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Abstract: This paper is devoted to developing a more refined mathematical theory for designing the
previously proposed membrane deflection-based rain gauges. The differential-integral equations
governing the large deflection behavior of the membrane are improved by modifying the geometric
equations, and more accurate power-series solutions of the large deflection problem are provided,
resulting in a new and more refined mathematical theory for designing such rain gauges. Examples
are presented to illustrate how to analyze the convergence of the power-series solutions and how to
numerically calibrate membrane deflection-based linear rain gauges. In addition, some important
issues are demonstrated, analyzed, and discussed, such as the superiority of the new mathematical
theory over the old one, the reason why the classical geometric equations cause errors, and the
influence of changing design parameters on the input-output relationships of rain gauges.

Keywords: conductive membrane; transversely loading; axisymmetric deformation; large deflection;
power-series solution

MSC: 74G10; 74K15

1. Introduction

Many thin films are able to exhibit large elastic deflections when subjected to external
loads [1-6], which makes it possible to develop devices or instruments based on film de-
flection [7-12]. In our previous study [13], to overcome the shortcomings of the existing
rain gauges, a new type of membrane deflection-based rain gauge was proposed, which in-
volves a liquid-structure interaction of a peripherally fixed circular membrane under liquid
weight loading. Such a fluid-solid coupling problem presents serious analytical difficulties,
which involves the analytical solution to differential-integral governing equations. The
mathematical theory for designing such rain gauges, which is presented in our previous
study [13], is observed to be inaccurate. It is suitable only for the design of nonlinear (rather
than linear) rain gauges, because the ranges of the nearly-linear (seemingly following a
linear-dependent relationship) segments in the nonlinear input-output relationships of the
rain gauges, which it can provide, are too small or too narrow. The main purpose of this
study is to present a new and more accurate mathematical theory suitable for the design of
both nonlinear and linear rain gauges.

The precipitation sensors are generally divided into three major standard categories:
manual rain gauges, tipping-bucket rain gauges [14-18], and weighing rain gauges [19,20],
in addition to novel optical infrared sensors [21-23]. Among them, the most popular are the
tipping-bucket rain gauges, as they are simple, robust, suitable for different data loggers,
and provide an available point measurement, especially suitable for installation in remote
areas. Applications of tipping-bucket gauges (also including weighing rain gauges) usually
presuppose the static or dynamic calibrations in the laboratory and in the field [24-27],
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and although very troublesome, they are necessary to do, otherwise, the measurements
of precipitation will be accompanied by errors [28-31]. In general, due to various factors,
such as calibration errors, the measurements of precipitation may be underestimated by
5% to 40% [32]. In our previous study [13], we proposed developing a new type of rain
gauge using the elastic deflection of conductive membranes, namely the membrane elastic
deflection-based rain gauge. As opposed to tipping-bucket or weighing rain gauges, this
new type of rain gauge does not require performing the calibration for volumetric metering
of rainwater, thus avoiding the measurement errors of precipitation caused by this.

The basic configuration and working principle of a membrane deflection-based rain
gauge are shown in Figure 1. The rainwater is collected by the rainwater collector funnel
that is placed outside. The area of the upward opening of the rainwater collector funnel
will be used to determine the amount of rainfall per unit area. The conductive circular
membrane is used as the upper electrode plate of capacitors and is fixed to the wall of the
circular tank when it is initially flat, resulting in the circular rainwater-collecting tank. The
collected rainwater flows into the circular rainwater-collecting tank from the rainwater
collector funnel, resulting in the deflection of the conductive circular membrane. Therefore,
the upper electrode plate is called a movable electrode plate due to the membrane deflection,
while the lower electrode plate, thickly coated with the insulator layer, which is made of a
conductive circular thin plate, is an unmovable electrode plate because it is fixed on the
substrate. The non-parallel plate variable capacitor between the upper and lower electrode
plates is made of two capacitors in series: one is the non-parallel plate variable capacitor
between the movable upper electrode plate and the insulator layer, and the other is the
parallel plate fixed capacitor between the insulator layer and the unmovable lower electrode
plate. The dielectric material between the upper electrode plate and the insulator layer is
air, and a small hole is opened in the wall of the circular tank to allow air to pass through,
which is located between the upper electrode plate and the insulator layer (see Figure 1).

