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“FLOW DISTURBANCES ASSOCIATED WITH PRESTON TUBES 4
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N Stromungsstorungen von prestonrohren in Turbulenten Grenzschichte n) /

" g Des Perturbations des Courants a Cause des Preston Tubes dans des »
\Couches Limites Turbulentes), -

SUMMARY : £
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1) il [Beriche
~An lnvest'lgdvt;on has been made concerning the disturbances from a
surface cylinder aligned with the flow in turbulent boundary
layers. The object is to study the flow around Preston tubes.
Mean velocities and rms-values of the fluctuations were obtained
in the centre plane of the cylinder when immersed in turbulent
pipe flow. A rough estimate of the drag due to the surface cylin-
der was also obtained in this case. The pressure distribution near
the cylinder was measured in a flat plate boundary layer, and flow
visualizations were made with the oil flow technique. In addition,
smoke pictures were obtained of the flow for the cases when the
boundary layer thickness on the plate was negligible compared to

the tube diameter.
The present results are of interest in connection with the use of

Preston tubes, in particular with regard to the measurement of

static pressure. -

Stockholm, January 1977
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STROMUNGSSTORUNGEN VON PRESTONROHREN
IN TURBULENTEN GRENZSCHICHTEN

von

Arild Bertelrud

ZUSAMMENFASSUNG

Fine Untersuchung betreffs der Storungen von einem Oberflichen-
zylinder, der mit der Stromung in turbulenten Grenzschichten eine
Linie bildet, ist ausgefihrt worden. Der Zweck war, die Stromng
um Prestonrohre herum zun studieren. Durchschnittsgeschwindigkei ten
und rms-Werte der Schwankungen wurden in der Mittelebene des
Zylinders erhalten, wenn dieser in turbulenter Rohrstromng versenkt
war. In diesem Falle wurde auch ein ungefihrer Ueberschlag des
Widerstandes, von dem Oberfliichenzylinder verursacht, erhalten.

Die Druckverteilung in der Nihe des Zylinders wurde in der Grenz-
schicht einer ebenen Platte gemessen, und die Stromungen wurden

mit Hilfe der Olstromtechnik sichtbar gemacht. Ausserdem wurden
Rauchbilder der Stromung in den Fidllen erhalten, wo die Dicke der
irenzschicht an der Platte im Vergleich mit dem Rohrdurchmesser

unbedeutend war.
Die gegenwiirtigen Ergebnisse haben Interesse in Verbindung mit

der Anwendung von Prestonrohren, besonders wenn es sich darum

handelt, den statischen Druck zu messen.
’




DES PERTURBATIONS DES COURANTS A CAUSE
DES PRESTON TUBES
DANS DES COUCHES LIMITES TURBULENTES

par
Arild Bertelrud

RESUME

On a fait une analyse expérimentale concernant des perturbations
causées par un cylindre aligné dans la direction du courant et
attaché sur une surface dans une couche limite turbulente.

Le but de cette recherche est d'étudier le courant autour des
tubes Preston. Des valeurs de la vitesse ont éte obtenues dans
le plan moyen du cylindre. Une estimation approximative de la

résistance causée par la presence du cylindre a été obterue aussi.

la distribution de la pression autour du cylindre a été mesurdée

dans une couche limite turbulente sur un plan.

oo g , '
lLes résultats pr‘éscntés ici, sont intéressants pour 1 usage des
tubes Preston, particuliérement quand il s'agit de mesurer la

pression statique.

Printed at FEA Printing Office, Bromma, Sweden
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FLOW DISTURBANCES ASSOCIATED WITH PRESTON TUBES
IN TURBULENT BOUNDARY LAYERS
by
Arild Bertelyud

8 INTRODUCTION

The present report is part of a project on measurement of local
skin friction, currently in progress at FFA. In a recent report

on calibration of Preston tubes with discussions of accuracy and
alternative calibration parameters fl ], a number of questions con-
cerning the flow around the obstacles arose. In a Preston tube
calibration the pressure reading is taken without modification;

all disturbances to the flow created by the probe are contained in
the calibration. The report referred to above indicates, however,
that the results obtained are sensitive to how the static pressure is
measured, and this raises the question of where the static holes
should be located relative to the tube. Another subject of interest
is the limiting diameter of the Preston tube. 1t is often argued
that the reading is valid only as long as (he tube does not pro=-

trude beyond the logarithmic region.

Several investigations have been made of the so called "displace-
ment" effect of pitot tubes in shear flows [2-4 ], which manifests
itself as an outward shift of the mean streamlines near the tube
mouth. The effect of inlet geometry on yaw characteristics have
also been studied [5 1. Some indications of the effects on overall
boundary layer parameters have been given, but to the author's
knowledge no measurements of the actual flow perturbations around

surface pitot tubes have been made.

