EFFECT OF POLYMERS ON PITOT-TUBE READINGS
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ABSTRACT: The pressures registered by a Pitot tube in uniform flows
of aqueous polyacrylamide solutions have been measured, The tube
readings are found to depend on the dimensions of the tube tip, the
flow velocity, and the concentration and temperature of the solution.

In [1-3] it was noted that in the pipe flow of aqueous solutions of
certain high-molecular compounds the velocity profile is measured
with an error. This is indicated by the difference in the values of the
flow rate determined by direct measurement and calculated from the
measured velocity profile. Apparently, a similar effect has been ob-
served in connection with velocity measurements in a submerged tur-
bulent jet[4]; the jet momentum, calculated from the measured velocity
profile for a polymer solution, proved to be 10-30% less than the value
in the initial section of the jet.

The study of this effect is of considerable importance, since, ac-
cording to the data of [1], it is observed only in solutions of those
polymers which when added to a liquid reduce the turbulent drag.

A number of investigators [1~3, 5] associate the velocity measur-
ing error in flows of the boundary layer type (such as pipe flow, jet
flow, etc.) with a displacement of the mean velocity of the flow im~
pinging on the Pitot tube and the appearance in polymer solutions of
normal stresses produced by this shift.

Below, we present certain experimental results which indicate that
even in the absence of such a shift, Pitot-tube velocity measurements
in aqueous solutions of high-molecular compounds involve an error.
The value of the ratio k = H/Hy, where H is the velocity head mea-
sured with the Pitot tube and Hy the true velocity head, depends on the
dimensions of the tip of the tube, the value of Hy, the concentration
of the solution C, and the temperature t,

The measurements were made in the rectangular working section
of a hydrodynamic tube filled with test liquid (water or an aqueous
polymer solution). The dimensions of the working section were 80 X
X 125 mm, its length about 500 mm. The capacity of the tube was
about 100 7.

Velocity measurements with water flowing through the working
section of the tube showed that in the flow core the nonuniformiry of the
velocity field did not exceed 1%. This made it possible to measure
the velocity simultaneously with five Pitot tubes of different size ar-
ranged in a row at 15-mm intervals over the width of the working sec~
tion.

The velocities were measured with ordinary flattened-tip tubes.

We have tabulated the data on the rectangular cross sections of
these five tubes: height h and width b of tip, height h, and width h, of
hole.

The values of the velocity head H were measured with a multi-tube
manometer, connected with the Pitot tubes, as the difference between
the pressure registered by each of the tubes and the static pressure, sam-
pled through a 0.4~mm tap in the bottom wall of the tube.

By means of preliminary experiments conducted to measure the
flow rate by means of Venturi tubes at contractions of from 1:2 to
1: 4 it was established that in the investigated range of concentrations

N ’ hy mm I I mm 1 by mm r b mm
1 0.32 0.60 2.93 2,83
2 0.54 0.82 2.51 2.75
3 0,91 1.50 4,14 5.36
4 2.32 3.10 4.63 6.02
5 0.17 0.61 2.57 2.91
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the pressure drop at the flowmeter is a function only of the rate of flow
of liquid through it and does not depend on the concentration of the so-
lution, Hence, the true values of the velocity head H, in the working
section of the tube were determined for the solutions from the depen-
dence of Hy on the pressure drop at a contraction of 1: 3.4 established
for water, The range of variation of Hy was from zero to 150 mm H,0,
which corresponded to a variation of the velocity inthe working section
from 0 to 1.7 m/sec.

The measurements were made at two values of the flow tempera-
ture: 19 and 38° C. The deviation of the temperature from the indicated
values under the experimental conditions did not exceed 2°.

As the polymer we used domestic polyacrylamide with a weighted~
mean molecular weight of about 5« 105 We tested aqueous solutions of
five different polymer concentrations (by weight): 0.85 - 1074, 1.55-
1074 2.10-107% 2.75- 1074, and 3.40+107%, The corresponding val-
ues of the relative viscosity (viscosity of the solution referred to the
viscosity of water at the same temperature) were 1,22, 1,42, 1,60,
1.83, and 2.10.

Under conditions of steady laminar flow aqueous solutions of poly-
acrylamide behave like Newtonian liquids: their viscosity does not de-
pend on shear rate,

In rurbulent morion the behavior of the polyacrylamide solutions
becomes anomalous; namely, under similar conditions their turbu-
lent drag is less than for water,

In Fig. 1 the resistance coefficient A is plotted as a function of the
Reynolds number R on the basis of measurements on water and aqueous
solutions of polyacrylamide flowing in a circular wbe 7.2 mm in diam-
eter, Curves 1 and 2 correspond to the relations

100 A = 31.64/R—-%, 100 A = 6400/ R.
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Points 3, 4, and 5 correspond to concentrations C = 0, 1.03. 1074,
and 4,5-107%, Hence it follows that adding polymer to the water leads
to a reduction in the drag.