Rainwater collector funnel |

(Rainwater)

Rainwater collecting tank
/ (Measuring rainwater volume)

(Rainwater)
An opening for air Upper electrode plate
I (Conductive circular membrane)
Substrate f
Insulator layer Lower electrode plate

(Conductive circular thin plate)

Figure 1. The configuration and working principle of a membrane deflection-based rain gauge.

Obviously, the collected rainwater in the circular rainwater-collecting tank, as an
external load acting on the conductive circular membrane, causes the elastic deflection of
the conductive circular membrane, determines the spatial geometry of the movable upper
electrode plate (i.e., the deflected conductive circular membrane), and thus, determines
the capacitance of the non-parallel plate variable capacitor between the movable upper
electrode plate and the insulator layer. Therefore, if the magnitude of the external loads
acting on the conductive circular membrane is defined by the volume of the collected
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rainwater in the circular rainwater-collecting tank, then, once the elastic behavior of the
conductive circular membrane under the external loads is analytically solved, the volume
of the collected rainwater in the circular rainwater-collecting tank can be determined by
using the deflection analytical solution. At the same time, the spatial geometry of the
deflected conductive circular membrane (i.e., the movable upper electrode plate) can also
be determined by using the deflection analytical solution; that is, the capacitance of the
non-parallel plate variable capacitor between the movable upper electrode plate and the
insulator layer can be determined by using the deflection analytical solution. On the other
hand, the capacitance of the parallel plate fixed capacitor between the insulator layer
and the unmovable lower electrode plate is constant and, for given design parameters,
can be determined by calculation. Therefore, the total capacitance of the non-parallel
plate variable capacitor between the upper and lower electrode plates, which can be
determined by measurements, is in one-to-one correspondence with the volume of the
collected rainwater in the circular rainwater-collecting tank. In other words, the volume
of the collected rainwater in the circular rainwater-collecting tank can be determined by
measuring the total capacitance of the non-parallel plate variable capacitor between the
upper and lower electrode plates. Usually, it is customary to express the rainfall in terms
of the height of rainfall per unit area per unit time. Therefore, since any two capacitance
measurements will result in two values of volume of the collected rainwater in the circular
rainwater-collecting tank, the height of rainfall per unit area per unit time can finally
be determined by the volume difference between the two measurements divided by the
upward opening area of the rainwater collector funnel, and by the time difference between
the two measurements.

However, it can be seen from Figure 1 that there is an interaction between the applied
rainwater loads and the deflected conductive circular membrane. The rainwater applied
to the conductive circular membrane, as an external load acting on the membrane, gives
rise to the deflection of the membrane. In turn, the deflection change gives rise to the
distribution change of the rainwater on the conductive circular membrane, i.e., the change
in the external loads acting on the membrane. In other words, the liquid action causes
the solid response, and in turn, the solid response changes the liquid action, which is
commonly referred to as the fluid—solid coupling or interaction problem. Previous studies
have shown that the elastic behavior of the conductive circular membrane can be described
or governed by a set of differential-integral equations, and the size of membrane deflections
has a great influence on the accuracy of the established governing equations [33-35]. In
general, it is sufficient to formulate governing equations with lower precision for small
deflection problems, because high-precision governing equations will bring difficulties to
the subsequent analytical solution. However, if the governing equations with low precision
are used for large deflection problems, errors are inevitable. The governing equations
used in [13] are the governing equations with low precision, and therefore, only apply to
small deflection problems, not to large deflection problems. However, the elastic deflection
exhibited by the conductive circular membrane in Figure 1 may reach half of the radius
of the circular membrane; therefore, the governing equations used in [13] are practically
inapplicable in this case. Therefore, it is recommended that the mathematical theory for
designing membrane deflection-based rain gauges, presented in [13], should not be used to
avoid causing errors.