In the preceding tests l:l ] most of the Preston tubes had the shape
of right circular cylinders. The local flow near the mouth is not
mich affected by the internal flow and such a tube can be treated
as a closed body in order to reproduce the flow field. The present
investigation will attempt to determine the flow field around such
an equivalent closed body immersed in a turbulent boundary layer,
It is of interest to know the f'low disturbances both in terms of
the mean and fluctuating values, as both determine the flow condi-
tions in a turbulent boundary layer and hence the Preston tube

read out.,

— it
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One may assume that the disturbances to mean and fluctuating stream- !
wise velocities, U and u', are largest in the vertical centreplane
of the cylinder. For this reason and in order to keep the effort
within reasonable limits all velocity profile measurements were

pertformed in this centreplane.

A single hot wire probe was used. Neither the transverse direction-
al velocity changes nor the flow direction in the measurencnt

plane could then be determined near the cylinder. The measurements
should nevertheloss give a picture of the flow field relative to

undisturbed boundary layer flow. ,

25 EXPERIMENTAL APPARATUS AND DATA REDUCTION

N

2.1 Test pipe

The experimental rig (sce Figure I) is described in more detail
in (1 ], where it is shown that the fllow can be considered fully
developed turbulent at the measurement station used in the present

experiments.

It should be noted that for the experiments at low Reynolds mum-
bers, in the laminar flow regime, the flow cannot be treated as a

fully developed laminar pipe flow [67,

The test pipe has a total length of 9.35 metres, and has been
assembled from lengths of plastic material (PVC) tubing, with an
inmer diameter of 105 mm. There is only one joint, so as to mini-
mize the variation in flow quality. A flow straightener and a screen
have been positioned between the inlet and the upstream end of the
pipe. The flow through the pipe is established by comecting the
downstream end of the pipe to the vacuum system of FFA's super-
sonic wind tunnels., Velocity control is effected by means ot a
valve which can be kept at any position between closed and fully

open,
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2.2 Instrumentation

The measurcement rig and test configuration are shown schematically
in Figures 1 and 2. Figures 3 and I show photographs of the instru-
mentation used. The static pressure was measured at Stations 9 to
13, as those values were needed for the data reduction. The static
pressure at Station 1 behind the screen was used as reference
pressure to improve the attainable accuracy. Details of manometer

corrections etc. are found in [IJ.

At Station 12 a total pressurc probe, denoted Rake B, consisting

of 13 tubes was used [’I ]. For the present experiments mainly the
centreline tube was used in the data reduction while the others
were used to verify flow symmetry etc. The hot wire measurements
were performed near Station 9 with a DISA Type 55 hot wire anemo-
meter, fitted with a single wire. The anemometer was temperature
compensating and was used with a linearizer. The signal was
recorded on paper trace, but could also be monitored directly on

a voltmeter.

The rms value of the fluctuating signal was recorded by a Briiel &

K jer Level Recorder Type 2305. The signal was monitored and
recorded by means of an oscilloscope to see if it changed in
character with Reynolds mumber or with proximity to the surface

cylinder or the pipe wall.

Calibration of the hot wire was performed by measuring the centre-

line velocity in the empty test section with Rake B at Station 12, ]
the test section being empty. The hot wire was traversed to the
pipe centre at Station 9 and the reading taken. From earlier
tests I_l] the mean velocities at these two points have been found
to agree with each other within the experimental accuracy of :

the total pressure tube rakes.

The surface cylinder was mounted at the bottom of the pipe and the
hot wire probe was inserted through a hole in the top of the pipe.
The hot wire was traversed from the upper wall down to the lower

wall or the surface cylinder.
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I'he surtace cylinders usced in the present experiments had external
diameters of 19, 10 and 5 mm. fhie measurements concern the 'low
around a cylinder ot length 127.5 mm and outer diameter 19 mm and
a few comparisons with cylinders ot smaller dianeters were also

performed. By using cylinders of different lengths mounted in

different holes through the wall and locating the hot wire at dit- |
ferent holes in the hatch, it was possible to measure the Ulow pro-
perties at various stations along the cylinder with a minimun of ]
damage to the test pipe. The arguments used in support of per- |
forming the experiments in this manner with cylinders of' varying

diameter weres

- Measurements ahead of the cylinder are independent of its

length. This is reasonable since one of the findings in ‘_l]
was that the correspounding Preston tube reading is indepen-

dent lative length for the cylinders considered here.

- M s over the cylinder depend only on the distance

from the upstream tip of the cylinder.

