the heated surface under two different rates of heat transfer, one of which may be 

conveniently chosen as zero heat transfer. A slight disadvantage is the time taken for the surface to 
reach thermal equilibrium with its surroundings, which may be considerable. The use of this 

method would demand special models with provision for the necessary wiring. 

(iii) Surface pitot tube. 
Surface pitot tubes were first used by Stanton, Marshall and Bryant 1~ to show the existence of a 

laminar sublayer in turbulent pipe flow. Fage and Falkner 15 used surface pitot tubes to measure the 

distribution of skin friction on a two-dimensional aerofoil. In recent years renewed interest in 

surface pitot tubes has been aroused by Preston 16, who, on the basis of Ludwieg and Tillman's 
experiments, suggested that circular pitot tubes could be used to measure skin friction, instead of 

the rather delicate flat pitot tubes used by Stanton. Shortly afterwards HooW devised a very simple 
type of surface pitot tube, consisting of a small piece of a razor blade soldered over a pressure hole 

in the surface, thus converting a static-pressure hole into a surface pitot tube. The assumption 
behind the use of surface pitot tubes is that the mean velocity profile of a turbulent boundary 
layer, in the region near the wall, is determined solely by the shearing stress at the wall and the 
properties of the fluid. Ludwieg and Tillman ~3 have shown this to be true independent o f  pressure 
gradients for incompressible flows and Monaghan and CookO s have" shown independence for 
supersonic Math numbers with zero pressure gradients, provided that the properties of the fluid 
were evaluated at the temperature of the surface. Despite the lack of accurate measurements on a 
compressible boundary layer in a pressure gradient, it appears reasonable in the present state of 
knowledge to assume that the velocity profile is determined solely by the wall shearing stress and 
the properties of the fluid so that the same calibration should apply to geometrically similar surface 

pitot tubes at all speeds. 
From the foregoing it can be seen that both the heat-transfer and surface-pitot methods provide 

means of obtaining the skin friction in a completely unknown boundary layer from local 
measurements only. These each have advantages and disadvantages. The heat-transfer method makes 

a less restrictive assumption about the velocity profile in the boundary layer than the surface-pitot- 

tube method, but is rather less accurate, as the signal is proportional to the 1/3 power of the shearing 

stress, instead of the 8/7 power for surface pitot tubes. 
Following the idea of Hool the use of a portion of razor blade to produce a surface pitot tube has 

tremendous practical advantages. On any model where provision has been made for measuring 

pressures the surface shear can be measured, without any additional instrumentation, by 

converting the pressure holes into surface pitot tubes. Strictly a measure of surface temperature is 
also required but this can usually be estimated with sufficient accuracy. 

On practical grounds alone a study of such devices at supersonic speeds was warranted, with 
the aim, if possible, of obtaining a calibration relating the surface shear and pitot pressure rise 

independently of Mach number. 

3. Previous Work on Surface Pitot Tubes. 

After the work of Stanton et a114, and Fage and Falkned ~, Taylor 19 analysed their results, and 
showed that a unique non-dimensional correlation could be obtained. He also carried out further 
experiments to extend the range of the calibration curve. The correlation suggested by Taylor 



involved the idea of the 'effective centre' of the pitot tube. Later Preston 16 suggested a more simple 

correlation by making both the surface shear and pressure rise non-dimensional thus obtaining 
the equation e" 

I~° ~ \ I~" ~ ] ,  (1) 

where 

~'w = wall shearing stress, 

Pw = density at wall, 

/z w = viscosity at wall, 

h = height of surface pitot tube, 

AP = pressure difference between surface pitot pressure and local static pressure. 

This equation is rather more useful than Taylor 's  correlation as the wall shearing stress is given 

directly in terms of the other variables. The  function f will be different for geometrically different 

surface pitot tubes. A good survey of work up to 1954 has been given by Trilling and Hakkinen ~°, 

together with an attempt to predict theoretically the form of the function f .  Work subsequent to 

this paper is discussed below. 

Preston 16 gave the calibration curve 

[pwh2AP~ °'s75 
p ~ , h % w  _ 0 . 0 4 7 8  ~ , (2) 

from tests in fully developed pipe flow at low speeds, using circular pitot tubes, for the range 
2.5 x 10 a < p~h2AP/t% ~ < 107. Shortly afterwards Relf, Pankhurst and Walker 21 obtained the 

calibration 
[ p~h2Ap~ 0.875 

P'~hZ'rw - 0"0543 (3) 

for a turbulent boundary layer on a flat plate, over the range 5 x 105 < pwh2AP/l~w ~ < 5 x 107. 
Hsu ~2 verified Preston's original calibration for boundary layers in adverse pressure gradients, 
using the Ludwieg-Til lman formula for skin friction. Smith and Walker 9 calibrated surface pitot 
tubes in a turbulent  boundary layer by measuring the shearing stress with a floating element, and 

obtained the relationship 
[ pwh2AP~ °'s'' 

P~he% - O. 0511 (4) 

over the range 4 x 105 < p,~h2AP/ixw ~ < 107. This agrees with (3) within about 4% over the 
common range of applicability. For  a laminar  boundary layer the only available results are those 

by Relf et a121, who give 
p~h~'rw - 2" 25 {PwhZAP] 1/2, 

e It might be remarked that the L.H.S. of equation (1) is the square of a Reynolds number using friction 
velocity and that the parameter on the R.H.S. is half the square of a Reynolds number using the velocity 
indicated by the surface pitot tube. 



over the range 105 < pwh~AP/tzw ~ < 4 x 106. For compressible boundary layers, the only results 
using circular pitot tubes are those of Fenter and Stalmach =a, who used a different correlation from 
(1). For incompressible flow a surface-pitot-tube velocity, U 8, may be defined by the relationship 

