INFLUENCE OF VELOCITY GRADIENT AND WALL PROXIMITY
ON THE READINGS OF A PITOT TUBE IN MEASUREMENT OF SURFACE FRICTION
AND VELOCITY DISTRIBUTION IN A TURBULENT BOUNDARY LAYER

E. U. Repik, V. K. Kuzenkov, and N. P, Mikhailova UDC 532,574

The authors present results of an experimental investigation of the correla-
tions and readings of a Pitot tube in measuring velocity in a turbulent bound-
ary layer. A new calibration relation is proposed for measuring surface fric-
tion. :

The use of a total head or Pitot tube to measure the velocity in a boundary layer in the
close proximity of a washed surface (a wall) requires corrections for the readings, because:

a) one cannot use ideal fluid theory to interpret the total pressure measured by the
tube under low Reynolds number conditions in close proximity to a wall (influence of viscos-
ity);

b) the transverse velocity gradient in the boundary layer and the wall proximity influ-
ences the Pitot tube readings.

The influence of viscosity on the readings of Pitot tubes of different geometrical form
has been rather fully investigated in [1, 2]. Regarding the influence of velocity gradient
and wall proximity, the available theoretical solutions in [3, 4] and the several test data
[5~7] on this matter are very contradictory and show poor interagreement, which makes it dif-
ficult to use them in practice,

Below we present the results of a systematic experimental investigation of the combined
influence of velocity gradient and wall proximity on the readings of a Pitot tube with a
curved aperture, results of which both improve the existing information on this topic and lend
themselves to practical application to the measurement of surface friction and velocity dis-
tribution in a turbulent boundary layer.

1. A deviation of the measured velocity profile in a boundary layer from the true pro-
file may be associated either with an error in determining the distance of the Pitot tube
from the wall, or with an error in determining the velocity itself. Investigators usually
prefer the second cause. In this case the error is determined by direct comparison of the
velocities measured by the tube upe,s with the true velocities ugpye, where umeas is deter-
mined by using the Bernpuilli equation (Po = Pgt + pu®/2).

Because we have no accurate theoretical solutions, the true velocity distribution in the
turbulent boundary layer is determined from experiment, as follows,

One can postulate that the error due to the influence of velocity gradient and wall prox-
imity en the Pitot tube readings will be less, the smaller is the diameter of the tube D, and
as D > 0 the measured velocity approaches the true value. In this way, the value of ugrye
in the boundary layer in our tests was determined by extrapolation to the case D = 0 the
velocity values measured using cirecular Pitot tubes with various inlet diameters, mounted at
fixed distances from the wall. The straight lines (Fig. la) describing the relation u = £(D),
were drawn through the test points using the least-squares method, and to the measured veloci-
ties we first applied corrections to account for possible deviation of the tube pressure co-
efficient cp = (Po — Pgt)/(pu®/2) from 1 (the influence of viscosity). The values of cp de-
scribing the degree of correlation of velocity and pressure were determined from the empiri-
cal formula [1]

¢p = Re), [1,07 Re), — 3.7,
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Fig. 1. Pitot tube readings as a function of tube diameter at
different Rey values (a), and the true velocity distribution in
the transition zone of a turbulent boundary layer (b) (D in mm):
1) without correction for viscosity (upeag/ur); 2) with correc-
tion for viscesity (umeas/fnglur} 3) uy = 0.23 m/sec (Re** =
590); 4) ur = 0.31 m/sec (Re** = 977); 5) uy = 0.39 m/sec (Re** =
1232); 6) u; = 0.51 m/sec (Re** = 1613); 7) from Eq. (3); 8)
from Eq, (1); 9) from Eq. (2); 10) from Eq. (4); 11) from Eq. (5).

where
Re,, = uD/(2v).