- Measurements behind the cylinder appear independent of the
cylinder length and dependent only on the distance from its

base. This also seems to be justified by the results of [l].

The measurements were performed by mounting the hot wire probe on

a mamally manoeuvred traversing gear (Mitutoyo l‘.)f.’—l()l). The
probe was shielded by a cover and was traversed down until the
cover touched the wall. Considerable care was taken to ensure that
the motion was radial and that the probe hit the wall in the centre
plane. This was taken as the zero of the traversing gear and the
probe was then traversed mamially through the pipe as far down as
possible without damaging the wire. Experience with the travers-
ing gear and this particular set up indicates that the measured wall
distance is accurate within £ .02 nm. locating the zero point

correctly was the major difficulty when using this procedure.
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2.3 Data reduction

e measurcments were btransterred to punched cards and a compater
program (in Fortran IV for the 1CL 1901) was used to extract veloci-
ties, distances, pressure etc. in the form of tables and plots.

I'he procedure used to obtain the different variables of interest

is described in the subscections below,

Density, ¢

Although the flow is practically incompressible the CINA atmosphere
was used to obtain the density from the measured pressures, to ac-—
count for variations in atmospheric pressure and the slightly differ-

ent pressures at different stations,

Mean velocity from hot wire readings

Figure 5 defines the coordinate system and velocity components.

During calibration, constant velocity was established and the centre

line velocity determined from Rake B, The hot wire was then trav-
ersed to the centre ot the pipe in the empty test section and a
reading was taken. Fach hot wire was calibrated by means of 5 to
2l points covering the test Reynolds mumber region. A straight
line was fitted to each calibration by a lecast squares method.
Higher order fits were also tried but did not improve the accuracy
significantly. For small transverse velocities the hot wire was

assumed to measure U ( ~ V, W),
The influence of wall proximity and stem interference is discussed

in [7 J. As the corrections are not generally applicable, the present

data have been left uncorrected.

RMS of the fluctuating velocity

This variable was computed from the corresponding rms voltage b
3

means of the mean velocity calibration curves. In the cases where

the transverse mean velocity is negligible when compared to the axial
3 gLl1g
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velocity, this RMS value corresponds to /}' 2 where u’/ is the

fluctuating part of the streanwise velocity. In other cases 1t
contains elements of both axial and radial velocity fluctuations
and the reading is a measure of intensity only,

Pipe Reynolds mmber, Re = U0 D . /v
- "l['“'

Fhe pipe Reynolds munber is computed from the average velocity I across
the pipe section estimated in the following manner. The measured

centre line mean velocity U is related to the volume flow velocity
e

T by the two equations
U 2n= 1 )
= _— and = ln,w‘]”n + 04 = l(){’,l()l((‘
X (n+1) (2n+1) £ '

fhe tirst expression follows from the assumption of a power law
velocity profile in a pipe and the second one is the relation
between power law cxponent n  and Reynolds number validated in || 1
(1t is based on Nunner's assumption that n = ]//T' and Prandtl's

Friction l:lw.)

I'he average velocity U  could have been integrated from the meas-
ured mean velocity profile, but as lv_l]showml that the above expres-
sions represent the present tlow with reasonable accuracy, and as the
pipe Reynolds mumber accuracy is not very critical, this procedure is

considered to suftice for the present purpose.

Friction velocity, u, = /)P

The friction velocity was computed at the Stations 9 and 12 from
the pressure drop between Stations 9 to 1) and Stations 10 to 12,
respectively:
! ,
3 o et AR

|30 dx
pipe

. . E . G = . . .
The friction velocity u.= /T/p and the friction Reynolds mmber

is defined: R =ulD . /v
+ T pipe’
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Nominal velocity profiles

As already mentioned the objective of the present investigation is

to determine the local deviations from undisturbed pipe flow due to

the presence of a probe in terms of axial mean velocity 1 and
ey |

turbulence intensity ﬂl"’*). It is then essential to be able to

describe analytically the "undisturbed" profiles in a way that is

consistent with earlier {I ] measurements with total pressure rakes

T~

and the present with hot wires as described in |7 |.