Then (1) is equivalent to 
AP = ½pwUs ~. (6) 

Izw ~ \ tzw / '  

where the function f l  in (7) is related to the function f in (1). For compressible flow Fenter and 

Stalmach generalised (7) to 

P~h2r*° - f~(e~), (8) 
/zw2 

where 
pwhU1 1__ sin_ 1 ( U , ~ / ~  

O~ \ u1 ! (9) 

where U s is the velocity measured by the surface pitot tube, i.e. the velocity deduced from the ratio 
of surface pitot pressure to local static pressure, assuming constant stagnation temperature throughout 

the boundary layer. In (9) 
J 

~ -- 2 MI~ 1 + M1 ~ 

where U 1 and M 1 are the velocity and Mach number, respectively, of the external flow. It is clear 
that (7) and (8) are identical for incompressible flow (M 1 ~ 0). Fenter and Stalmach 2a measured 
the shearing stress at the wall using a floating element, and tested a series of surface pitot tubes 
over a wide range of tube diameters, Mach numbers and Reynolds numbers, and obtained a 
satisfactory correlation of the form (8). For incompressible flow the correlation they obtained is 

within about 6% of that given by (3). 
For flat surface pitot tubes information is rather scarcer. HooW calibrated a series of tubes in 

laminar duct flow, and obtained, the correlation 

Pwh~r~ - O" 741 {P~h2AP~ 5ts, (10) 
/*~ \ /*w~ ] 

over the range 15 < pwh2AP/i*,~ ~ < 2000. Bradshaw and Gregory ~4 made tests on a series of surface 
pitot tubes in laminar duct flow over the range 1.2 < pwh~AP/Izw ~ < 200, and in fully developed 
turbulent duct flow over the range 1.2 < pwh2AP/t*~ ~ < 107. An analytic expression for the 
calibration curve is not given, but it is shown that different calibration curves must be used in 
laminar and turbulent flows. Over the range of overlap with Hool's results the calibrations agree 
within about 5%. For compressible flow, r.esults using fiat surface pitot tubes were obtained by 
Abarbanel, Hakkinen and Trilling 25. They used a flattened pitot tube resting against the surface 
of a flat plate in the transition region of a boundary layer at subsonic speeds, and in laminar and 
fully turbulent boundary layers at supersonic speeds. For the subsonic boundary layer, and' the 

laminar supersonic boundary layer, the correlation obtained was 



over the range 1.4 x 10 2 < pwh2AP/l~w~ < 5 x 10 3. For the turbulent supersonic boundary layer 
the correlation obtained was 

P~h~%' - O. 211 {P~°h~AP~ ~/4 
' ( 12 )  

over the range 6 x 10 a < p~h2APllz~ ~ < 1.4 x 10 5 . 

Theoretical attempts to predict the calibration to be used for surface pitot tubes have mostly 
been unsuccessful. For circular pitot tubes both Hsu ~2 for incompressible flow, and Fenter and 
Stalmach 23 for compressible flow assumed that the pressure recorded by the surface pitot tube was 
the mean pitot pressure over the portion of the boundary layer occupied by the pitot tube. They 
showed that to sufficient accuracy the mean pressure was the same as the pressure at the centre of 

the pitot tube, and that the experimental results were in satisfactory agreement with the theoretical 
results. For a linear velocity profile, as occurs in laminar boundary layers, Preston 16 suggested that 
the calibration should be 

= 2 /2 { pwh2AP] 1t2 
' (13) 

which is within about 25% of the curve given by Relf et a121 for a laminar boundary layer. 

For flat surface pitot tubes, Thom ~6 performed a numerical calculation of the flow around a 
two-dimensional surface pitot tube at very low Reynolds numbers (Stokes flow regime). From his 
results he deduced the calibration 

Pwh2% _ 1 Pw h2AP 
/z.,2 ~ /z2 , (14) 

which is of the same form as the calibration obtained by Ta.ylod 9, but with a different numerical 
coefficient (0.50 instead of 0.82). For turbulent boundary layers Trilling and Hakkinen 20 assumed 

that the effect of the surface pitot tube could be treated as a linear perturbation to the boundary- 

layer flow. When the surface pitot tube lay within the linear velocity profile in the boundary layer 
they predicted a correlation of the form 

v 

pwh2% - A [Pwh2AP] zl5 
] • (15) 

This analysis was extended by Abarbanel et al z5 to the case where the surface pitot tube projected 
well beyond the linear velocity profile, giving a correlation of the form 

pwhZ'rw = B {PwhZAP~ ~I7 
~ 2  \ ~2  / (16) 

Gadd 27. has investigated the effect of separation upstream of a step in a flow with linear velocity 
profile and obtained the calibration 

P~°h2"c*° - C (Pwh2AP] zla 

By appropriate choice of constants these calibrations can be made to fit experimental results over a 
fairly wide range of .the variables. 

As none of this work covers calibration of surface pitot tubes of the type considered in this report 
over the Math number and Reynolds number ranges required, the experiments described in 
Sections 4 and 5 were undertaken. 
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4. Method of Calibration. 

The type of surface pitot tube used consisted of a piece of razor blade cemented to the surface, 
with its leading edge immediately above the leading edge of a circular pressure hole in the surface, 
as shown in Fig. 1. Most of the razor blade above the sharp leading edge was ground away, as 
indicated, in order to reduce as much as possible the disturbance to the boundary layer. The 
grinding does not affect the calibration. The height h, from the leading edge to the surface, was 
varied by varying the amount of cement under the razor blade, or, for the largest values, by inserting 

a piece of paper or thin cardboard packing between the razor blade and the surface, as shown in 
Fig. 2. The surface pitot tubes were not all exactly geometrically similar, the aspect ratio of the 
orifice varying fromabout  100 down to 15. However, it is believed that these values are large enough 

for the flow in the neighbourhood of the tube to be two dimensional in character, and that the aspect 
ratio does not enter as an additional parameter. 

