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ABSTRACT ARTICLE HISTORY

In this work, the initiation and cessation of flow from a hole in a vertical Received 30 August 2017
wall was examined. Water, ethylene glycol or isopropyl alcohol was ~ Revised 2 October 2017
slowly added to polypropylene (PP) or fluorinated ethylene propylene Accepted 30 October 2017
(FEP) containers with a single circular hole in their side wall. If the KEYWORDS

hole was sufficiently small, liquid rose past the hole. No liquid flowed Drainage; wetting; contact
through the hole until a critical height was reached. Flow generally angle; surface tension;
ceased before the level of the liquid reached the bottom of the hole. Laplace pressure

The onset and cessation of flow was successfully modeled as a balance

between the hydrostatic pressure in the bulk liquid and the Laplace

pressure of the air-liquid interface bulging from the hole.

Introduction

The penetration of liquids into porous materials, such as powders and membranes, often is
modeled by assuming their pores can be approximated as simple cylindrical holes [1,2]. To
flow into or through these materials, a so-called Laplace pressure that arises from the surface
tension and curvature of the liquid interface often must be overcome. Discussions of the
basic equations for Laplace pressure can be found in textbooks [3-5] and in the scientific
literature [6-8]. For example, Padday and colleagues have theoretically examined the shape
of pendant and sessile drops attached to various horizontal substrates [7,8].

Somewhat surprisingly, there has been almost no examination of the liquid in contact
with a single hole in a vertical substrate. A simple model and experiments are described
herein. While certain aspects are intuitive, there were several unexpected findings, such as
the role of finite receding contact angles in stopping flow.

Theory

Consider the vertical wall of the container depicted in Figure 1. The top of the container is
open and thus exposed to atmospheric pressure. The wall has a round hole of diameter D. As
liquid is added to the container and its height rises, the liquid eventually reaches the hole. If
the hole is relatively large, then liquid will flow through it. However, if the hole is sufficiently
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Figure 1. A side, cross-sectional depiction of a fluid handling component with a small circular hole of
diameter (D) in one of its vertical walls. (a) Liquid with a surface tension and density of y and p rises
vertically past the hole to a height of h without flowing through it. (b) The liquid reaches a critical height
of h, where 6 > 6_and (c) flow through the hole begins. (d) As the hole drains, the height of the liquid
eventually falls to a critical height of h,where 6 < 6 and flow ceases.

small and the wall is sufficiently lyophobic, capillary forces may prevent flow, Figure 1.
Here, the air-liquid interface moves through the hole and is pinned at its outer edge. As the
height of the liquid continues to rise and hydrostatic pressure increases, the interface, as a
result of its motion, bulges outward from the vertical wall. The radius of curvature (R) of
the protruding liquid interface along with its surface tension (y) creates a so-called Laplace
pressure (Ap,), which is directed inward against the bulk liquid. For a circular hole [9],

2y
Ap, = —.

As the liquid rises, the hydrostatic pressure increases. In response, the radius of curvature
of the bulging liquid decreases, while the contact angle (0) between the liquid and the exte-
rior surface of the vertical wall increases. If it is assumed that the shape of the liquid bulging
from the hole can be approximated as a section of sphere, then its radius of curvature (R)
and the hole diameter (D) are related through the sine function,

D/2
sinf = —/ (2)
R
The hydrostatic pressure (Ap,) in the bulk liquid depends upon the height of the liquid
above the bottom of the hole (h), the liquid density (p) and the acceleration due to gravity
(g=9.81 m/s?),

Apy = pgh. (3)
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If no liquid flows through the hole, then the Laplace and hydrostatic pressures are equal,

Ap, = Apy. (4)
Substituting Equations (1)-(3) into (4) produces general equations for estimating the min-
imum height ofliquid to initiate flow. If the wall is relatively lyophilic (6, < 90°), then rising
liquid will trigger flow through the hole when the liquid bulges sufficiently that 6 = 6 . Here,
the height of liquid required to initiate flow (h,) is

h = A7 sin@,. (5)

1 pgD
For lyophobic walls (6 > 90°), flow begins before the liquid attains an advancing contact
angle on the vertical wall. The maximum Laplace pressure occurs where 6 = 90° [4,7,8]
and consequently,

h= L (6)
pgD

As liquid drains, the hydrostatic pressure in the hole diminishes. If the receding contact

angle (0) of the external wall is > 0, then drainage stops before h = 0. Ignoring any kinetic

contributions, the final height of the liquid (h f) where flow ceases can similarly be estimated

by balancing Laplace and hydrostatic pressures. For surfaces where 6 < 90°,

4y .
h; = ——sin#,. 7
f pgD (7)
Otherwise, if 6 > 90°,
4y
h, = —. 8
f pgD (8)

Experimental details
Liquids

The liquids used were isopropyl alcohol (IPA, Pharmco-Aaper, 99% Reagent ACS grade),
ethylene glycol (EG, Fisher Scientific, BP230-1) and de-ionized water (W). Values of their
surface tension (y) and density (p), listed in Table 1, were taken from the literature [4,10].
The uncertainty y and p was estimated to be £1 mN/m and +2 kg/m”.