Local mean velocity l\\

he main restrictions on the analytic profile equations for UN(y)

is that I and (il‘\‘/(iy have to be contimous and the overall shape

—
~1

should be consistent with earlier experiments [1 J and

During the earlier measurements there were signs that second order
effects on the profile could be significant in the pipe flow, as

the "constants" in the Law of the Wall indicated a dependence on
Reynolds mumber, A further analysis T7 _\ reveals that the reason

may be pressure gradient effects, which in a pipe show up as Reynolds
mumber dependence. Althongh most of the present measurements

are performed at a fixed pipe Reynolds mumber, the variation in

pipe Reynolds mumber (pressure gradi,ent) may be significant. Be-~
sides, comparison with other reference runs at other pipe Reynolds
numbers are made easier,

m 1]

{1 | a power law fit to the data yields exponents in agreement

with the Reynolds number trend given by the aforementioned combina-
tion of Nunner's and Prandtl's expressions connecting n to f and
f to Re respectively, 1f one assumes that a logarithmic law with
a gradient ,\(R+) in accordance with Tennekes (8] and a4 power law
of’ n(R+) (Nunner-Prandtl) at some point have cqual mean velocity
gradients di/dy, then it turns out that this point has a wall dis-
tance in the region 14 to 200,  of the pipe radius depending on R+.
The condition that the curves join in this point then determines

the additive constant B(R ) in the logarithmic law.
+
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The following equation gives the nominal velocity profile down to

)’+: "’l( ):

+ +
(B} = A(R | (R
( +) ny + B(I *)
; : -1/3 ;
where A(R )= 3 - 3R s B(R )= 10.82 - 0.818 In R
+ + + +
lhe wake region is expressed in accordance with Coles’ definition, but
so that its strength (givnn hyn) is given as a function of R+.

l'sing the | = at Station 12 which is assumed to be unaffected by

the presence of the probe, one obtains

1 ) A

— - A(l{+)[’Lny+ + 2[1(r) sin~([[y/D) + B(R,) ]
=

U /u_ = B(F R
(“/ - : {+) hl(—,i)
A(R+) 2

where n(n+) = 3

if ] is estimated using n(R+) one obtains a rather significant R
variation, as compared to the value of about 0.32 obtained practi-
cally independent of Reynolds number by calculating with Coles'
values A = 2.439 and B = 5.0. (Changing the value of B to 5.2,
as suggested by Brederode and Bradshaw [_‘) ], results in a reduction

of T by 0.04.)

Rather few of the present measurements are taken within the viscous
sublayer or buffer zone and the main requirement is therefore that
the selected expression shall match in u’ and d]f'/dy+ at y+: Lo,
(Deviations from the logarithmic law often are considered to be
significant somewhere below y+: 30 to 50,) A modification of

Rannie's Il()_] expression is chosen:
e " - 5 " » —_— ) . — "
= ( (R+) . tanh(y' /D) ; (,(R+)- 17.5 = Ol « InR_3 D= 17

(Rannie used ¢ = D = 14,53, matching a logarithmic law with con-

stant A and B at a lower y' value.)
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The effects of the different choices of assumed velocity profile
may be exemplified by Figure 0, showing the situation for Re= 55000.
Al though the agreement at low y+ between the A(R+), H(R+)-linu and
that obtained by Townsend's ‘fll ] cquation should be considered a
coincidence it illustrates that assuming A and B constant for the

present experiment. would not be justified.

The velocities computed from the equations involving pressure gra-
dient dependence are considered the nominal mean velocities (f,\, and
for measurements in the disturbed flow iield the measured quanti-

ties are divided by the proper local HN.

3. EXPERIMENTS

3.1 Experiments with empty test section

Before any measurements were made near the cylinders, a series of
runs werce used to establish a "reference" flow sithation over the
entire Reynolds number range to be investigated later. Some extra
runs of this kind were also made near the end of the tests. The
results are summarized in Figure 7. These 14 runs are subject

to a more complete discussion in [7 ], where the profiles are

tabulated.,

Figure 7 shows that the measured mean velocity profiles in general
agree with the assumed one. Least squares curvefits to each pro-

file yvield slopes lower than presumed, at about A= 2.2 This is

believed to be a result of the uncertain hot wire response in the

proximity of the wall.

One of the turbulence profiles measured here has been plotted in

o

Figure 8 for comparison with laufer's rl;’] results. The agree-

ment is reasonably good for y/R - 0.2 3 i.e. outside the logarith-
mic region. Closer to the wall points of Laufer's profile indicate
a mich higher turbulence intensity than the present. Recent results

by Perry and Abell ! l'il are also shown. 'hey indicate that in a
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region y+ - 100, y/R < 0.1 the streamwise turbulence intensity is
constant. Other profile measurements from the present set up also
indicate that the region of deviation from a linecar relationship

is smaller than the logarithmic region, and for the purposes of’ the
present report it suftices to make a linear curvefit based on points

at 0.2 < y/R < 0.95 and extrapolated across the entire pipe section:

— = X (V-y/R)+ w

u _

~
/“l >

Least squares fits of the profiles show that both X and w have
a Reynolds mumber dependence.  For simplicity the values are chosen

: . 5\ P
constant for the measurements near the cylinder (Re ~ 1,15 « 107)[7 L

X =30

0.65

=
1]

3.2 Experiments with surface cylinders

The cylinders were positioned in various locations with the hot
wire at fixed streanwise position to give a large number of read-
ings at the stations considered to be of main interest, namely near
the leading and trailing edges (see Figure 2). The hot wire was
traversed across the entire diameter of the test pipe to obtain
information on possible asymmetries arising. For the runs and
probe positions considered to be of main interest the traces on

the oscilloscope were recorded,

Table gives the overall data of the runs with surface cylinders
positioned and the recorded mean velocity and turbulence intensity

profiles.

