i=(SHP =1.4(D./D,)" " /Ree (5)

All properties were evaluated at bulk
temperature. The standard deviation for
Equation (5) is 4=19%,. The effects of G
and D, on ¢ are shown for both regimes
in Figure 13. (Variation in temperature
with attendant variation in fluid prop-
erties accounts for some of the scatter
in this figure.)

SUMMARY OF CONCLUSIONS

1. The presence of fluidized solids can
increase the rate of heat transfer from
retaining wall to liquid considerably, a
tripling of the coefficient having been
obtained. :

2. The behavior of the liquid-fluidized
bed can be divided into two regimes, with
the maximum coefficient for a given
particle size occurring approximately at
the transition.

3. The first regime at lower velocities
is characterized by an appreciable vertical
temperature gradient, which indicates
limited axial mixing; by an increase of
coeflicient with mass velocity; and by a
lack of any appreciable effect of particle
size on coefficient. Within the limits of
the experiment, results in this regime are
correlated by Equations (3) or (4).

4. The second regime at higher veloc-
ities is characterized by little or no
vertical temperature gradient, which is an
indication of considerable axial mixing;
by a decrease of coeflicient with mass

CONIMUI

velocity; and by a decrease in coefficient
with an increase in particle size. Within
the limits of the experiment, results in
this regime are correlated by Figure 11 or
Equation (5).

5. In view of the low volumetric heat
capacity of the solids in comparison with
that of the liquid, it would appear that
heat carried by the solids is not an
important factor in determining the
increase in heat transfer.
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NOTATION
A

C

heat transfer surface, sq. ft.
heat capacity, B.t.u./(Ib.)(°F.)

D = diameter, ft.

D’ = diameter, u

G = mass velocity, 1b./(hr.)(sq. ft.)

h = coefficient of heat transfer, B.t.u./
{hr.)(sq. ft.)(°F.)

k= thermal conductivity B.t.u./(hr.)

(sq. ft.)(°F./ft.)
Nu = Nusselt number = AD/k, dimen-
sionless

TIONS TO THE

Flow Measurement with Ball Flow Meters
H. L. SHULMAN and K. A. VAN WORMER, JR., Clarkson College of Technology, Potsdam, New York

The measurement of the rate of fluid
flow is an essential part of control in
almost all chemical plants. A wide variety
of metering devices have been developed
for this purpose ranging from relatively
simple direct reading meters, such as the
rotameter, to elaborate instrumentation
for metering, recording, and controlling.
Recently Gradishar (2) used a simple
direct reading meter for gaseous hydrogen
fluoride which avoided the difficulties
encountered with the glass tubes used in
rotameters. The reading meter consisted
essentially of a section of Saran tubing
in the shape of a quarter of a circle and
a ball to serve as a quantitative indicator
of the flow rate.

Shulman, Stieger, and Leist (3) modi-
fied this meter by employing a semi-
circular tube (Figure 1). This modification
makes flow-rate measurements possible
in either direction without the use of
auxiliary valves and piping. In addition,
the symmetry of the meter makes it
possible easily to check the levelness of

K. A. Van Wormer, Jr., is with Tufts University,
Medford, Massachusetts,
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the installation because the ball should
rest at the zero reading when there is no
fluid flowing through the meter.

A ball flow meter can easily be con-
structed of a picece of transparent or
translucent tubing and a ball which has a
density greater than that of the fluid to
be metered. If translucent tubing is
employed, it should be mounted so that
light may pass through it to facilitate
locating the ball. Suitable tube materials
include glass, vinyl, Tygon, Saran, and
polyethylene. Balls can be metallic:
steel, aluminum, and brass or nonmetallic:
glass, nylon, sapphire, cte. The wide
range of materials available and the ease
of constructing this type of meter should
make it very useful for laboratory, pilot
plant, and exploratory work.

DERIVATION OF THE
BALL-FLOW-METER EQUATION

For many applications ball flow meters
can be calibrated experimentally with a
trial-and-error procedure employed for
the selection of the tube and ball. When
toxic, corrosive, inflammable, or volatile

A.l.Ch.E. Journal

Pr = Prandtl number = cu/k, dimen-
sionless

g = rate of heat transfer B.t.u./hr.

Re = Reynolds number = DG/u, dimen-
sionless

St = Stanton number = h/cG, dimen-
sionless

Greek Letters
At = temperature difference, °F.

e¢ = void fraction, dimensionless
u = viscosity, Ib./(ft.)(hr.)
Subscripts

max. = maximum

p = particle

t = tube
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TOR

fluids are to be metered, experimenta
calibration is difficult or impossible. To
aid in the selection of the tube and ball
and in the prediction of calibration
curves, an analytic and experimental
study was undertaken to determine the
factors influencing the design of ball flow
meters.

An equation suitable for the prediction
of calibration curves can be developed.