In this paper, the differential-integral equations governing the large deflection be-
havior of the conductive circular membrane are improved by modifying the geometric
equations, and more accurate power-series solutions of the large deflection problem are
presented, resulting in a new and more refined mathematical theory for designing mem-
brane deflection-based rain gauges. The remainder of this paper is organized as follows. In
the following section, the liquid-structure coupling problem in Figure 1: the large deflec-
tion problem of the peripherally fixed conductive circular membrane under liquid weight
loading, is reformulated, the power-series method for differential equations is used to
analytically solve the resulting differential-integral governing equations, and examples are



Mathematics 2023, 11, 3438

4 0f 32

presented to illustrate how to numerically analyze the convergence of the resulting power-
series solutions. In Section 3, the analytical relationships between the input capacitance
and the output rainwater volume are derived. Examples are provided to illustrate how to
numerically calculate the nonlinear input-output relationships of the membrane deflection-
based linear rain gauges, and the clear differences between the numerical results calculated
by using the new and old mathematical theories are graphically shown. Then, an example
is presented to illustrate how to numerically calibrate a membrane deflection-based linear
rain gauge. In Section 4, some important issues are analyzed and discussed, such as the
reason why the classical geometric equations cause errors, and the influence of changing
design parameters on the input-output relationships of membrane deflection-based rain
gauges. The concluding remarks are presented in Section 5.

2. Governing Equations and Power-Series Solutions
2.1. Governing Equations

Suppose that an initially flat, conductive, circular membrane with radius a, thickness &,
Poisson’s ratio v, and Young’s modulus of elasticity E is fixed peripherally at the inner wall
of the rainwater-collecting tank, as shown in Figure 1, and then it is deflected toward the
insulator layer due to the action of the collected rainwater in the rainwater-collecting tank;
that is, the action of the so-called liquid weight loading, denoted by 4(r), where the height
of the rainwater above the plane in which the initially flat, peripherally fixed, conductive,
circular membrane is located is denoted by H. A free body is taken from the central portion
of the deflected circular membrane in Figure 1, whose radius is 0 < r < g, to study its
static problem of equilibrium, as shown in Figure 2, where the origin, o, of the introduced
cylindrical coordinate system (r, ¢, w) is placed in the centroid of the initially flat circular
membrane. The dash-dotted line represents the geometric middle plane of the initially
flat circular membrane in which the polar coordinate plane (r, ¢) is located, r, ¢, and w
are the radial, circumferential, and transverse coordinates, respectively, w also denotes the
transverse displacement of the deflected circular membrane under the action of the loads,
q(r), o+ denotes the radial stress, and 0 denotes the slope angle at a point on the geometric
middle plane of the deflected circular membrane.

Figure 2. Sketch of a free body with radius 0 <r <a.

In particular, it is noted that the external loads, g(r), acting on the conductive circular
membrane should include the actions of two parts of rainwater: one is the rainwater with
the height H above the polar plane (7, ¢), and the other is the rainwater with the height w(r)
below the polar plane (r, ¢). At point r, the total height of the collected rainwater is equal
to H plus w(r).

The out-of-plane equilibrium equation can be derived as follows. The external force
F(r) acting on the free body, no matter how the circular membrane is deflected, is always
downward, and is given by

F(r) = /Orq(r)dr =p g/or [H +w(r)] - 27trdr = p grir®H + 27p g/orw(r)rdr. (1)
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The upward force is only the component of the membrane force o,/ acting on the boundary
t. Therefore, the out-of-plane equilibrium condition, when the resultant force in the vertical
direction is equal to zero, yields

r
27troyhsin® = F(r) = p gnr*H 4 2mp g/ w(r)rdr, ()
0

where

§in® =1/v1+1/tan?0 = 1/1/1+1/(—dw/dr). 3)

After substituting Equation (3) into Equation (2), the out-of-plane equilibrium equation
may finally be written as

2roh
\/1 +1/(—dw/dr)*

r
= pgr*H + Zpg/O w(r)rdr. 4)

The in-plane equilibrium equation is [13]

L) —a=0, ©
where ¢; denotes the circumferential stress.