The measurements were made in a turbulent boundary layer on a flat plate at Reynoclds
numbers based on the momentum loss thickness Re** = ulé**/v, equal to 590, 977, 1232, and
1613. In the tests we used Pitot tubes with outside diameters of 0.332, 0.400, 0.442,
0.506, 0.592, 0.674, 0,810, 1.000, 1.240, and 1.574 mm, and the ratio of the tube inside-
to-outside diameter was constant and equal to 0.6,

As can be seen from Fig., la at large distances from the wall, when the Reynolds number
Rey, = yu,/v, based on the friction velocity u; and the distance y from the wall greater
than 60, the Pitot tube readings are practically independent of the diameter, In this case,
because the velocity gradient in the boundary layer is small, it does not influence the tube
readings. There is also no viscosity influence, since the tube pressure coefficient c, for
Rey > 60 approaches 1, and the flow velocity can be determined by use of the Bernouilli
equation.

As one approaches the wall, when the velocity gradient in the boundary layer begins to
increase appreciably (Rey < 20), the measured velocities become less, the smaller the
tube diameter, The tube pressure coefficient becomes appreciably larger than 1 and, there-~
fore, the velocities as corrected for viscosity (upmeas/ cp)/uT fall below the uncorrected
values upeas/ug.

Here it should be noted that the Pitot tube diameters were chosen so that the measure-
ments could be conducted in the transition zone of the turbulent boundary layer, where the
velocity distribution law has been least studied.

The true velocity profile in the turbulent boundary layer in dimensionless coordinates
u/up = f(yuT/v), obtained from these experiments, can be described by the following relations
(Fig. 1b):
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in the turbulent core

ufu; = Alg (yu./v) + B, A =15.63 and B=5.4; (1)
in the transition zone

ufug = —T7.44 (1g yu/v)® + 21.0 (g yue/v)? — 6,96 1g yu /v + 2.14. (2)

In the viscous sublayer regioﬁ (yup/v < 5) the test points agree with the linear law
Uty = Ylbe/v- (3)

The constant coefficients in Eq. (2) were chosen from the condition of best agreement
with experiment in a continuous distribution of velocity and its first derivative at the
points M(yu;/v = 5, u/u;y = 5) and N(yu;/v = 33, u/u; = 13.95), corresponding to matching
Eq. (2) with the linear relation Eq. (3) and the logarithmic law of Eq. (1).

In determining the friction velocity u; = Vty/p the value of the shear stress 1y was
determined from the true velocity values in the close proximity of the wall, in the viscous
sublayer region, using the relation

» ou Utrue
Ty = b (— —p—
0y Jy y

A comparison of the shear stress values thus obtained with Ty as directly measured by
a weighting method using a floating element has shown that the two agree to within the scat-
ter of the test points, which does not exceed *47Z.

Figure 1b also shows for comparison the velocity profiles in the transition zone of the
turbulent boundary layer, as calculated according to Spalding [8]

2 3 -
el = e 1 g (eufuf - (ufef | (i ]} )
2! 3! 4
and, according to Reichardt [9]:
I .
Wl === In (1 + kyuir/v) + (B — —;~1n k) {1 — WM ) 11 0 330 1Yy, (5)

where k = (A/1n 10)~* = 0.409, C = (B/A)/1n 10 = 2,208, and here the constant coefficients
in Egs. (4) and (5) were chosen, taking Eq. (1) into account, to obtain the best agreement
between theory and experiment.

2. We shall consider the case when the Pitot tube is positioned at the wall.

Figure 2 shows the ratio of the measured to true velocity values as a function of the
Reynolds number Rep = Duy/v. Here utrue corresponds to the axis of the Pitot tube. It can
be seen that for Rep < 50 the ratio ¥¢ = upeas/Utrue is greater than 1 (solid line). Intro-
ducing a correction to the measured velocity values for the influence of flow viscosity 94, =
(umeas//E;)/utrue for Rep < 10 appreciably reduces the ratio of the velocities (see the
broken line). For Rep < 5 the broken line results in a constant value equal to 1.32. If
we consider the deviation of the velocity profile measured by the Pitot tube from the true
velocity profile as an error in determining the distance of the tube from the wall, i.e.,
we link this deviation to displacement of the effective center of the Pitot tube from its
geometrical axis (g), then the value ¥ = 1.32 will correspond to ¢/D = 0.16.