When a fluid is flowing through the

meter the ball comes to rest at a position
indicative of the flow rate. This position
is most conveniently measured by the
angle which a radius of the circle ex-
tended through the center of the ball
makes with the vertical (Figure 1). The
ball remains in its position because there
are two equal and opposite forces acting
upon it. The first is the total drag of the
fluid on the ball, which tends to move
the ball up the tube. The second is the
force due to the component of the weight
of the ball which is acting parallel to the
tangent at the point of contact of the
ball and tube and which tends to move
the ball down the tube. Goldstein (1) has
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collected data indicating that the total
drag on a sphere 7 can be related to fluid
velocity u by

Caopptd
= o0 )

where C; is a function of only a Reynolds
number, Dypu/u, if the flow pattern of
the fluid around the sphere is not influ-
enced by the presence of a boundary.

The force opposing the drag on the ball
is a component of the net weight of the
ball per unit of projected area.

Vilps — py) sin 8§
T )

If W/psA; is substituted for » and the
forces of Equations (1) and (2) are
equated, one obtains

= Af[zgcv,m EOL e]f @)

If a new coefficient C is equal to 1/(C )72,
the ball flow meter equation is obtained
in its final form:

W Af[zgcmpz, —sle)sin o]= @

A correlation for the ball flow meter
coefficient must be obtained from experi-
mental data rather than determined from
the data in the literature for C; as given
by Goldstein (1) because the fluid-flow
patterns around the ball in a ball flow
meter are influenced by the presence of
the tube wall. Employing the usual
dimensional-analysis methods and assum-
ing C is a function of Dy, D, p;, u, and u
one finds that C is a function of two
dimensionless groups, a ratio of diam-
eters (D;/D,) and a Reynolds number
(D.p; u/u). The final correlation of the
experimental data indicates that the best
correlation is obtained if C is taken as a
function of (D,/D;) and a modified
Reynolds number (Deq. G/uw).

Flow Inlet Outlet
\\

b= -1

-~ Saran Tubing

!
J

v
/
Wood Support

Fig. 1. Diagram of ball flow meter.

APPARATUS AND PROCEDURE

The apparatus employed for the experi-
mental determination of the meter coeffi-
cient, shown in Figure 1, consists of a loose
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ball in a piece of Saran tubing of uniform
circular cross section, The tube is supported
in a semicircular groove of 7-in. radius
milled in a sheet of plywood and backed
by glass and a light to facilitate reading of
the position of the ball with the attached
protractor.

The diameter of the tubing is checked for
uniformity and calculated from the weight
of water required to fill a measured length
of tubing. Ball diameters are measured with
a micrometer, the balls are weighed, and
the densities are calculated.

The meter is leveled by bringing the ball
to an angle of 0 deg. with no fluid flowing.
Water flow from a constant-head tank or
air flow from a compressed air line is
maintained at a constant rate through the
meter by the use of a screw clamp on
a section of rubber tubing attached to the
inlet side of the Saran tubing. When
constant conditions are establishsd, the
temperature of the fluid, the meter reading
in degrees, and the flow rate are noted and
recorded. When water is used, flow rates are
determined by noting the time required to
collect a given weight in a galvanized
container placed on a platform scale; when
air is used, the volume is measured with
calibrated wet and dry gas meters.

To calculate C from the experimental
data, Equation (4) was modified by sub-
stituting for A,, 4;, and v, their respective
equivalents (w/4)D,2), (w/4)(D,2 — D),
and (w/6)( D,3), with appropriate conversion
factors to obtain the working equation

shown to define one smooth curve. At
the higher Reynolds numbers the data
fit the curve so well that it is impossible
to distinguish the individual points. The
excellent correlation obtained for such a
wide variety of conditions indicates that
Equation (4) and the correlation should
be reliable for the prediction of calibration
curves for ball low meters for conditions
other than those covered by the experi-
mental work. The data presented were
obtained with a 7-in—radius meter.
Additional work done with meters of
radii up to 48 in. showed no effect of
varying radius. In the construction of
these meters it would be wise to avoid
radii which are short enough to cause
flattening of the tube.

DESIGN OF BALL FLOW METERS

The design of a ball flow meter involves
the selection of a ball and tube and the
calculation of a calibration curve. The
selection of the proper materials of
construction will be omitted here because
it is similar to the choice of materials for
any other piece of equipment handling
the same fluid. To illustrate the use of
the ball-flow-meter equation, a solution
for a typical design will be outlined.

w

C =
0-01029[(Pb - pf)(Pf)(
Data were obtained for three tube diam-
eters (0.1565, 0.268, and 0.419 in,) with two
fluids (air and water), three ball materials
(aluminum, brass, and nylon), and various
ball diameters as tabulated on Figure 2.
Meter readings were kept between 9
and 60 deg. Above 60 deg. the erratic
behavior of the balls makes it difficult to

obtain reliable data.

