Critical Reynolds Number for Sinusoidal

Flow of Water in Rigid Tubes

In steady flow at Reynolds number above 2,100, many
investigators have proposed that laminar flow is usually
unstable and a disturbance will probably be magnified,
eddies will form and the laminar flow will break up into
partially developed turbulent flow. In special circum-
stances, including cases where the flow at the tube en-
trance is particularly disturbed, some investigators, Sorkau
(20), Carothers (1), and Grindley and Gibson (8) have
found that the viscous laminar range extends only over a
range of Reynolds number from 200 to 400. Usually flow
data for laminar flow, the transition region, and turbulent
flow are displayed on a logarithmic plot of the Fanning
friction factor,
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= 1
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versus the Reynolds number,
2 R <u>
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Since Von Kries (22) published a pioneering theory of
pulsatile flow that is most applicable to large vessel flows,
many experimental as well as theoretical investigations on
pulsatile flow have been made (2, 13, 19, 21, 25). The
conditions under which laminar or turbulent flow can exist
in the cardiovascular system have long been of concern to
physiologists (3, 5, 9, 15, 23). Within recent years pulsa-
tile flow has received an increased amount of attention
from engineers as well as physiologists. Darling (4),
working with water and a 509 glycerol solution in a
0.379 in. diameter pipe found that the critical Reynolds
number dropped from 2,500 in steady flow to 1,500 in
pulsing flow. Kastner and Shih (12) measured the transi-
tion Reynolds number for pulsating flow of air between
two parallel flat plates and found a decrease in the value
of the critical Reynolds number. Gilbrech and Combs (6,
7) used water as the working fluid and determined the
characteristics of turbulent plugs from photocell signal
recording. Their results indicated a critical Reynolds num-
ber that was higher under some conditions of flow than the
steady flow Reynolds number of 2,100. Their experimental
data also indicated that the critical Reynolds number de-
creased as the amplitude of the pulsations was increased
from zero. In Sarpkaya’s work (17}, the critical Reynolds
number for pulsating flow was higher than the critical
Reynolds number of the steady Poiseuille flow for the same
mean pressure gradient. He observed that the critical
Reynolds number decreased as the frequency parameter

Y2

w

2 =a (—) increased for a given value of velocity
1 4

ratio. Yellin (26, 27) did not investigate the critical Reyn-
olds number but determined the influence of the oscillat-
ing component of flow on the steady flow transition charac-
teristics. Yellin also used an optical technique to measure
both slug characteristics and intermittency. He also found
(26) that the kinematics of spontaneous and artificial slugs
are identical.

Recently, a theoretical relation between friction factor
and Reynolds number for pulsatile Newtonian flow has
been proposed by Hershey and Song (10). In laminar
pulsatile flow, the friction factor correlation that they de-
rived was
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fo = (n/16 S) (16/Ng.) (3)

which yields the standard Fanning friction factor relation-
ship f = 16/Ng. when the frequency factor A = R2Q/v
goes to zero. Equation (3) presents a method for estab-
lishing the critical Reynolds number for pulsatile flow that
is analogous to the f — Ng. method in steady flow. Thus
a logarithmic plot of friction factor versus Reynolds num-
ber should yield a straight line up to the critical Reynolds
number where the friction factor values should markedly
increase in value.

EXPERIMENTAL EQUIPMENT & PROCEDURE

It was necessary to obtain pressure drop and flow rate data
for the pulsatile flow and the corresponding steady flow
before Equation (3) could be utilized for the determination
of the critical Reynolds number. Schematically, the experi-
mental flow system is shown in Figure 1. This is the same
equipment used by Hershey and Song (10) in their work.
Four different sized Pyrex glass tubes of 0.25 ot 0.8 cm.
diameter and about 1 meter in length were used. Two holes
drilled 75 cm. apart served as the pressure measuring taps in
this study. Connected to these pressure taps were pressure
transducers as shown in Figure 1, item P. As shown in
Figure 1, a pulse generator was joined to the steady flow line
to produce a sinusoidal laminar flow. The pulse was gene-
rated by a syringe (20 cc.) which was moved by a scotch
yoke connected to a 3 horse power variable speed motor.
The average flow rate was measured directly with a graduated
cylinder and a stopwatch. The pressure drop was determined
by pressure transducers, P, which were excited by power
suppliers, S, and recorded by a dual channel recorder,
In order to adjust the pressure zero point and the pressure
range, a compressed air line was connected by valve D to F
and a mercury manometer M.