Indeed, if the tube is completely immersed in the viscous sublayer, where the velocity
distribution is linear, then we have (see Fig. 5a):

umeas— 4, e-+ D/2
== = ,where U= Ue

Utrne — U3 D/2

or (allowing for viscosity):
@ = 1+ 2ae/D,

where o = (ux — u;)/(2uc). In the case when the tube is positioned at the wall (u; = 0),
the value of a is 1.
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Fig. 2. Readings of the Pitot tube positioned at the wall as a function of u /v = (11.1-
32.7)10° m~': 1) D = 0.332 mm; 2) 0.400; 3) 0.442; 4) 0,506; 5) 0.592; 6) 0.674; 7)
0.810; 8) 1.000; 9) 1.240; 10) 1.574; 11) without correction for viscosity g, 12) with
correction for viscosity, 0.

Fig. 3. Calibration relations for the indirect method of measuring surface friction with
the aid of a circular Pitot tube positioned at the wall: 1, 2) Eqs, (8) and (9), respec-
tively; 3, 4) calculated from the Patel relations, Egs. (10) and (11).

From the test data shown in Fig. 2 we can obtain a calibration relation for the indirect
method of measuring surface friction with the aid of a Pitot tube, known as the Preston meth-
od [10]. The Preston method is based on using the universal properties of the '"law of the
wall" in the boundary layer

ufty = f(Ye/v),

which can easily be transformed to the form

D1, pD*AP
DT, q)< aa (6)
u IS y
or to the more preferable form
AP APD?
= F(=2) ™
Ty vyt )

It follows from Eqs. (6) and (7) that ty can be found if we know the physical properties
of the liquid (p, u, v) and the value AP = P, — Pgt measured with the aid of a Pitot tube
positioned directly at the wall and a static pressure drain aperture.

The functional dependence of Eq. (7) obtained in these tests can be described by the
following relations (Fig. 3):

p 2 \o
AP 0031 (lg A‘Ellz—) +8.29 ®)
Tw pve )
for APD*/pv? < 6.5¢10° and
, 2 \3 ERN 2
AP 5479 (lg APD > +78.17(1g ﬂ_) —327.91g 2207 | 4504 9)
T : . pv: pv*

for 6.5¢10% < (APD*/pv?) < 2,5¢10°.

For comparison, Fig. 3 shows also the calibration relations of Patel [11] which he ob-
tained in the coordinates of Eq. (6) and which have the form

g* = 0,5x* 1 0,037 for y*< 15 (-AP?Z <32 103), (10)
pv’
y* = 0.8287 — 0.1381x* -1 0.1437x*" — 0.006x*° (11)
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Fig. 4. Readings of the Pitot tube during a traverse across a
turbulent boundary layer as a function of the transverse vel-
ocity gradient parameter o and the Reynolds number Rep: 1) D =
0.332 mm; 2) 0.400; 3) 0.442; 4) 0.506; 5) 0.592; 6) 0.674; 7)
0.810; 8) 1.000; 9) 1.240; 10) 1.574; 11) without correction
for viscosity @ 12) with correction for the viscosity 4¥,.

’ 2
for 1.5<y*<3.5(3.2-103< APDT 1.6-106), (11)
v

where

. APD? )uﬁ x| ( T,D )
g le ( dpv* Y & 4pv*

Tt can be seen that at values of the parameter APD?/(pv)? < 1000 the curve calculated
from the Patel relations transformed to the form of Eq. (7), falls noticeably below the
calibration curves of Eqs. (8)~(9) obtained in these tests. However, for APD?/(pv)? > 1000
the agreement between the calibration relations of Eqs. (8)-(9) and the Patel relations can
be considered satisfactory.

3. Figure 4 shows the test data in the case when the Pitot tube is traversed across
the boundary layer.

Here o¢ = 0 when the tube goes completely outside the boundary layer, and a = 1 when the
tube is positioned at the wall and is completely immersed in the viscous sublayer with its
linear velocity distribution law. And if the tube lies in the boundary layer, but goes out-
side the viscous sublayer, then, regardless of whether it ispositioned at the wallor at some
distance from the wall, the values of a will always be less than 1, 0 < a < 1. For yu;/v >
60, when the Pitot tube readings become practically independent of the tube diameter (see
Fig. la) the values of a are close to zero. For example, for yu./v = 80 the value of « does
not exceed 0.04, The minimum value of o for a Pitot tube positioned at the wall is 0.5 and
corresponds to the case when the tube radius is greater than the boundary-layer thickness
(uz2 = uc and uy = 0). It should also be mentioned that the last points on all the curves
of Fig. 4 (o = 0.6-1.0) correspond to the case when the Pitot tube is at the wall.