The surface pitot tubes were calibrated in the turbulent boundary layer on the flat sidewall of 

two supersonic wind tunnels at R.A.E., Bedford. In order to examine the effect of varying Reynolds 

number, measurements were made in the 9 in. x 8 in. Turn, el at 'a Mach number of 2, for 

Reynolds numbers between 2 million and 8 million per foot. To examine the effect of varying 

Mach number, the 13 in. x 13 in. Tunnel was used at atmospheric total pressure, for Mach 

numbers between 1.8 and 2.7. Boundary-layer traverses were made, using a flattened pitot tube, 
and pressures were recorded using surface pitot tubes of several different heights in each tunnel. 

After several unfruitful attempts to determine the skin friction by using yon K~rm~n's momentum 
integral equation, the following method was adopted. The mean skin-friction coefficient, CF, for a 
two-dimensional incompressible turbulent boundary layer of effective length x is given by the two 
formulae (see Monaghan and Johnson'S) ' 

20 
CF = - - ,  (18) 

X 

CF = 0.46 [lOgl0 Re:~] -26 • (19) 

Hence if 0 and the Reynolds nmnber per foot are known, a value of x may be obtained which gives 
the same value of Cp from both (18) and (19). Then the local skin-friction coefficient, ci, may be 
calculated from the formula (see Monaghan 29) 

c] = 0-288 [loglo Rex] -2"4~. (20) 

For compressible flow the 'intermediate enthalpy' forms (Ref. 29) of (19) and (20) are used. CF, 

c I and Re x are replaced by CF e, c] ~ and Rex ~, with the relations 

Pl 
CF'*=~g .  CF, 

Pl 
C.t ~ .-~ ~ £]' 

pe 
Rexe - Izt Re  x ' 

Pl I ~e 

where Pl and/z 1 are the free-stream density and viscosity, respectively, and pe and/x e are the density 
and viscosity corresponding to the intermediate temperature T ~, with 

T* = T~ + 0 . 5 ( T ~ -  T~) + 0 .22(T~-  r~), 
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where T 1 is the free-stream temperature, T~o is the wall temperature, and T r is the recovery 
temperature, i.e. the wall temperature for zero heat transfer. The wall temperature was evaluated 

by assuming that there was no heat transfer and that a recovery factor of 0.89 could be taken. Both 

these assumptions can be justified. The airswept surfaces of the sidewalls of both wind tunnels 
are covered with a layer of resinous material about 0.01 in. thick. As the recovery temperature at a 

Mach number of 2.7 is only 20°C below the total temperature (for total,temperatures around 20°C) 
the heat-transfer rate will be very small. The tunnels were run for several minutes before taking 
readings to enable the surface temperature to reach equilibrium. The effects of variations in the 

recovery factor are negligible. For example, changing the recovery factor from 0.89 to 0.88 changes 

the surface temperature, and hence the density and viscosity, by less than ½°/o. 
The assumption implicit in the foregoing is that the local skin-friction coefficient is determined 

solely by the Reynolds number based on momentum thickness, and is unaffected by pressure 

gradients or three-dimensional effects. In both wind tunnels pressure gradients in the vicinity of 

the measuring points were small. In the 9 in. x 8 in. Tunnel the measuring point is preceded by a 

length of about a foot of uniform flow, and in the 13 in. x 13 in. Tunnel the maximum divergence 

of the nozzle wall in the supersonic portion of the nozzle is only 10 °, so that three-dimensional 

effects should be small in both tunnels, and the values of Q deduced should be close to the correct 

values. The characteristics of the boundary layers measured are summarised in Tables 1 and 2. As a 

check on the reliability of the deduced skin-friction coefficient the velocity profiles for a few of the 

boundary-layer traverses are plotted in Figs. 3 and 4 in the 'law of the wall' form, 

~t~ \ v w ] 
~¥here 

and u is the velocity in the boundary layer at a point distant y from the wall. Over the centre portion 

of the boundary layer the profiles are close to the form 

u _ 5 . 0  log~o (yu~] + 7 - 1 5  
Ztr \ Vw / 

as suggested by Smith and Walker 9 for incompressible flow. There is some variation with Reynolds 

number, as also obtained by Smith and Walker. Tests in the 9 in. x 8 in. Tunnel in fact covered 
almost the same Reynolds number range as Smith and Walker's tests, and the straight-line portions 

of two of their profiles are also shown in Fig. 3, where it can be seen that the results agree very well 

with the results obtained here. 
The surface pitot tubes were placed at several longitudinal positions on the centreline of the 

sidewall in the 9 in. x 8 in. Tunnel, and at one position on the centreline and at a position 3½- inches 
above this on the sidewall of the 13 in. x 13 in. Tunnel. It was expected that the boundary layer 
would have different characteristics at these different positions, but Tables 1 and 2 show that the 

differences were quite small. The calibration obtained for the surface pitot tubes, in the form 

P~h~"° - f  [P~h2AP~ (22) 

is shown in Fig. 5. 
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5. Results and Discussion. 