The classic geometric equations used in [13] do not fully consider the contribution of
deflection to the geometric relationship between radial strain and radial displacement. The
classical geometric equations have been improved in [34]. If the radial and circumferential
strains are denoted by e, and e;, and the radial displacement is denoted by u, then the
improved geometric equations may be written as

du ? dw ? 12
er:[(1+5) +(W” -1 (6)
and y
et = — (7)

By comparing Equation (6) here with Equation (6) presented in [13], it can be seen that the
radial geometric equation here more fully considers the contribution of deflection to the
geometric relationship between radial strain and radial displacement.

In addition, the physical equations, i.e., the relations of stress and strain, are still
assumed to follow the generalized Hooke’s law,

E
O =1 (er + veyr) (8)

and .
ot = m(et—l—l/@r). )
2.2. Boundary Conditions

Equations (4)—-(9) are six governing equations for solving stresses o, and o, strains e,
and ¢;, and displacements 1 and w. Equations (4)—(19) can be solved by using the following
boundary conditions

d
a?:oarza (10)
et =0atr=a (11)

and
w=0atr=na. (12)
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2.3. Power-Series Solutions
Substituting Equations (6) and (7) into Equations (8) and (9) to eliminate e, and ¢; in
Equations (8) and (9) yields

E du 2 dw ? 1/2 u
and 2
E u du ? dw ?
at_l—llz{r+v[(l+c11’) +(5) ] —1/}. (14)

2 211/2
Eliminating “ {(1 + %) + (CCITZ;’) ] ” from Equations (13) and (14) and then further
eliminating oy by Equation (5) yields

u

1
.= —(op —voy) =

£ roy) — VOy). (15)

T

After substituting the u in Equation (15) into Equation (14), the usually so-called consistency
equation can be written as

2
{%[r%(r(f,h)]} + 2B [ (royh)] — 208 (rovh) x &1 (rovh)]

(16)
+200,h L (royh) — 2Eh(oyh) — (0vh)* + E2h2(‘§—’f)2 =0
Let us proceed to the following nondimensionalization
S S Y SN A PR < QO
W_ﬂ’sr_E/St_E’x_a’HO_ﬂ’G_ Eh/ (17)
and transform Equations (4), (5), and (16) into
4x252(—ﬂ)2 - GZ[(—d—W)2 +1] [/x 2xW (x)dx + x*H, }2 =0 (18)
o dx dx 0 0 !
ds
Si=S, +x dxr (19)
and )
(£l (s} + 24 xf(x8)] — 204 (x8)) x £ lxE(x5)] 0)

+208, 4L (x8,) — 28, — 82 + ()’ = 0

X

After considering Equations (7) and (15), the boundary conditions, Equations (10)—(12) can
be further transformed into

dw

EIOatxZO, (21)
dSr
1— = =1 22
( v)Sr+xdx Oatx (22)
and
W=0atx=1. (23)

Sy and W can be solved from Equations (18) and (20). To this end, let us expand S, and
W into the power series in powers of the x, i.e., let

Sr=Y, o' (24)
i=0
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and -
W=Y dx' (25)

The recursion formulas for the coefficients c; and d; in Equations (24) and (25) can be deter-
mined as follows. After substituting Equations (24) and (25) into Equations (18) and (20), the
similar terms are combined to obtain the sums of coefficients of the x with the same powers.
To ensure that Equations (18) and (20), after being substituted into Equations (24) and (25),
still hold regardless of the value taken by the x in the interval [0, 1], all the sums of coefficients
of the x with the same powers have to simultaneously be equal to zero. This gives rise to a
system containing infinitely more equations with respect to the power-series coefficients c;
and d;. The recursion formulas for the coefficients ¢; and d; can be determined by successively
solving this infinite system of equations, as shown in Appendix A, where the coefficients c;
and d; are always equal to zero when i is odd, or are expressed as the polynomials of cy and dj
when i is even.