As the information on how the cylinder disturbs the flow is based
on hot wire measurements with the assumption that the flow is
perpendicular to the hot wire, a few tests were made to ascertain
whether or not this was indeed justified. The hot wire was placed
in the pipe centreline and rotated till the reading was mininum,

A hot wire probe parallel to the flow has a heat loss of about 55%
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of that when the wire is perpendicular to the tlow (14 z, which
explains the rather high readings obtained, The hot wire was trav-
ersed across the pipe section and significant departures trom the
centreline values would indicate swirl or other inconsistencices in
the flow. Three tests were made at the pipe Reynolds number used
for most of the measurcments, once without a cylinder mounted, one
ahead of the cylinder and one in the wake of it, These indicated
that one may treat the plane of measurement as a true symmetry plane

for the flow.

Most of the experiments concerned the flow around the 19 mm cylin-
ders in fully developed turbulent flow, for which the pipe Reynolds
mimmber was held approximately constant with a pipe centreline mean
velocity of about 20 m/s. As an aid in estimating the Reynolds
mimber effects a few runs werce made at l‘“ about 10 m/s and a few at
mich lower velocities with laminar flow. The effect of cylinder
diameter was investigated by means of 10 and 5 mm tubes with one

measurement in the wake of each.

3.3 Pressure distribution measurements

Although the hot wire measurements established the upstream intlu-
ence of a surface cylinder and the flow visualization illustrated
this effect quite clearly, it was considered desirable also to meas-
ure the upstream influence on the static pressure field. Therefore

a simple experiment was designed.

A flat plate with a sharp leading edge was mounted in the FEA 0.4 x
x | metre Building Aerodynamics (DBA)-Tunnel. About 1 metre from the
leading cdge surface cylinders of four different diameters (B 55 10
and 19 mm) were mounted along the plate centreline and aligned with
the flow. Static pressure taps located in one streamwise and one
spanwise row were used and the cvlinders were positioned at ditter-
ent locations from run to run, so that the pressure distribution
around such an obstacle could be mapped.  Most rns were made at o
f'ree stream velocity ot about 20 m/ s, as boundary layer measurements
indicated that the low had a reasonably "turbulent" protile at this

velocity with a boundary laver thickness of about 50 mm,
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3.4  Flow visualization

As an aid in determining the flow directions both in the centre
plane where the magnitude was investigated and elsewhere around the
cylinders, it would have been desirable to use for example smoke
blown from interior of the surface cylinder in the test pipe. Un-=
fortunately the PVC was non-transparent. Therefore these tests were
made in the Low Speed Smoke Tunnel of FRA. In this tunnel the f{low
is laminar and only very low velocity is available. A magnified
plexiglass model of the cylinder was placed on a flat plate. Smoke
pictures were taken with the cylinder parallel to the flow and at
30" vaw angle. Of course this can not give any real answer to the
question of what the flow patterm is in the fully developed turbu-
lent flow like in the pipe, but one may hope that it at least gives
an indication of the magnitude and shape of the fflow around a

cvlinder on a wall.

In order to obtain some information on the surface flow pattern
around the cylinder in a turbulent boundary layer additional tests
were made in the BA-Tunnel. Cylinders of diameters 10 and 19 mm
were positioned 1 metre behind the leading edge of the flat plate
as discussed in the previous section, The frec stream mean velo-
city was about 20 m/s, as in the pressure distribution tests.
Visualizations were then made by means of oil flow. Even the flow
pattern on the cylinder itself was illustrated to some extent by

these tests, as shown in the next section.

4. RESULTS
4.1 Mean velocity profiles

Figure 9 shows the measured mean velocity U relative to the nominal
mean velocity ”N given by the formilae in Section 3. Contours arc
given ahead of and behind the cylinder, respectively. DBehind the
cylinder it can be seen how the velocity gradients rapidly get
smaller while it takes more than one cylinder diameter before the

wake strength itself decieases significantly.
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in Figure 10 an interpretation ot all the measured mean velocity
profiles has been made, indicating the levels of the ratio U/UN.
It is seen that measured velocities in the centre plane above the
cylinder do not show any increase due to blocking until more than
one cylinder diameter behind the body. This may be seen as an
indication that the flow is primarily forced around the side of
the body rather than being displaced vertically. This may be more

pronounced when the cylinder is mounted on a flat plate.