5.1. Results for Unyawed Surface Pitot Tubes. 

The calibration results obtained are shown in Fig. 5. The least-squares line through the points is 

_ _  (p .h'APi Pwh2~° - O. 207 (23) 

Previous results for flat surface pitot tubes over the range of pwh~AP/l% 2 covered in these tests by 

Bradshaw and Gregory 2~ for incompressible flow in a duct, and by Abarbanel et a125 for a turbulent 

bmindary layer at supersonic speeds, are also shown in Fig. 5. The results obtained here agree well 

with the measurements of Abarbanel et al, {cf. equation (23) with equation (12)} but it should be 

pointed out that Abarbanel et al state that the flattened pitot tube used by them as a surface pitot 

tube did not have its lower surface touching the wall. If the lower surface had been touching the 

wall the measured pressure rise, AP, would have been smaller, and this would have brought the 
results into even closer agreement. The results obtained here do not agree very well with those of 

Bradshaw and Gregory. This discrepancy may be due to slight differences in the geometry of the 
tubes, differences in velocity profiles in duct and boundary-layer flow, or a genuine Mach number 

effect. It seems likely that there is a genuine Mach number effect since the presence of the surface 

pitot tube will induce a small local separation. The pressure rise in the region of separation will be 
influenced by shock waves at supersonic speeds.* 

The least-squares line {equation (23)} should not be used beyond the range of tests covered here. 
Extension of the results to smaller values of pwh~%/iXw 2 would be difficult, as it would involve either 
using smaller heights h, or tests at lower values of Pw and % obtained by operating at reduced 
Reynolds number. In both of these cases accurate measurements would be made more difficult. 
Extension to larger values of pwh~-r~o/tzw 2, on the other hand, may be made simply by increasing h, 
which does not lead to any loss of accuracy. 

In this connection some measurements by Stevens ~°, 31 of the pressure coefficients on steps of 
various heights in a turbulent boundary layer at several Mach numbers have been analysed. The 
boundary layer for these tests was roughly of the same thickness as that used to calibrate the surface 
pitot tubes, and the step heights varied from less than 1/10 to over ½ of the boundary-layer thickness, 

the smallest step height being about 5 times the largest surface-pitot-tube height. The skin-friction 
coefficients in the undisturbed boundary layer at the step positions were estimated using flat-plate 

formulae for turbulent boundary layers. The results are compared with the surface-pitot-tube 
. calibration in Fig. 6, using the correlation 

c~= (huT] 

cf g \ Vwl'  

where c±) is the mean pressure coefficient on the front face of the step, and c I is the skin-friction 
coefficient for the undisturbed boundary layer. It is easily seen that this correlation is equivalent to (1). 
With this correlation Stevens' results collapse on to a unique curve independent of Mach number 
or step height. This curve does not overlap the range covered by the surface-pitot correlation and 
differs from the curve calculated from equation (23). It does, however, fair into the surface-pitot 

e Work subsequent to that reported here has shown that different calibration curves are, in fact, obtained 
for subsonic and supersonic speeds, with a transitional region for Mach numbers between about 0.8 and 1.5. 
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line. This indicates that a unique correlation exists up to quite large values of the height h. The 
relationship given by equation (23) is clearly not valid for values of hu,/v exceeding 100. Provisionally 
the extension indicated by the results for steps might be used for larger values of hu,/v. 

5.2. Effects of Yaw on Surface Pitot Tubes. 

Before surface pitot tubes can be used in three-dimensional boundary layers the effects of yaw on 
the pressure measured by a surface pitot tube need to be investigated. The only measurements to 
date have been those of Sigalla in an unpublished report, which have been described by Granville 
and Boxall 3~. These Were made using a circular pitot tube at low speeds, and the results may be 
quite different for flat surface pitot tubes at supersonic speeds. The effects of yawing a surface pitot 
tube up to 30 ° were studied in the 9 in. x 8 in. Tunnel. These results may be presented in two ways. 
In Fig. 7 the results for one particular height of surface pitot tube, 0. 0040 in., are plotted as 

AP~ 
AP0 - g(/~)' (24) 

where APp is the pressure rise above local static pressure recorded by the surface pitot tube at an 
angle of yaw ]3, AP 0 being the pressure rise at zero yaw. The results of Sigalla are also included. The 

alternative method of plotting is shown in Fig. 8, as 

= ( 2 5 )  
T O 

where Tg is the shearing stress at an angle of yaw/3, deduced from (23), and T o is the shearing stress 

obtained for zero yaw, i.e. the true shearing stress. 
There are two simple physical ideas which enable us to deduce the forms of the functions g(fi) 

and h(/?) in (24) and (25). If it is assumed, following Fenter and Stalrnach 23, that the pressure rise, 

AP, recorded by the surface pitot tube corresponds to a velocity U in the boundary layer, such that 

A P  = ½pU s, 

then for yawed surface pitot tubes, assuming that the relevant velocity is the velocity normal to the 

leading edge of the surface pitot tube, the relation 

= m0cos , 
is obtained, which leads to 

AP~ _ cosZ~. (26) 
AP0 

The curve given by (26) is shown in Fig. 7, where it can be seen to agree extremely well with all 
results up to yaw angles of 15 °, and agrees with the high Reynolds number tests in the 9 in. x 8 in. 
Tunnel at all yaw angles. The results of Sigalla, and those for large yaw angles at low Reynolds 
numbers in the 9 in. x 8 in. Tunnel do not lie on the curve, but are within about 5% of it up to 
30 ° yaw. An alternative assumption is that the pressure rise recorded by the surface pitot tube is 
that corresponding to the shearing stress normal to the leading edge. This gives immediately 

Tp _ cosB.  (27) 
T O 

The curve given by (27) is shown in Fig. 8, where it can be seen that it only agrees with the low 

Reynolds number tests in the 9 in. x 8 in. Tunnel, all other points lying well away from the curve, 
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except at very small angles of yaw. Although neither (26) nor (27) give a complete correlation for 

the effects of yaw, it is suggested that (26) should be used if it is desired,to correct the measured 
pressure rise to the value it would have for an unyawed surface pi tot  tube, assuming that the 

direction of the skin friction on the surface is known, for example from oil-flow tests. 
It  should be made clear that this experiment on yawing a surface pitot tube in a two-dimensional 

boundary layer does not necessarily demonstrate its behaviour in a three-dimensional boundary 

layer in which the direction of flow will vary with the distance from the surface. Further work on 

this is desirable but will require extensive investigation of the characteristics of a three-dimensional 

boundary layer. 
From Fig. 8 it should be noted that provided the normal to the leading edge of the surface pitot 

tube is within about 15 ° of the direction of the skin friction, the value of skin friction deduced from 

the calibration curve will be within about 5% of the true value. 

