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Abstract

Microgravity experiments on free fluid surfaces of large length scale could
be subject to experimental artifact from flow induced charging. Under
conditions favorable for flow induced charging, flowing liquids develop a static
electrical charge which manifests itself as a force whose magnitude approaches
that of surface tension force. Favorable conditions are: a non-conducting liquid,
a small diameter non-conducting flow passage, a large flow volume, and a small
separation distance between the fluid and another object. We present a method
for calculating the magnitude of flow induced charging and scaling arguments so
that potential problems can be determined and dealt with at the experimental
design phase. A dimensionless ratio of charge force to surface tension force we
call the Hula Number should be less than 0.5 to prevent artifact or unwanted
fluid motion.

Introduction

We are all familiar with scuffing our feet on the rug and touching the
unsuspecting dog on the nose (obviously, a lad with a bright future in
experimental science, albeit missing a finger). There is a fluid dynamic analog to
this mechanical static electric generation called flow induced charging. Fluid
friction between an electrically non-conducting wall and an electrically non-
conducting flowing fluid can build up sizable static charges that flow with the
liquid. For example, flowing petroleum based fuels in rubber hoses have been
known to create sufficient charge to release a volley of sparks which can cause
fire and explosion, hence, fueling operations generally have a grounding strap.
Under certain conditions, electrochemical corrosion of pipelines can be
accelerated by flow induced charging. Apart from a few known problems which
are handled with rule-of-thumb engineering, flow induced charging remains
rather obscurel.

Fluid dynamic experiments performed in the reduced gravity environment
of orbit often center around observing second or third order forces that are
masked by gravitational force if done on Earth. Surface tension experiments
would be one example. If the fluid for the experiment is injected into the
apparatus under conditions favorable for flow induced charging, the resulting
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charge forces could be of the same order of magnitude as the other forces that
are under investigation. This could introduce considerable artifact or possibly
cause complete failure due to the fluid not behaving as it was suppose to2. In
this paper we develop a method for calculating the magnitude of flow induced
charging and scaling arguments so that potential problems can be determined
and dealt with at the experimental design phase.

'fheory

A solid-liquid interface usually has an adsorbed double layer of electric
charge3. Consider the outer or diffuse part of the Stern electric double layer
within a fluid at a distance 1 from a stationary, electrically non-conducting wall
with some geometric length scale r as shown in Figure 1. For r of the order of
millimeters and t of the order of 10's nm, we assume this charge layer to be

described by flat geometry (t<<<r).

wall ,_— inner charge layer on wall

diffuse charge layer at T

Figure 1

Let q be the charge (coul), V be the voltage (volts or Nt-m/coul) and Cp be the
capacitance (coul/volt or coul?/Nt-m); then q=VCp. For flat plates, Cp=DeoA/d,
where D is the dielectric constant (unitless), & is the permittivity of free space
(8.85X10°12 coul2/Nt-m2), A is the area (m2), and d is the charge separation
distance (m). Combining these expressions, rearranging, substituting t for d, and
defining o as the surface charge density (c=q/A) yields:

ot=DgyZ (1)

where Z has been introduced in place of V and is known as the zeta potential.
Equation (1) defines the zeta potential Z (volts or Nt-m/coul) which is an
electrical potential between a fluid-wall system arising from the electrical




double layer. The zeta potential is a property of the fluid-wall system and has
typical values from 10's to 100's of millivolts. Measurements of Z reported in
the literature are usually made with glass walls4.

The length scale 7 is sufficiently large so that external pressure gradients
force the fluid with its diffuse outer layer of charge to flow along the fixed wall,
thus, a current is generated. This is a fluid dynamic analog to the current in a
Van De Graff generator where charge mechanically moves on a non-conducting
belt. The current (coul/s) due to flow induced charge assuming axial flow in a
cylindrical tube of radius R is:

iz=oUw(1t)2n(R-1) (2)

where Uy(1) is the fluid velocity (m/s) at distance t, and 2=(R-7) is the
circumference of the flowing "shell" of charge. Substituting for ¢ from Equation
(1) and the expression for Uy(t) for a Newtonian fluid in laminar flow gives:

i,=nR2DeoZAP/pul (3)

where AP is the pressure differential over the tube (Pa or Nt/m?2), u is the fluid

viscosity (Pa-s or Nt-s/mZ2), and 1 is the tube length (m). For a fluid with
electrical conductivity given by a resistance R=pl/nR2 where p is the fluid

resistivity (ohms-m or coul2/Nt-mZ2-s), a drain current forms that is equal to the
generated current, thus a steady state voltage is achieved. Combining Equation
(3) with Ohms Law yields:

V=DgyZpAP/p (4)

where V is the voltage from flow induced charging. This voltage is called the
streaming potential and was first described by Smoluchowski in 19035,
Equation (4) is Smoluchowski's Equation (28) caste in SI units. For fluids with
low resistivity (102 to 105 ohm-m) at modest pressures (103 to 106 Pa), the
streaming potential is of the order of a volté. Only for fluids of very high
resistivity do appreciable voltages develop.