The Reynolds number and cylinder diameter effects are illustrated
in Figure 11. The profiles for IJO ~ 10 and 20 m/s are practically
identical, i.e. the Reynolds mumber effect based on model (cylinder)
scale and pipe scale are both too small to be measured. Regarding
the diameter effects these are difficult to sort out as the wake
behaviour is likely to scale mainly on the cylinder diameter while

the profiiles were taken for X(): 0.45, i.e. scaled on pipe radius.

4.2 Turbulence intensity profiles

Figures 12 to 14 show the turbulence intensities from the profiles.
They are given as RMS/uT to indicate the effects of the vertical
velocities in certain regions ahead of and behind the cylinder.
Here u_ is the undisturbed friction velocity far from the surface
cylinder. As could be expected the turbulence intensity has a
large value where the mean velocity gradients are large. Behind
the cylinder the fluctuations are seen to be progressively stronger
downstream in the wake, but as shown in Figure [3 the measured
intensity is significantly larger than in the "nominal'" casc within
one half cylinder diameter from it. An indication of a Reynolds
number effect on the turbulence level all through the cross section
is indicated in Figure 14, but the disturbance of the cylinder
appears to be Reynolds number independent. As in the case ot the
mean veliocities, it is again difficult to draw conclusions on any

diameter inf'luence.
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4.3 Oscilloscope traces

In the Figures 15, 16 and 17 a seclection of relevant oscilloscope
traces of the signal are given. Fipgure 15 shows records from ahead
of the cylinder and Figure 16 presents data from two stations be-
hind the cylinder. 1t is seen that the centreline signal is un-
affected by the surface cylinder presence, while the magnitude of
the variations agree approximately with that expected near the
cylinder. There does not seem to be any definite low frequency
periodicity in the fluctuations. Figure 17 gives the signals from
a station ahead of the cylinder at the two different Reynolds
mumbers, corresponding to IJO: 10 or 20 m/s. The scales on the
pictures are Volts/unit which corresponds to a velocity fluctuation
of' about 3,13 ms"]/unit. It appears that at the lower Reynolds mimber
the highest frequency oscillations are mich weaker and show up just

as a ripple on the low frequency signal.

4.4  Pressure distribution

The Figures 18 and 19 show the most important results from the
pressure distribution experiments. Figure 18 gives an overall map
of the pressure disturbance caused by the presence of the cylinder.
It is evident that the largest pressure deviations are concentrated
to a rather smll region along the centreline just ahead of the

cylinder. The disturbance is rather weak on the sides, which is

important in positioning Preston tubes relative to static holes.

It should be observed that even the 19 mm tube, which here occupied

a region mich larger than the logarithmic region, showed results in
accordance with those of the smaller cylinders. Figure 19 shows oxpori-
mental results along the centreline compared with a simple cal-
culation. The simple inviscid calculation has been performed by treat-
ing the cylinders as a three-dimensional source located at x= 0O,

y= D/2. The wall presence is accounted for by an image source at

x= 0, y= ~D/2, The source strength is determined by forcing the

wake of the upper source to go through y= D far downstream when a |
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uni form free stream is imposed. Figure 19 shows the results of’
this simple exercise and one may conclunde that ontside the region
of about one diameter from the cylinder the local pressure is well

represented by simple considerations like the one above.

4.5  Flow visualization

In Figure 20, oil flows on the flat plate are shown for the 19 mm
cylinder. The rapid divergence of surface streamlines ahead of the
cylinder can be seen, as well as the separation line about one dia-
me ter ahead of the leading edge. The strongly perturbed region is
seen to extend about one cylinder diameter to both sides of the
obstacle. A rather large separated area can be seen just behind the
cylinder trailing edge. This flow pattern with one or more horse-
shoe vortices is nothing unexpected; the different shapes occurring
have been discussed earlier, for example in [15 |+ The main differ-
ence .is that most investigations concern cylinders with the axis
normal to the wall, rectangular blocks etc.; whereas the present
configuration has concave corners near the wall. The two vortices
in the corners formed by the cylinder and wall appear to feed mate-
rial into the separation bubble from behind. The wake development
in the near body and the far body regions can also be seen in the
figure. l'he effect of cylinder size is demonstrated in Figure 21,
where the smallest cylinder extends to about 10% of the local
boundary layer thickness. There appears to be a small effect of
cylinder diameter in the front region. The wakes of the different
cyvlinders are somewhat different (l“i{',’llf‘l‘ .'.’L’). The 5 and 10 mm tubes
have no distinct separation bubble at the rear, unlike the 19 nmm
tube, but apart from this the relative wake size and the general
tlow development appears to be similar. Figure 23 shows the flow
pattern on the cylinder jitself. At the front it appears in the first
picture a small separated region extending only some tenth of a
cylinder diameter downstream.  The other picture demonstrates
another interesting featurce; the two vortices formed under the
cylinder at the front. They seem to start on the cylinder wall and
from the earlier figures it appears turthermore that their traces on