5.3. Interference between Surface Pitot Tubes. 

In order to determine how close the type of surface pitot tube considered here could be spaced 

streamwise without interference, measurements were made downstream of a surface pitot tube of 

height 0.0046 in. in the 9 in. x 8 in. Tunnel. It was found that neither the static pressure 

measured 1½ in. downstream nor the surface pitot pressure measured 2 in. downstream were 

measurably altered. These distances are approximately tWO and three boundary-layer thicknesses, 

respectively. It was not possible to obtain any 'measurements at closer spacings than these, or on 

surface pitot tubes spaced spanwise, so that a lower limit to the spacing for negligible interference 

cannot be quoted. However, the spacings given should be sufficient for most purposes. 

5.4. Accuracy of Calibration. 

It is difficult to give precise estimates of the accuracy of the calibration curve due to uncertainty 
about the exact value of shearing stress." However, the accuracy of the remaining quantities in 
equation (23) may be estimated readily. The pressure difference AP was measured directly between 
the surface pitot tube and a neighbouring static-pressure hole to an accuracy of 0.001 in. Hg. 

As the lowest value of AP recorded was 0.25 in. Hg, the error in AP is not more than 0.4o/o. The 
static pressure was measured with an accuracy better than 1%. The estimated surface temperature 

is probably correct to about 3~C, or 1%. Hence Pw will be accurate to 2%, and/~,~ to 1% . The 

height h is measured optically to an accuracy of about 0. 0004 in., which gives an error in h varying 

from 30% for h = 0. 0014 in. to 4% for h = 0. 0109 in. Thus the error in pwh2/lzw 2 will range from 

• 64% for h = 0.0014 in. to 12% for h = 0-0109 in. Hence the accuracy of the calibration curve is 

different over different portions of it. Rewriting (23) as 

~,,~ - 0. 207(AP) °'TG~ (pwh~/txw~) -°236 , 

then the possible error in the constant 0.207, ignoring possible errors in rw, will be ,15% for 

h = 0.0014 in., and 3% for h = 0.0109 in. If  the error in  r w is taken to be, say, 10%, then the 

accuracy of the calibration curve would be 25% near owh~AP/tzw2= 400, and 13°/o for 

pwh~AP/l%~= 106. 
It is seen that the major inaccuracy of the calibration curve arises from errors in measuring h. The 

accuracy might be improved if a different way of measuring were used, such as a replica technique. 
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6. Measurements of Skin Friction on Models--Method and Accuracy. 

To obtain an estimate of the accuracy obtainable from surface pitot tubes, the case of a typical 
model in the 8 ft x 8 ft Tunnel  at R.A.E., Bedford, will be considered. 

In general there will be pressure gradients on the model, and hence the pressure rise AP cannot be 

recorded directly, unless the model has been extensively pressure plotted in order to determine the 
isobars, in which case the surface pitot pressure may be measured relative to the static pressure 

anywhere on the same isobar. For tests in the 8 ft x 8 ft Wind Tunnel  the following procedure has 

been adopted. The  static pressures, Ps,  are measured at a series of points on the model in one test. 
The  static-pressure holes are converted into surface pitot tubes by cementing pieces of razor blade 
over them (see Fig. 1), and the test is repeated to give the surface pitot pressures, Pp ,  at the same 

points on the model surface. In general the tunnel total pressure for the two tests is not the same, so 
that the pressure rise AP is not equal to P~ - Ps .  We assume that small variations in Reynolds 

number  have an insignificant effect on the pressure coefficients, so that corrected static pressures, 

Ps' ,  are obtained by multiplying P s  by the ratio of the total pressures. Then we have 

AP = Pp  - Ps ' .  (28) 

The  local Mach number  is obtained from the ratio of static pressure to total pressure, assuming 

isentropic flow around the model (a reasonable assumption for slender configurations at moderate 

angles of incidence). The surface temperature, Tw, is obtained from the local Mach number,  

assuming a recovery factor of 0.89. The surface density, Pw, and viscosity,/Zw, may then be obtained. 

Thus all the quantities needed to evaluate p~h~AP/tzw 2, and hence pwh~%/tZw 2 and % are known. 

To assess the accuracy of this procedure consider an example when the local Mach number  is 

2 with c/ = 0.0016 at a Reynolds number  per foot of 2 million and consider the surface pitot- 
pressure rise which would be measured by a tube of height' 0.005 in. The various quantities 
involved are 

% = 0. 648 lb/ft ~, 

P~h~- = 202.4 ft2/lb 
/xw2 

hence 

and from (23) 

giving 

Also 

P~°h2% - 131" 1, 
/Xw2 

p~h2AP 
- 4,600, 

/~w 2 

AP = 22" 7 lb/ft 2, 

= 0"33 in. Hg.  

P s  = 2"05 in. Hg .  