The influence of viscosity on the tube readings appears noticeably for Du;/v < 10 and
disappears completely for Du;/v > 16,

To illustrate the influence of the tube dimensions on its readings as a function of the
boundary-layer parameters, Fig. 5a shows solid curves smoothed from the test points, ob-
tained from Figs. 2 and 4. The figure shows the theoretical solutions of Hall [3] and Light-
hill [4], in which the flow over a Pitot tube with a circular entrance aperture and with a
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Fig. 5, Summary graph of corrections to the measured velocities
in the turbulent boundary layer as a function of the transverse
velocity gradient parameter a and the Reynolds number Rep (a),
and an example of determining the true velocity distribution in
the turbulent boundary layer from the measured velocity distribu-
tion by a method of successive approximations (b) (u is in m/sec,
y is in mm): 1) theory of Hall [3]; 2) theory of Lighthill [4];
3) calculation according to Chue [13]; 4) present tests; 5) meas-
ured velocity distribution; 6) first approximation; 7) true vel-
ocity distribution.

straight lip is represented as flow over a sphere positioned far from a solid boundary (the
wall), and here, in the first case, the vorticity field was considered in the longitudinal
plane of symmetry of a sphere mounted in a skew flow and, in the second case, three-dimension-
al flow over a sphere was considered.

Both these theories indicate the same tendency for the variation of ¥, as a function of
a. However, numerically they do not agree between themselves and with the present test data
in the boundary layer.

Analysis shows that the divergence between the measured and the true values of velocity
in the boundary layer, or the displacement of the effective center of the Pitot tube, arises
from the fact that:

a) when a Pitot tube is washed by a flow with a transverse velocity gradient one ob-
serves a deviation of the stream lines toward lower velocities, leading to an increase of the
velocity values measured by the tube;

b) since the total pressure measured by the tube is proportional to the square of vel-
ocity, the velocity head averaged over the area of the tube entrance aperture, in the pres-
ence of a velocity gradient over the height of the aperture will not correspond to the geo-
metric center of the tube, but to a certain effective center displaced toward higher veloci-
ties.

Estimates show that the latter fact leads to displacement of the effective tube center
by an amount which is an order of magnitude less than the total displacement due to both ef-
fects [12]. In fact, for a Pitot tube of diameter D and an infinitely thin wall we have:

(Po — Py ) 5 (D/2)* = | pu*/2s.
S

Assuming a linear distribution of velocity with height over the tube entrance aperture

u = tye(l + 2ay'/D),

and also taking into account that Po — Pst = pu®pess/2, where uUpeas = utrue(l + 2ee/D), we ob-
tain

(0tfne/2) (1 + 2ae/D)* 1 (D/2)* = (pu?true/.?) (1 + a?/4)n(D/2)*
or

16a (e/D)* + 16e/D —a = 0. (12)
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It follows from Eq. (12) that if, for example, the Pitot tube is positioned in the boundary
layer far from the wall with « = 0.2, then the relative displacement of its effective center
will be /D = 0.012 ( ¥ = 1.005), and in the case when the tube is positioned at the wall and
is completely immersed in the viscous sublayer (a = 1), we obtain /D = 0.059 (9, = 1.118).
For a tube with a finite wall thickness for d/D = 0.6 (where d is the tube inside diameter)
we have: (e/D)(d/D) = 0.007 for « = 0.2 and (/D) (d/D) = 0.035 for a = 1.

Thus, the main contribution to the displacement of the effective center of the Pitot
tube relative to its geometric axis comes from deviation of the stream lines due to the pres-
ence of a velocity gradient in the boundary layer, and this leads to an appreciable diverg-
ence between the measured and the true velocity values.