In Fig. 2 we have plotted the velocity head H measured with a
Pitot tube as a function of the true values of the velocity head, using
the data of measurements made with tube 1 in polyacrylamide solu-
tions of varying concentration, Points 1, 2, 3, and 4 correspond to con-
centrations C = 0.85+1074, 2.75-107%, and 3.4-10"4

From these data it follows that if the dimensions of the tip of the
tube are fixed, the registered pressure is the smaller, the higher the
polymer concentration. In the velocity range investigated the relation
H(H,), obtained for tbes of different size in solutions of varying con~
centration, is a linear one, which makes it possible to characterize
the error in measuring velocity with Pitot tubes by means of the param-
eter k = H/H,. In Fig. 3 we have plotted the parameter k as a func-~
tion of the concentration of the solution at fixed temperature; curves
1-4 were constructed via the measurements made with tubes 1-4,
respectively (for tip dimensions see table). As follows from Fig. 3, the
pressure registered by the tube is the smaller, the higher the concen-
tration of polymer in the solution and the smaller the dimensions of
the tube tip. The data in Fig. 4 represent the results of measurements
with tubes of like tip dimension but different hole dimension (tube 1
corresponds to curve 1 and tube 5 to curve 2). From these data it fol-
lows that the pressure registered by a Pitot tube in the solution is deter-
mined not by the dimensions of the hole, but by the dimensions and
shapeofthe tip. In Fig, 5 the parameter k is shown as a function of the
concentration for a solution with temperature t = 19° C (curve 1) and
a solution with t = 38° C, on the basis of measurements made with
tube 1, Hence it follows that as the temperature increases the error
in determining the velocity head decreases.

As a result of our investigation it has been established that using
Pitot tubes to measure velocity leads to values that are too low as
compared with the true values, Hence, before making measurements
in a flow with a nonuniform velocity distribution (for example, in a
pipe or a boundary layer), it is first necessary to calibrate the Pitot
tube employed in a uniform flow,

The reason for the deviation of the total head measured by the
tube from the true value is not clear. It is probable that the deviation
is caused by the appearance of additional viscoelastic swesses that
develop in the liquid near the tip of the tube when the flow is sharply
decelerated. This is confirmed by the following qualitative considera-
tions,

Taking into account the effect of viscous stresses on the Pitot tube
readings menrioned in [6), we will examine the equations of liquid
motion in terms of the stress components along the x-axis, which co-
incides with the critical streamline:
wle o0 4 5. @

[t 5z | 0%

Here, p is the density of the liquid, u is the velocity component along
the x-axis, p is the static pressure, and o are the stresses due, in this
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case, to both the viscosity and the elasticity of the liquid. Integrating
both sides of Eq. (1) from x = 0 to x = § (5 is the thickness of the bound-
ary layer near the stagnation point), we obtain

Po = (e + Yop Ut — (04 — G0l @)

Here, pgis the pressure registered by the tube; og are the additional
stresses at the stagnation point at x = 0. An asterisk denotes values at
X =8, At small shear rates the additional stresses due to the effect of
the elastic properties of the liquid are proportional [7] to their square
or, in our case, to the quantity (3u/ox)%,

Neglecting the contribution of the viscous stresses and recalling
that du/dx = 0 at x = 0, we obtain

c,——cnzc,rv(%) 2‘ 3)
*

where ~ is the sign of proportionality.
The value of (du/dx)% can be determined [6] from the theory of
potential flow over the tip of a Pitot tube and in order of magnitude
(duN 2 Ug 4)

3z ), 7w

Here, [ is the characteristic dimension of the tube tip. Using (3) and
(4), for the stress o, we have

g, = PHo- )

Here, Hyis the velocity head, and 8 a parameter depending on the
elastic characteristics of the liquid and the flow conditions near the
tip of the tube. Subtracting the static pressure from both sides of Eq.
(2) and using (5), we find that the relation between the previously in-
troduced parameter k and 8 is given by

k=H/H,=1-—8, (6)

From (4) and (5) it follows that at low velocities, when condition
(8) is satisfied, the quantity k does not depend on velocity and the
smaller the characteristic dimension 1 of the Pitot tube, the smaller
k, which is confirmed by the experiments described.
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