The  pressures Ps and Pp are recorded to an accuracy of 0.02 in. Hg*, or about 1%. Half this error 
is reading error, and half zero error. Hence the accuracy of AP is 0.04 in. Hg, or about 12%. The  

error in Mach number  is about 0.006, which gives a negligible error in T w and /z  w. Hence the 

* Subsequent to the tests discussed here the reading accuracy of the manometers has been improved to 
0. 005 in. Hg. 
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error in Pw is about 1%. The  height h is measured optically, and an accuracy of about 0.0004 in. 

is obtainable, or about 8% in this case. Hence the accuracy of p~h~/fxw ~ is about 17°/o . From (23) the 

calibration curve may be written 
% = 0.207(AP) °'76~ (p~hZ/fz~2) -°286 • 

Hence the accuracy of ~'~o is, ignoring possible errors in the calibration curve, 

0.764 × 12 + 0.236 × 17 - 13%. 

It  is clear from this that the major factor in the accuracy of obtaining ~'w is the pressure rise AP. For 

example, at the same Mach number,  but  with a local skin-friction coefficient of 0. 004, and a 

Reynolds number of 4 million per foot, the pressure rise is about 1.4 in. Hg, which is measurable 

to an accuracy of about 3%. Hence the error in ~'w is 

0.764 x 3 + 0.236 x 17 - 6%.  

On the other hand, for the same Reynolds number  and skin-friction coefficient, but at a Mach 

number  of 2.8, the pressure rise is about 0.12 in. Hg, which can only be measured to an accuracy of 

about 33%. Also the static pressure can only be measured to about 2%, so that the accuracy of ~'w is 

0.764 x 33 + 0.236 x 18 - 30%,  

which is quite low. However, if the height h is altered to 0. 010 in., then the pressure rise becomes 
0.28 in. Hg, which can be measured to an accuracy of about 14%. Hence the accuracy of 7 w is 

0.764 x 14 + 0.236 x 10 - 13%. 

This suggests that the height h of the surface pitot should be chosen for the particular test being 

carried out. For low Mach numbers or high Reynolds numbers tube heights of the order of 0.005 in. 

will be adequate, but  for high Mach numbers or low Reynolds numbers tube heights of about 

0. 010 in. or larger will be needed to give reasonable accuracy. There  may.be additional errors due 

to inaccuracy of the calibration curve (see Section 5.4). 

7. Sk in  Friction on a Slender Delta Wing. 

As a preliminary test of surface pitot tubes, the skin friction was measured on a slender delta wing 

to which 13 tubes were attached. All the tubes were attached with their leading edges normal to the 

model centreline. There was no noticeable increase in the time lag of the pressure readings. Due to 

faulty instrumentation, pressures were not recorded for certain Mach numbers and incidences of 

the model. However, enough information was obtained to enable a few deductions to be made. 

The  model (Fig. 9) was a delta wing of aspect ratio 4/3, having a Lord V area distribution 1, with 

diamond cross sections and a root thickness-chord ratio of 11.2%, the root chord being 5 ft. The  

surface pitot tubes were placed at the positions shown on Fig. 9. Results were obtained for the 

following combinations of Mach number M, Reynolds number Re  per foot,' and incidence ~. 

M Re p e r  f o o t  

1 . 6  2 X 10  6 - 4  ° , - 2  ° , 0  °,  + 2 ° ,  + 4 °  

2 . 0  2 × 10  6 - 4  ° , - 2  ° , 0  °, + 2  ° 

2 " 0  1 × 106 0 ° 

2 " 2  2 x 106 0 ° 

2 " 4  2 x 106 - -  1 0  ° , - - 8  ° , - - 6  °, - - 4  ° , + 6  ° , + 8  ° , + 1 0  ° 

2 " 6  2 x 106 0 ° .  
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A positive incidence indicates that the skin friction was measured on the suction side of the wing. 

The skin friction was evaluated as described in 8ection 6, and the results interpreted as skin-friction 
coefficients relative to free-stream conditions. No attempt was made to fix transition on the wing, so 

that some regions of laminar flow exist. Pressure distributions measured in other tests are shown 
in Fig. 10. 

The results for a Mach number of 1.6, showing the effect of variation of incidence, are given 

in Fig. 11 for the two spanwise positions y/s = 0.05 and 0.40, y being the spanwise distance from 

the root and s the semi-span of the wing. From the results for y/s = 0' 05, it is clear that the most 

forward surface pitot tube is in a region of laminar flow. The skin-friction coefficient for this 
point is not accurate since no calibration has been made in a laminar boundary layer. The remaining 

two surface pitot tubes, at y/s = 0.25 and 0.59, for which results are not given, were in regions 

of laminar flow for most of the tests, and it is not considered worth while quoting any results for 

these. The results for variation of incidence at Mach numbers of 2.0 and 2.4 are shown in Figs. 12 

and 13 l'espectively. The effect of Mach number on the skin friction is shown in Fig. 14, which gives 

the results for all Mach numbers at zero incidence. The effect of Reynolds number is shown i n  

Fig. 15, which gives the results for a Mach number of 2.0 at zero incidence for the two Reynolds 
numbers used. 

From Figs. 11, 12 and 13 it is seen that, for moderate incidences, the skin friction is increased 

on the pressure side of the wing and decreased on the suction side. This effect is partly due to the 
variation of local kinetic pressure with incidence. In Fig. 16, the results for M = 2.4 are plotted 
as skin-friction, coefficients relative to local kinetic pressure, and some reduction in the spread of 
the curves is obtained. 

The only results for high ,incidences are those for 34 = 2.4 (Fig. 13), where, unfortunately, 
results for zero incidence are not available. At the highest incidence (+  10°), for y/s = 0.05, the 
skin friction increases towards the rear of the model, instead of falling as would be expected. 

For y/s = 0.40, for the same incidence, the skin friction was too small to be measured for the 
upstream four surface pitot tubes. This can be explained if the reattachment line of the flow 
separating from the leading edge was aft of all but the downstream tube. No explanation is offered 
for the behaviour of the skin friction for y/s = O. 05. 