Here it should be borne in mind that if the Pitot tube is positioned in the immediate
proximity of the wall, then the wall begins to influence the nature of the flow over the
tube, i.e., the degree of deviation of the stream lines and the nature of this deviation.

The curves shown in Fig. 5a, which describe values of ¥ as a function of a for various
values of Reynolds numbers Rep, can be approximated by the following approximation formulas:

for the case when the Pitot tube is traversed across the boundary layer:

G, =1+0.19a, 0<a<{0.2 (13)
and
'&1 = 1.039 + a(a — O.Q)b, O.2< a‘< Emnaxs (14)
where
a=0.469 — 1.3-10-2Dy. /v + 8,72 10-5 (Du/v)?,
b=128142,7. 104Dy /v — 2.36. 10+ {Du./v)?,
and for the case when the Pitot tube is located at the wall:
¥, = 0,525 + 1,132e — 0,338a2. (15)

The values of opayxy for the curves (Fig. 5a) calculated from Eqs. (14) can be found from
the condition that the right-hand sides of Eqs. (14) and (15) be equal.

Equations (13)-(15) allow us to determine the true velocity distribution in a turbulent
boundary layer from the velocity distribution measured with a Pitot tube. The values of «
in Eqs. (13)-(14) are determined by successive approximations; here in the initial and first
approximations in the case when the tube is positioned at the wall the value u,; is found
graphically (Fig. 5b) as the point of intersection with the axis of ordinates extrapolated
to y = 0 by a straight line describing the current velocity distribution near the wall.

From the current velocity distribution we also determine the values uc and u,.

Calculations show that the iterative sequence rapidly converges, and here in the last
approximation the value u; for a tube located at the wall becomes equal to zero within the
limits of the required accuracy.

NOTATION

Upeag> Velocity measured by a Pitot tube using the Bernoulli equation; ugyye, true vel-
ocity; % = uUpeag/Utrye, ratio of the measured velocity to the true; o, = (umeas//zg)/utrue,
ratio of the measured velocity with viscosity correction to the true velocity; Cp, Pitot tube
pressure coefficient; P,, total pressure; Pgt, static pressure; AP, pressure drop; up =

Tw/p, friction velocity; ty, shear stress at the wall; ¢, v, u, density and kinematic and
dynamic viscosity of the flow; Re** = u,6**/v, Reynolds number based on momentum loss thick-
ness; Rep = Du;/v, Reynolds number based on the friction velocity and the Pitot tube outside
diameter D; Rey = yu;/v, Reynolds number based on the friction velocity ur and distance y of
the tube axis from the wall; d, Pitot tube inside diameter; €, displacement of the effective
pitot tube center relative to the geometric tube axis; o, transverse velocity gradient param-
eter over the height of the Pitot tube entrance aperture; y', current y distance from the tube
geometric axis.
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CHARACTERISTICS OF A PLANE TURBULENT JET IN A BOUNDED DRIFTING FLOW

S. K. Voronov, T. A. Girshovich, and A. N. Grishin UDC 532,525.2

A method is proposed for computing the characteristics of a plane turbulent jet
escaping at a right angle to a flow constrained by channel walls. Results are
presented of an experimental investigation of such jets and their comparison
with design data.

A large number of papers is devoted to the theoretical and experimental investigation of
jets in drifting flow. However, a systematic experimental investigation of the influence of
the boundedness of the flow on the plane jet propagation characteristics has, visibly, not
been performed. In the known papers [1-3] the investigations were carried out just in chan-
nels with specific geometry and, consequently, mainly just the jet trajectories were deter-
mined in the experiment. A theoretical solution of the problem of determining the character-
istics of plane turbulent jets escaping at an angle to the flow constrained by channel walls
does not exist in the literature, insofar as we know.

A method is proposed below for the computation of such jets on the basis of the solutions
of problems on a plane jet in an unbounded drifting flow [4-7] and on the rarefaction in the
reverse flow zone behind a plane jet in a constrained drifting flow [8]. Moreover, results
of an experimental investigation of the influence of structural and dynamical parameters on
characteristics of a plane jet are elucidated.

Sergo Ordzhonikidze Moscow Aviation Institute. Translated from Inzhenerno-Fizicheskii
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