For applications in reduced gravity where a small volume of fluid (usually
silicone oil) is injected into an apparatus in the course of an experiment, it is
most useful to consider the case for a non-conducting fluid where no significant
drain currents exist, thus allowing the possibility of large charges. For this case
the steady state voltage given by the streaming potential of Equation (4) no
longer applies. Reforming the equations for this case, it is convenient to replace
the pressure differential term (which is seldom known) with the volumetric flow
rate (m3/s), Q=V/t=nR4AP/8l, where V is the volume (m3) of fluid injected into




the experiment over time t (s). Defining the flow induced charge as g=i,;t and by
using Equation (3) gives:

q=8DgyZV /R2 (5)

where q is the accumulated charge on the volume of fluid V. The voltage
associated with this charge is estimated by assuming the fluid volume has a
spherical shape and the charge is on the free surface’. The relation V=q/4nD'ga
then gives:

V=8ZDa2/3D'R? (6)

where D' is the dielectric constant of the surrounding medium and "a" is the
sphere radius. The charge force exerted upon this fluid body is determined from
F=q2/4nD'e;d where q is defined by Equation (5) and is operating on an equal
magnitude image charge at a separation of d. For this equation to give an
accurate result, the charge must be uniformly distributed over the sphere's
surface and the separation distance d must be greater than that of the sphere
radius "a" which is not necessarily true under experimental conditions.

However, this approach is adequate for determining whether flow induced
charging will affect a particular experiment using the scaling arguments
developed in the next section.

Results Applied to Reduced Gravity

To determine whether the force resulting from flow induced charging is
significant compared to other system forces, we make dimensionless ratios or
groups using the method of Buckingham =8 and inspect fluid behavior under
experimental conditions while the magnitudes of these groups change. Several
forces significant in reduced gravity fluid dynamic experiments are: surface
tension, viscous, inertial, and gravitational (residual). For the scope of this
paper, only surface tension force is considered. For more applications, see Ref. 9.

Applying the method of Buckingham = to surface tension force, F=y 1, where
y is the surface tension (Nt/m) and | is a characteristic length (m), with charge
force gives the dimensionless = group:

T=q2/y ad?D'gy (7)

for a free volume of fluid of characteristic length "a" surrounded by a medium
with dielectric constant D' with the charge determined by Equation (5) at a




separation of d. This = group is the dimensionless ratio of charge force to surface
tension force without the geometric constants.

To evaluate this = group under microgravity conditions, we rely on an
experiment performed by Joe Allen10 on STS-4. A sphere of silicone oil was
injected from a syringe and subsequently experienced large charge forces as it
was brought in the proximity of a flat plastic plate. The sphere was about 20
mm in diameter and the distance at which charge effects were observed was
about 10 mm. From Equation (5) the fluid charge is calculatedto be 6 X 10-10
coul at 520 volts!l, At this distance, the = group from Equation (7) is 0.68 using
a surface tension of 6 X 102 Nt/m. At values less than 0.68 (charge separation
greater than 10 mm), no significant charge forces are observed. At values
greater than 0.68 (charge separation less than 10 mm), charge forces are
significant compared to surface tension. Observations described the oil sphere as
"hula dancing". We have been unable to find a suitable name for this = group, so
we propose to call it the Hula Number, H=q2/y ad2D'eyp. We recommend that Hula
Numbers be less than 0.5 to avoid charge force artifacts.

Conclusions

Microgravity experiments on free fluid surfaces of large length scale could
be subject to experimental artifact from flow induced charging. Under
conditions favorable for flow induced charging, flowing liquids develop static
electrical charge which manifests itself as a force whose magnitude approaches
that of surface tension force. Conditions favorable for charge forces are: a non-
conducting liquid, a small diameter non-conducting flow passage, a large flow
volume, and a small separation distance between the fluid and another object.
The static charge is calculated using Equation (5) and the dimensionless group
we call the Hula Number, defined by Equation (7), compares the magnitude of
charge force to surface tension force. From experimental observations, the Hula
Number should be less than 0.5 to prevent artifact or unwanted fluid motion.
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