Fig. 14 shows the effect of Math number on the skin friction at zero incidence. It is seen that 
the skin-friction coefficient decreases as the Mach number increases, as would be expected. From flow 

visualisation it is known that the transition Reynolds number is about 2 million for the section 

y/s = 0.05, and about 1 million for y/s = 0.40. These figures agree quite well with the form of 
the skin-friction curves obtained. The theoretical curves Shown on Fig. 14 were obtained by 

assuming that the pressure gradients on the wing had a negligible effect on the skin friction. They 

agree moderately well with measurements over the forward part of the wing, but are significantly 

higher over the rear portion. This may be due to three-dimensional effects in the boundary layer. 

From the theoretical work of Lord and Brebner 1 it can be shown that the streamlines over the rear 

portion of a wing with Lord V area distribution are converging. While this wing is rather thick for 

linearised theory to be accurate, this behaviour is probably not qualitatively different. This would 
tend to increase the boundary-layer thickness and decrease the skin friction, in agreement with 
the measured values. 

The effect of varying Reynolds number at M = 2.0 and zero incidence is shown in Fig. 15. As 
expected the skin-friction coefficients are higher for lower.Reynolds number. Again the measured 
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values agree moderately well With flat-plate values over the forward portion of the wing, but are 
lower over the rear portion of the wing. It is worth pointing out that the surface pitot tube at 

x/c o = 0.60, y/s = 0.40 appears to lie in the transition region for a Reynolds number of 1 million 

per foot. The shape of the skin-friction curve through transition can in this case therefore be roughly 

defined. The length of the region corresponds to a Reynolds number of about 1 million which is not 

inconsistent with zero-pressure-gradient results at low speeds. For example the profiles given by 

Schubauer and Klebanoff in Fig. 3 of Ref. 33 imply a Reynolds number for the transition region 

of I" 1 million. 

8. Skin Friction on a Biconvex Cone. 

Another example of the application of surface pitot tubes is a brief investigation at a Mach 

number of 2 and Reynolds number per foot of 3.3 x 106 of the skin friction on the biconvex cone 

shown in Fig. 17. This model is one of a series on which pressure measurements have been 

described by Britton a4. Surface-pitot measurements were made at a spanwise station on one surface 

at 73% root chord from the apex, over an incidence range of + 16 degrees. Pressure coefficients 

extracted from Ref. 34 are shown in Fig. 18. The pressure distributions at incidence are 

characteristic of the separated-flow conditions found on slender wings with subsonic leading edges. 
(The aerodynamic slenderness parameter of the tests was 0.43.) From the distributions it can be 

seen that a vortex has formed at an incidence as low as 4 degrees and that at 16 degrees the three 
peaks in the suction on the upper surface imply the existence of three vortices. The surface flow 
on the upper surface (i.e. for positive incidence) will thus contain large variations in direction, and 

measurements with the surface pitot tubes, which were set with the leading edges normal to the 
model centreline, will be subject to errors. Unfortunately shortage of time prevented the taking 

of any surface oil-flow observations and so corrections to the measurements cannot be estimated. 
However, Fig. 7 shows that the error in surface shear would be not more than 10°/.,'o for 20 degrees 
flow deviation. 

The local skin-friction coefficients as deduced from the surface-pitot-tube readings are shown 

in Fig. 19 in terms of i~ree-stream kinetic pressure and in Fig. 20 in terms of local kinetic pressure. 

The local kinetic pressure was calculated from the pressure coefficients of Fig. 18 assuming the 

flow to be' isentropic. This assumption will be inaccurate for large incidences because of shock losses 

and viscous losses associated with vortices. The variation of skin friction with incidence is appreciably 

reduced by basing the coefficients on local kinetic pressure. 

Considering first the lower surface {Fig. 20(b)} the general shape of the curves at small incidence 

is consistent with the transition line usually found on slender wings (but not established for this 

model) where the transition on the centreline takes place at a higher Reynolds number than elsewhere. 

Such a pattern would give high local turbulent skin-friction coefficients on the centreline correspond- 

ing to an effectively lower Reynolds number and low values for the most outboard position if this 

were in the laminar or transition region. The magnitude of the measured skin friction is compared 

with flat,plate estimates, i.e. assuming the flow to be everywhere chordwise at two Mach numbers 

1.6 and 1-93. These Mach numbers correspond to the pressure coefficients on the model centreline 
at - 16 degrees and zero incidence respectively. Apart from the centreline the measurements at low 

incidence are everywhere lower than the estimate, and fall more sharply between y/s = 0- 8 and 0.6. 
This behaviour might be due to the inflow implied by the pressure distributions of Fig. 18. The 
inflow will have two opposite effects, a reduction of effective local Reynolds number (and 
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consequent increase in skin friction) because the streamline at a given spanwise station will start 
from the leading edge outboard of the 'station, and a reduction in skin friction because of the 
convergence of the streamlines. With increasing incidence the skin friction increases rapidly up to 
12 degrees but then decreases at 16 degrees incidence. The increase up to 12 degrees may be 
associated with an aft movement of transition together with the effect of diverging streamlines which 

the pressure coefficients indicate. The behaviour at 16 degrees incidence is not understood. 