the surface extend outwards until they are entrained in the horseshoe

vortex,
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Figure 23 also has a side view of the 19 mm cylinder. In the corner
between the wall and the cylinder there is a distincet region where

the horseshoe vortex is located.

Some stereo photographs have been taken of the oil flows on the

19 mm cylinder in the turbulent boundary layer (Figure 24, top)
and of smoke visualizations in potential flow near a large plexi-
glass cylinder (Figure 24, bottom). 1t should be noted that stereo
lenses are needed to see the photographs in three dimensions. In
the smoke photographs streamlines can be seen to enter the mouth

ot the cylinder, whereupon they suddenly turn outward again.

4.6 Pressure drop

This part treats the drag of the surface cylinder in pipe flow.
From the experiments performed earlier [1 ], data are available on

the loss of static pressure due to the presence of the cylinder.

The data were obtained as indicated in Figure 25 in the form of a
displacement of the pipe static pressure line. This displacement

is assumed to consist of

~ Form drag on the cylinder itself (Prol‘i_lo and skin friction),

~ Change in skin friction drag on the pipe walls,

In obtaining the measurements needed for the computations two of
the inclined manometers were used for different parts of the pipe,
so that static pressure ahead and aft of the Preston tube were
taken from different manometers. To correct for this one of the

pressure was recorded on both manometers and the values deduced

e teiral o dgl.

were compared. One of the two sets of measurements was then shif'ted

by this amount to align the "undisturbed" pressures. The remain-

Ve

ing shift then represents the pressure drop due to cylinder pres-
ence dppr‘; note that in Yl] the uncorrected values were printed.

This correction procedure is of course questionable and is subject
to scatter and bias. In order to eliminate or reduce the system-

atic errors a series of runs with empty test scction was used,
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Figure 20 shows the ratio of pressure drop to dynamic pressure
(Ippr‘/q plotted versus Reynolds number for different dylinder
diameters., In the figure no correction has been made for system-
atic error, and a line has been drawn corresponding to dppx' =
= N/m"' to indicate that data of lower magnitude are question-
able. (In those cases the correstions to individual measure-

ments are comparable with the measurement itself.)

This also means that only data from [1 ] on the three cylinders
used here, of diameters 5, 10 and 19 mm, give results of acceptable
accuracy. It is natural to try and express the drag of the sur-
face cylinder in wall variables, although the 19 mm body extends

far outside the wall region. Expressing the drag coefficient as
o
()B: dppr/g “'r‘\ the results for the diftferent diameters are shown

in Figure 27.

2
In the normal context of C = D/% P G

line mean velocity, this becomes:

with lJ(‘ being the centre-

A+ 2
“s “pn . P
el o
t g pipe

IFFrom the figure it appears that the cylinders extending outside
the logarithmic region have a comparably larger drag than the

smaller cylinders.

At the beginning of this section (’l.b) the measured pressure drop
was assumed to consist of drag on the cylinder itself and influence
on the pipe walls by blockage etc. To obtain an order of magni tude
estimite for the blockage effects, one may assume an cquivalent
body equal to the cylinder cross section area and aftfecting a
length three times the cylinder length. It turns out that the

resulting increase in skin friction is practically negligible.
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7
i

8 CONCLUSIONS

The objective of the present study is to investigate the flow con-
ditions near Preston tubes. For practical reasons this has been
accomplished with surface cylinders of a larger scale relative to
the boundary layer thickness, but the tests should nevertheless

give a correct answer to varjious questions of interest.

- The Preston tube gives rise to a flow pattern much the same
as that of other obstacles attached to a surface and immersed
in a boundary layer [1'3}, i.e. a horseshoe vortex is formed
which embraces the obstacle's front and sides and trails off

into the wake.

- The velocity measurements indicate that a secondary vortex
is present in the frontal area more than one diameter up-
stream. In contrast to the main vortex this secondary
vortex lifts up from the surface, and is not seen in the

oil flows.

~ A separated area extends about one diameter upstream and to

the sides of the tube.