The remaining two coefficients, cy and dy, are usually known as the undetermined
constants, and they can be determined by using the boundary conditions at x = 1 as follows.
From Equation (24), the boundary condition Equation (22) gives

agk
[1e

(1-v)y ¢+

i=0 i

ic; =0, (26)

i
I
—

and from Equation (25), the boundary condition Equation (23) gives
Z d; =0. (27)

Since all the coefficients c; and d; can be expressed as the polynomials of ¢y and dj (see the
recursion formulas in Appendix A), Equations (26) and (27) contain only the undetermined
constants ¢y and dy. As a result, the undetermined constants ¢y and dy can be determined by
simultaneously solving Equations (26) and (27), and with the known cy and dy, the expressions
of S, and W can finally be determined. The problem under consideration is thus solved
analytically, where the external loads g(r) applied to the circular membrane are defined by the
parameter H, i.e., the height of the collected rainwater above the polar plane (, ¢).

2.4. Convergence Analysis of Power-Series Solutions

As can be seen from the Appendix A, the recursion formulas for the coefficients c;
and d; are so complicated that the convergences of the power-series solutions S, and W
have to be numerically analyzed. To this end, a conductive circular membrane with radius
a =70 mm, thickness / = 0.3 mm, Young’s modulus of elasticity E = 3.05 MPa, and Poisson’s
ratio v = 0.45, which is subjected to the actions of the collected rainwater with the height
H =300 mm and H = 1000 mm, respectively, is used as an example to illustrate how to
conduct a convergence analysis of the power-series solutions S, and W.

For the convenience of practical calculation operation, all the infinite power series in
Equations (26) and (27) have to be truncated and replaced with their nth partial sums, i.e.,

n n
(1=v)Y ci+) ic;=0 (28)
i=0 i=1
and
n
Y d;=0. (29)
i=0

The undetermined constants ¢y and dj are calculated by using Equations (28) and (29),
where the value of the parameter n begins first with 2, thenn =4, n =6, ..., and does
not stop until the calculated numerical values of ¢y and dy are sufficiently saturated, as
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shown in Table 1, where H = 300 mm. The variations of ¢y and dy with n are shown in
Figures 3 and 4. It can be seen from Figures 3 and 4 that ¢y and dy converge very well as the
parameter 1 progressively increases. Therefore, the coefficients ¢; and d; can be calculated
using ¢p = 0.19801 and dy = 0.38702301, i.e., the saturated values of by and dyg when n = 34
in Table 1, and the calculated results of ¢; and d; are listed in Table 2. The variations of ¢;
and d; with i are shown in Figures 5 and 6. It can be seen from Figures 5 and 6 that ¢; and
d; converge very quickly as i progressively increases. This means that the power-series
solutions of stress and deflection converge very well at the right end of the interval x € [0, 1],
i.e., atx = 1. On the other hand, the power-series solutions of stress and deflection converge
to cg and dj at the left end of the interval x € [0, 1] (i.e., at x = 0, see Equations (24) and (25));
therefore, they converge in the whole interval x € [0, 1].