On the upper surface {Figs. 19(a) and 20(a)} the distribution is much more irregular showing 

the peaks and troughs which would be expected at the reattachment and separation lines occurring 

in the surface flow. In the absence of surface flow pictures an estimate' of the positions of the reattach- 

ment lines with incidence has been made. Marsden, Simpson and Rainbird 35 have studied the 

separated flow over delta wings at low speeds and from their results it is possible to correlate the 

spanwise position of the reattachment lines with the spanwise position of the peak suction. This is 

shown in Fig. 21 plotted against the incidence parameter o~/K where K is the tangent of half the 

wing apex angle. This line and Fig. 18 were used to produce the dotted curve in Fig. 22 which is 

compared with the peak skin-friction values. There are insufficient skin-friction measurements to 

define the peaks clearly and their positions are indicated by lines rather than points. All the 

measurements are outboard of the estimate. This outboard movement is probably a Mach number 

effect. The spanwise positions of peak suction and vortex core are approximately the same and so 

Fig. 21 may be taken to be the ratio of span of reattachment lines to vortex spar/. Now for a given 

vortex span the vortices are much closer to the wings at supersonic speeds than at low speeds 
(see, for example, Gaudet and Winter 36) and consequently the attachment lines at supersonic 

speeds may be farther outboard in relation to the vortices than at low speeds. ~ 

Further work is needed to establish more accurately the peak skin=friction values and positions, 

and the surface flow. It might, however, be remarked that the large variatioi~s in skin friction 

measured imply by Reynolds analogy large variations in heat-transfer rates and consequent possible 
structurai problems for an aircraft operating with this type of flow. 

9. Conclusions. 

It has been shown that surface pitot tubes offer a simple way of measuring the surface shearing 

stress in turbulent boundary layers at supersonic speeds. The surface pitot tubes used were formed 

by cementing pieces of razor blade to surfaces with the chamfered edges overlapping static-pressure 

holes. Tests over a range of Mach numbers and Reynolds numbers have shown that a correlation 
of the same form as that used by Preston 1~ can be obtained; without introducing Mach number as 

an additional parameter. Fig. 5 shows the correlation obtained. 

Some tests have been made on the effect of yaw on the surface pitot tubes, and a correlation is 
suggested for relating the results to those at zero yaw. 

The technique has been applied to two models in the 8 ft x 8 ft Tunnel at R.A.E., Bedford, 
over a range of Mach numbers, Reynolds numbers and incidences. Regions of laminar flow were 

readily detected, and the variation of skin-friction coefficients with Mach number and Reynolds 
number agreed qualitatively with the variation of skin friction on a flat plate. 

e Recent work by Wyatt in a low-speed tunnel on a rhombic cone has shown the reattachment line to be 
inboard of the peak-skin-friction line. 
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The technique used here is applicable,to any model designed for pressure-plotting tests. The 
pieces of razor blade used to form the surface pitot tubes can be removed easily so restoring the 
model surface to its original condition. 

Further tests of surface pitot tubes of the type used here, over a wider range of Mach numbers, 

Reynolds numbers and tube heights, and in laminar and transitional boundary layers, are needed 
to extend the range of applicability. 
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LIST OF SYMBOLS 

Root chord of wing 

Mean skin-friction coefficient 

Local skin-friction coefficient 

Pressure coefficient 

Height of surface pitot t u b e  

Tangent of half the wing apex angle 

Mach number 

Reynolds number 

Semi-span of wing 

Temperature 

Mean velocity in boundary layer 

Velocity defined by AP = ½o~Us ~ 

Distance from effective beginning of turbulent boundary layer, 
apex of wing 

Distance from centreline of' wing 

Angle of incidence 

Angle of yaw 

Surface pitot pressure--local static pressure 

Momentum thickness of boundary layer 

Viscosity 

Kinematic viscosity 

Density 

Shearing stress 

Free-stream conditions 

Wall conditions 

Intermediate enthalpy conditions 
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T A B L E  1 

Characteristics of Boundary Layer, 9 in. 

Upstream position 

x 8 in. Tunnel 

H o 0 8" H c I 
• (in. Hg) (in.) (in.) 

65.2 0.0328 0.0997 3-04 0.00160 
40.0 0.0353 0.1208 3.42 0-00172 
32.6 0.0360 0.1147 3.18 0.00180 
20-0 0.0397 0.1251 3.15 0.00195 
16-3 0.0412 0.1291 3.14 0 .00201  

Centre pos~n 

H o 0 8" H cf 
(in. Hg) (in.) (in.) 

65.2 0.0339 0.i062 3-13 0.00158 
40.0 0.0369 0.1039 2.82 0.00170 
32.6 0.0386 0-1187 3.08 0.00175 
20.0 0.0424 0.1322 3.12 0.00189 
16.3 0.0445 0.1382 3.10 0-00195 

Downstreampositbn 

0 8" H 
(in.) (in.) 

0.0367 0.1129 3.08 
0.0397 0.1234 3.11 
0.0413 0.1275 3.09 
0"0467 0.1451 3.11 

Ho 
(in. Hg) 

65-2 
40-0 
32.6 
16.3 

c I 

0.00151 
0.00165 
0- 00170 
0.00193 

T A B L E  2 

Characteristics of Boundary Layer, 13 in. Tunnel 

Centreline position 

M 0 8" H c t 
(in.) (in.) 

2-70 0.0542 0.2354 4.34 0-00146 
2-52 0.0506 0.1989 3.93 0.00153 
2.34 0.0488 0.1709 3.50 0.00161 
2.16 0.0484 0.1566 3.24 0.00164 
1.96 0.0496 0-1436 2.90 0.00172 
1.77 0.0512 0.1334 2.61 0.00179 

M 

2-70 
2.52 
2.34 
2.15 
1.97 
1.77 

Pos~n above cen~eline 

0 3" H 
(in.) (in.) 

0-0480 0-1955 4.07 
0.0471 0-1742 3.70 
0.0479 0.1672 3.49 
0.0479 0.1534 3.20 
0.0500 0.1452 2.90 
0.0536 0.1392 2.60 

24 

cf 

0.00150 
0-00156 
0-00160 
0-00166 
0.00172 
0.00177 
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