~ The disturbance in static pressure extends more than seven
diameters upstream, and is equivalent to the disturbance
due to a source in the centre of the front plane and its
image in the wall., With uniform flow the required source
strength is such that the limiting surtface corresponds to

the tube cross section far downstream.

=

> %

of the Preston tube dynamic pressure for cylinders located

- The drag due to the cylinder corresponds to less than

within the logarithmic region, and considerable larger for

larvger cylinders,

e
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- From the present experiments it appears that it is preferable
to locate the corresponding static pressure tap to one side
of the Preston tube even in zero or very smiill pressure
gradients. Two or three diameters transverse distance is

sufticient to make the pressure disturbance negligible.

= In the literature the maximum permissible Preston tube dia-
meter is often argued to be the logarithmic region thickness.
From the present experiments this appears to be a reasonable
but rough estimate, and it should be born in mind that the
flow is distorted far outside the logarithmic region even
for tubes of permissible size. The effects on the Preston

tube measurements will nevertheless be small in most cases.
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SYMBOLS

A, A( R+) Law-of'-the-wall parameter
B H(R+) Law-of-the~wall parameter
dp s
(J“ = —p—I——) drag coefficient in outer scales
- U
< e
dp =
(ID = 5 drag coefticient in wall scales
+ 5 ou_”
2
T - - . a3 .
(:f = = local skin friction coefficient {
7 Ug I
Cp = % pressure coefficient, outer scales
) U
P
C = pressure coefficient, wall scales
Py ,g e
& 5
D cylinder diameter, constant in Ramnie's Law of the wall

pipe diameter

pipe
(ippr pressure drop due to Preston tube (see Figure 25)
a7
f = — friction factor
p =2
5 U
L cylinder length
n power law exponent
P static pressure
P P ST
disturbed undisturbed
q dynamic head
R pipe radius
UD

Re = —P® Reynolds number (in pipe)
v
RMS, rms root-mean-square of the fluctuating velocity (hot wire)

> T ) A
R+=T_EP_(‘ friction Reynolds number of the pipe
v
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i P local mean and f'luctuating velocity along pipe axis

U free stream mean velocity, in pipe centreline velocity

e
U average velocity across pipe cross section
“N nominal (undisturbed) local mean velocity
n = ./I: friction velocity
= ui non-dimensional velocity
T

v, v' local mean and fluctuating radial velocity
W, w' local mean and fluctuating transverse velocity

X streanwise distance

X = x/R non-dimensional streamwise distance, zero at leading edge
XO: x/R non-dimensional streamwise distance, zero at trailing edge
y wall distance

2 Vg : . 2
y = 5 non-dimensional wall distance

Z transverse distance

v kinematic wviscosity
TT parameter in Coles' wake law

p density

2 surface shear stress
)( cons tant

w constant

=

Coordinate system and velocity components are defined in Figure 5.
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wire
Vel?pity
DISA BETZ ':?k'.le
Manometer
& Manometer
Linearizer Station X
1 0
9 6-85
= Paper 10 7-35
Volt
meter trace 11 8.3%
12 8.85
Oscilloscope 13 935
Bruel & Kjaer u)
RMS
l"l..,,ﬁ
Figure 1. Experimental rig with instrumentation. Pipe

Figure 2, Measurement configuration and definition of

diameter 10.5 cm.

Details are given in [1 ],

3NV 1d
SV3W

=)

streanwise coordinates X and X” both made non-=

dimensional by scaling by the pipe radius R.
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{
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Figure 7. Instrumentation. Oscilloscope with camera,

DISA ancemometer and lincarizer, Betz manometer,

paper trace and Briiel & Kjoer level recorder,

Fipare ly , fraversing gear and hol

Wil

with shicld removed,
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— el W

v, v’
W, w'
Al/ y
p -
X X

Figure 5. Definition of coordinate systems x, y, 7,

mean velocity components U, V, W and

i . : ' '
fluctuating velocity components u', v , w .
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profiles in pipe flow at Ry.= 2.805.
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Figure 9,

o
a

o]
©

o0 pOo

Mean velocity deviations at
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y/R

the surface cylinder.
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X
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D U~ %D
------- 5 mm 20 m/s 4.72

S o 20 " 2.36
e e 10 " 1.24
19 n 20 " 1.24

Figure 11, Effect of cylinder diameter and Reynolds
mimber on mean velocity deviations at a
distance 457% of R downstream of the cylinder.
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4,72
L6
1.24
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Figure 14, Cylinder diameter and Reynolds number effect

on turbulence intensities at a distance 15 %

of R downstream of the cylinder.
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Figure 15, Oscilloscope pictures ahecad of cylinder.
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Horizontal axis 2 mscc/unit
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