Solids

The walls of the fluid handling components were either polypropylene (PP, Rubbermaid
LunchBlox Pack Snack Containers, Part # 7P88, 2.33 in long x 2.73 in wide x 2.23 in high,

Table 1. Properties of the liquids.

Liquid y (mN/m) o (kg/m?3)
Isopropyl alcohol (IPA) 22 789
Ethylene glycol (EG) 47 1110

Water (W) 72 998
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0.5 cup or ~120 ml) or fluorinated ethylene propylene (FEP, McMaster Carr, 3/32 X 6 x6
inch sheet, Part # 85375K213), which is a polytetrafluoroethylene (PTFE) copolymer.

For PP, a single round hole of diameter D was machined in the side wall of the Rubbermaid
containers using an end mill (1/16-1/4 inch diameter) installed in a Bridgeport mill. For FEP,
small square coupons (roughly 2 x 2 cm?) were cut with a jigsaw and a round hole was milled
in the center of each coupon. After measuring wettability, the FEP coupon was adhered to
the side wall of a PP container over a % inch hole using a silicone adhesive (GE Premium
Silicone Glue, Silicone II Clear). The uncertainty in D was approximately +0.05 mm.

Contact angles

Advancing and receding contact angles on the solid surfaces were determined as follows. For
PP, each container was placed on the stage of an optical microscope (Keyence VHX-5000)
with its hole facing up. A liquid drop with a volume (V) of 10 uL was deposited on the PP
with a syringe (Hamilton, Model 1701 N) and allowed to spread. Resident software in the
microscope was used to measure the base diameter (2a ) of the resulting ‘advancing’ sessile
drop. Next, liquid was withdrawn until the contact line receded, the remaining volume of
liquid and the diameter of the resulting ‘receding’ sessile drop (V and 2a) were noted.
Values of V_ranged from 1 to 4 pL. The volume of the liquid used to produce sessile drops
on PP, 10 pL or less, was sufficiently small that gravity did not distort their shape, allowing
for indirect estimates of contact angles from drop dimension and volume [11],

( 2/3 )

o\ 172
48V, 48V, _H2/3
oy <4+ (()) ) ?

0. =2 - ArcTanq 70 9)

where i = a for advancing angles and i = r for receding ones.

For FEP, contact angles were measured using a digital goniometer (Kyowa DMs-401)
before attaching the FEP coupons to the PP containers. The FEP coupons were placed on
stage of the goniometer, 10 uL water drop was deposited on FEP, and then one second later,
its height (H) and base dimeter (2a) were automatically recorded. These dimensions were
used to estimate advancing contact angles [12-14],

2H
0,=2- ArcTanZ. (10)
To measure receding angles on FEP, water was withdrawn from 10 pL sessile drops until
the contact line retracted. With the needle of the syringe still contacting the drop, an image
was captured. Base and tangent lines were constructed on the sessile drop image and 6 was
measured directly.

Advancing and receding contact angles (6 and 6)) of the various liquid-solid combina-
tions are listed in Table 2. Values of 6, and 6, ranged from 107° for water on FEP to 5° for
IPA on FEP. Standard deviation and uncertainty in the contact angle measurements was
generally + 2°, but greater (~ £5°) for near-zero values [11].
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Table 2. Advancing and receding contact angles (6, and 6)) of the various liquids on the solids.

Solid Liquid 0,() 6.()
PP IPA 15 5
EG 68 54
w % 69
FEP w 107 93
Drainage experiments

Containers were placed on a slight incline to vertically orient the wall with the hole. Liquid
was gently poured from a 10 mL graduated cylinder into the container. At the instant that
liquid flowed out of the circular hole, an image was captured with an Apple iPhone 5s.
When flow through the hole ceased, another photo was taken. Values of hl. and h, were
measured from the subsequent images. Five replicates were performed for each liquid-sol-
id-hole combination. The standard deviation in /1, and h values was 0.1 to 0.8 mm. Error
propagation techniques involving partial derivatives [15] (logarithmic differential method)
suggested that the uncertainty in h, and hcould have been as high as + 0.4 to 0.7 mm. All
measurements were made at (22 + 1) °C.