Water was used in this experiment. Seven different fre-
quencies, 10 to 70 cycles /min., were used with various
amplitudes. All experiments were conducted at room tem-
perature 25°C.

The amplitude of the syringe stroke was changed by ad-
justing the scotch yoke and the pressure frequency was varied
by adjusting the screw-type motor speed controller. After
adjusting the scotch yoke and the motor speed to desired
va{ues, a pressure pulse was generated by starting the motor
which drives the scotch yoke. Complete details are given
elsewhere (11, 17).

Reservoir
A
C Air
Control
D M Pressure valve
B transmitter
F
o 3
Test Section _"
’ ; 4
Syringe
" (pump)
Scotch [—m g
yoke o ) |_-
Motor S Recorder S Pump

Fig. 1. The experimental flow diagram.
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PRESENTATION OF DATA AND RESULTS

The experimental friction factor was calculated from
Equation (1) with the average pressure drop obtained
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Fig. 5. Critical Reynolds number vs. dimensionless parameter ) =
R2Q,
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factor, \.

As can be seen from the figures, there is excellent agree-
ment between theory (Hershey and Song) and experiment
for laminar flow. Since Equation (3) is applicable only
in pulsatile laminar flow, it would be expected that the
theory would not represent the experimental data outside
of the laminar regime. This deviation is interpreted as the
onset of the transition from laminar to turbulent flow.
From Figure 5 it is observed that the critical Reynolds
number increases as A decreases, which agrees with the
results of Gilbrech and Combs (5, 6), and Sarpkaya (15).
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NOTATION

f = f{riction factor

ge = 32.174 (Ib.-mass) (ft.) / (Ib.-force) (sq.sec.)

L = distance between pressure taps

P, P, = pressure

(AP) avg = average pressure drop for pulsatile flow
= radius of tube

r = axis of radial direction
& [ 2w 1 A
S — [-—-——f-——-———‘—-—] 1 — e2mvux®/R2
g 1 I‘*n4 MZ + I‘ns/ A Hns ( )
u = velocity of fluid
<u> = time average velocity of fluid
z = axial direction of the tube

Greek Letters

from the recorder strip chart and the theoretical friction » = kinematic viscosity = u/p

factor was calculated by using Equation (3). Figures 2,3, A = dimensionless parameter defined by R*w/»

4 represent the typical results, showing clearly the de-  u, = roots of zero order Bessel function

parture from laminar flow for this sinusoidally pulsing flow.  x = viscosity of fluid

Figure 5 is a summary of all the experimental results, cor-  p = density of fluid

relating the critical Reynolds number with the frequency = w = angular velocity
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Interaction Energy in Surface Diffusion

The gas-solid interaction is the most important quantity
in the physical adsorption of gas molecules on solids. If
the surface diffusion of the adsorbed molecule is to be
studied fundamentally, then it seems logical to investi-
gate and analyze the gas-solid interaction energy for the
system. There are some publications (2, 3, 6, 7, 12, 14)
which deal with the calculation of the dispersion energy
for both homogeneous and heterogeneous systems, How-
ever, no ane has attempted to apply those techniques to
the study of surface diffusion.

In the present paper, various correlations are presented
for the gas-solid interaction energies and fundamental
physical properties of the gases. These correlations were
found to be very useful in predicting the amount of sur-
face diffusion, which will occur when a gas or vapor
flows through a microporous medium.

SURFACE DIFFUSION

The surface diffusion of gases and vapors through
microporous media represents a significant contribution
to the total transport. If the surface coverage of the ad-
sorbed molecules is low and the Knudsen regime prevails
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Equation (1) will prove to be adequate over a wide tem-
perature range to explain the flow data of many gases and
vapors through microporous Vycor glass (9 to 11):

QVMT = A + BT exp (a/T) (1)

Here A represents the Knudsen flow, which thus remains
constant for a given microporous medium. The second
term representing the surface flow, however, is a function
of values of B and A which vary from gas to gas. The
definition of A is
& — et
A T (2)

where ¢* is the gas-solid interaction energy and ! is the
activation energy of surface diffusion for an adsorbed
molecule. Therefore, the value of A is a measure of the
interaction energy between the gas molecule and the
solid surface. This was demonstrated in an earlier crude
correlation (9). Since there exists an interrelationship
[(9) also, see Figure 4 of the present paper] between
B and 4, if the value of A can be estimated from other
physical properties, then one can easily calculate the
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