CORRELATION OF DATA

Several methods of correlation were
attempted, but the best results were
obtained when C'(D,/D,)~1s was plotted
vs. a Reynolds number (Deq. G/u).
Figure 2 shows the data obtained with
three different tube diameters, a variety
of balls, and air and water as the metered
fluids. Data for a total of 199 runs are

A.1.Ch.E. Journal

D,)sin 6)TH(D,* — D)%) ®)

The specifications call for the design of a
ball flow meter to meter water at 25°C.
flowing at a rate of about 70 lb./hr. For this
service a brass ball with a density of 528
Ib./cu. ft. and a diameter 0.5 of the tube
diameter will be used. Any transparent or
translucent plastic tube will be suitable for
this service. As an approximation C will
be assumed equal to 1.0, and an angle of
25 deg. will be used as a midscale reading
to allow for readings on either side of 70
Ib./hr. Since D,” = 2D,’, Equation (5) can
be solved for D,’ to give

D) = 0.127 in.

In order to employ standard sizes a ball
with a 0.125-in. diameter and a tube with
a 0.250-in, internal diameter will be used.
To prepare a calibration curve for this ball
and tube several values of W are selected,
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and the corresponding values of Deq. G/u
are calculated. From Figure 3 the values
of C, corresponding to a D,/D, of 0.5 and
the appropriate values of Deq. G/u, are
obtained. Equation (4) or (5) may now be
used to obtain values of sin 6, from which
¢ is obtained. The calibration curve is
shown on Figure 4.

NOTATION

A, = projected cross-sectional area of

ball, sq. ft.

A; = free area for flow of fluid between
ball and tube, sq. ft.

C = ball-flow-meter coefficient, di-
mensionless

Cy = drag coefficient for spheres, di-
mensionless

D, = ball diameter, ft.

Dy’ = ball diameter, in.

Deq. = equivalent diameter for use in

1900

for sample design.

the Reynolds number, (D, —
Dy), ft.

D, = tube diameter, ft.
D,” = tube diameter, in.
G = mass flow rate based on free area

(4,), Ib./(sec.)(sq. ft.)
g. = conversion factor, (Ib.-mass)(ft.)

/(b. force)(sec.)(sec.)

T = temperature of fluid, °C.
U = fluid velocity, ft./sec.
vy = volume of ball, cu. ft.
W = fluid flow rate, lb./sec.

Greek Letters

8 meter reading, angle from ver-
g r tical, deg.

I

u = fluid viscosity, 1b./(ft.)(sec.)

p» = ball density, 1b./cu. ft.

py = fluid density, 1b./cu. ft.

T = drag on sphere per unit of pro-

jected area, lb.-force/sq. ft.

Absorption into an Accelerating Film

If the velocity field in the neighborhood
of the gas-liquid interface is not uniform
in a steady state apparatus such as a
wetted-wall column or a jet, then the rate
of absorption is no longer given by the
simplest form of the so-called ‘‘penetra-
tion’’ theory, in which the local absorption
rate is assumed to be the stagnant-liquid
absorption rate. Rather, a more general
form of the diffusion equation must be
employed in which it may not be
especially convenient to replace contact
distance by contact time. Since this
matter does not seem to have been fully
allowed for by the author of a recent
communication (3), a brief discussion is
given here, For the purpose of illustration,
the magnitude of the acceleration end
effect in a short wetted-wall column is
estimated from the equations presented
herein. Such an end effect was suggested
by Vivian and Peaceman (4) as a
possible explanation of the discrepancy
between experimental and theoretical
absorption rates in their columns.

The equation governing ordinary diffu-
sion in a binary system, for constant
diffusivity and mass density, is '
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%cz—}- @ Ve = DV%e (1)

For a short wetted-wall column or jet
it is generally permissible to regard the
absorbing liquid as two dimensional with
infinite depth and to neglect diffusion in
the direction of flow; at steady state
Equation (1) then reduces to

de dc d’c
ey + v oy D % 2)
where ¢ is concentration in mass per unit
volume, z and u are distance and the
velocity component parallel to the inter-
face respectively, y and v are distance
and the velocity component normal to
the interface respectively, and D is the
diffusivity. The appropriate boundary
conditions are

c=c¢ for 2<0, y2>0
c=¢ for >0, y= o
c=c¢ for 220, y=20

where interfacial equilibrium and absence
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both of heat effects at the interface and
of gas-phase diffusional resistance have
been assumed. At the interface (0u/0y). .0
will be very nearly zerc (the adjoining gas
exerts negligible drag upon the liquid
surface), and so u may be replaced by
the surface velocity wu,, provided that
the penetration depth of solute gas
molecules is sufficiently small. From the
equation of continuity

Y ou
v = —~f0 axdy

Hence in the region of interest, close to
the interface, the normal component of
velocity is approximated by

3)

du,
and the diffusion equation becomes
ac du, dc dc
Yeor "V ar oy = 7o (5)

If the liquid is being accelerated in the
z direction, liquid elements are stretched
in the « direction and suffer a correspond-
ing shrinkage in the y direction; this
causes a bulk flow of liquid toward the
surface, which in the case of absorption
opposes the mass flux due to the concen-
tration gradient, but at the same time
results in a steepening of the concentra-
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