Results and discussion

Figure 2 shows plots of the critical liquid heights to initiate and terminate flow (h, and h))
through a small circular hole of diameter D. The points are experimental data. The error
bars represent standard deviation in the measurements. The height to initiate flow is greatest
for small holes and declined precipitously as D increased. For water in PP, h, values ranged
from 18.8 to 4.7 mm. For holes of equal D, liquid-solid combinations with larger values of
yand 6 demonstrated greater resistance to flow.

Even though FEP is more hydrophobic than PP, values of i, for water were nearly identical
for these two solids. Water began to flow through the hole in FEP where 0 = 90°. In contrast,
the impediment to flow of IPA was minimal, due to a combination of low surface tension
and contact angles. The height at which flow ceased (h f) also decreased with D. Note that if
6 was effectively zero, then then drainage continued until the liquid level fell all the way to
the bottom of the hole; for IPA, 6, ~ 5° and h,~ 0. While the outer surface surrounding the
hole was important in determining the onset and cessation of flow, the inner surface was
not. Machining created burrs on the inner surface of the PP container. In some cases, the
burrs were cut away. However, the presence or absence of the burrs had no effect.

The curves in Figure 2 are theoretical estimates from Equations (6)-(9). The black, solid
curves are for water (W), the green, short-dash curves are for ethylene glycol (EG) and the
blue, long-dash curves are for isopropyl alcohol (IPA). Agreement between measured and
predicted h, values were excellent. On the other hand, predicted values of h.were reasonable
for larger diameter holes, but underestimated k. for smaller holes. For example, water ceased
to flow from a PP container with D = 1.7 mm at hf= 13.5 mm. In this case, Equation (8)
over predicted h to be 17.3 mm.

It was supposed that smaller holes led to higher hydrostatic pressures and greater flow
velocities, which in turn reduced hf Equation (8) was modified to include the influence
of inertia,
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Figure 2. Plots of the critical liquid heights to initiate and terminate flow (h,and h) through a small circular
hole of diameter D. The points are experimental data. The error bars represent standard deviation in the
measurements. The curves are theoretical estimates from Equations (6)—(9). The black, solid curves are
for water (W), the green, short-dash curves are for ethylene glycol (EG) and the blue, long-dash curves
are for isopropyl alcohol (IPA).

_ 1 . 1,
hf_§<p_DSln0'_§v >, (11)

where v is the velocity of liquid flowing through the hole. For the previous example of the PP
container with D = 1.7 mm, where v was experimentally measured to be ~0.3 m/s, Equation
(12) lends a more accurate prediction, h = 12.7 mm. (Details regarding the derivation of
Equation (12) are given in the Appendix 1.)

It is noteworthy that the onset of drainage can be considered as an adhesion phenomenon,
where two distinct modes exist. If 6, < 90°, then drainage is initiated by an adhesive failure
between the liquid and solid along the contact line at the bottom of the bulge. Conversely,
if the 6 > 90°, then a cohesive failure in the liquid interface instigates flow.

Work here has focused on millimeter-sized holes where ; and k> D. In principle,
the model should also be applicable for much smaller, micron size holes. It also probably
would be valid for a circular hole in horizontal wall. An interesting topic for future study
could be the case where h, < D. This is likely to be more challenging due to the complex,
non-axisymmetric shape of the liquid interface in a partially filled hole.
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Conclusions

Small holes in the vertical walls of liquid handling components can prevent flow. Curvature
and surface tension of the liquid counteract flow driven by hydrostatic pressure. Resistance
to flow increases as the hole gets smaller, as surface tension of the liquid increases or as
liquid density decreases. Wettability also plays an important role in the onset and cessation
of flow; larger advancing contact angles increase resistance to flow.
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Appendix 1

The onset of flow and cessation of flow at low rates is explained above in terms of a balance between
hydrostatic and Laplace pressures. For higher flow rates, it is reckoned that inertia becomes impor-
tant. Thus, for higher flow rates, a term for Bernoulli pressure (Ap, ) can be added to Equation (4),

Ap, = Ap, + Ap,, (12)

where

Ap, = 1pv*. (13)

2
Combining Equations (1)-(3) with Equations (13) and (14) gives an expression for esti-
mating the height at which flow stops (hf ,

14y . 1,
hf—§<p—Dsm0r—zv > (14)
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