Table 1. The numerical values of cy and d calculated using different # when a = 70 mm, & = 0.3 mm,
E =3.05 MPa, v =0.45, and H = 300 mm.

n o do
2 1.6096321 x 1071 3.8879863 x 101
4 1.8256583 x 101 4.0353242 x 1071
6 1.8997545 x 10~1 4.0096550 x 101
8 1.9331984 x 101 3.9755283 x 10!
10 1.9507474 x 101 3.9487555 x 107!
12 1.9608889 x 10~1 3.9291886 x 101
14 1.9671601 x 101 3.9135900 x 10!
16 1.9712404 x 10~1 3.9006109 x 101
18 1.9739921 x 10~1 3.8969211 x 101
20 1.9759256 x 101 3.8911582 x 10!
22 1.9773075 x 10~1 3.8857772 x 107!
24 1.9783209 x 101 3.8804093 x 10!
26 1.9790780 x 10~! 3.8747951 x 101
28 1.9796534 x 107! 3.8727428 x 1071
30 1.9799512 x 101 3.8715202 x 107!
32 1.9800913 x 107! 3.8703145 x 1071
34 1.9801000 x 101 3.8702301 x 107!
0200 T T T T T T T T T T T T T
0.195 e |
0.190 F - .
0.185 - -
. 0.180 .
Cy
0.175 -
0.170 F ! .
1
o.16sF | |
o160 ¢ .
0155 1 1 1 1 I 1 1 1 1 1 1 1 1 1
0 2 g 10 12 14 16 18 20 22 24 26 28 30 32 34

Figure 3. Variation of ¢y with n when a =70 mm, & = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 300 mm.

n
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0.419

0.412

0.405

0.398

24 26 28

30 32 34

Figure 4. Variation of dy with n when a =70 mm, /1 = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 300 mm.

Table 2. The numerical values of c; and d; calculated using cy = 0.19801 and dj = 0.38702301 when
a=70mm, h =03 mm, E =3.05 MPa, v = 0.45, and H = 300 mm.

Ci

d;

1.9801000 x 107!
—2.2503182 x 1072
—4.7482704 x 1073
—1.6728142 x 103
—7.4018474 x 1074
—3.7351168 x 1074
—2.0567441 x 104
—1.2065107 x 10~
—7.4301711 x 10~°
—4.7576760 x 107>
—3.5862468 x 107>
—2.1382054 x 10>
—1.4877621 x 10~>
—1.0567262 x 10~°
—7.6436405 x 107°
—5.6194073 x 106
—4.1919107 x 10~°
—3.1684580 x 106

3.8702301 x 101
—3.1593609 x 1071
—4.4147582 x 102
—1.4480307 x 102
—6.0976418 x 1073
—3.0261953 x 103
—1.4010811 x 1073
—7.9474886 x 10~*
—4.2051265 x 104
—2.1235107 x 10~*
—1.9217554 x 10~*
—1.1071414 x 10~*
—7.7178828 x 107>
—5.0111706 x 10~°
—3.2987094 x 107>
—2.1986210 x 1073
—1.4822624 x 107>
—1.0100267 x 107>

4

i

0.15

0.10

0.05

—005

—0.10
0

T

T

T A A W & TP PP TP PP

10

1

2 14

Figure 5. Variation of ¢; with i when a = 70 mm, & = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 300 mm.



Mathematics 2023, 11, 3438 10 of 32
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]
024 |
]
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—02f v 4 -
04+ .
_06 L 1 L 1 1 L L L L 1 1 1 L L L 1

0 2 4 4] g 10 12 14 16 18 20 22 24 26 28 30 32 34

Figure 6. Variation of d; with i when a =70 mm, & = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 300 mm.

Moreover, the calculated numerical values of ¢y and dy for H = 1000 mm are listed in
Table 3. The variations of cy and dy with n are shown in Figures 7 and 8. It can be seen from
Figures 7 and 8 that cy and dj also converge very well for H = 1000 mm. The coefficients c;
and d; are calculated using cy = 0.49259866 and d = 0.55707220, i.e., the saturated values of by
and dy when n = 40 in Table 3, and the calculated results of ¢; and d; are listed in Table 4. The
variations of ¢; and d; with i are shown in Figures 9 and 10. It can be seen from Figures 9 and 10
that ¢; and d; also converge very quickly. Therefore, when H = 1000 mm, the power-series
solutions of stress and deflection also converge in the whole interval x € [0, 1].

Table 3. The numerical values of cy and dj calculated using different # when a = 70 mm, i = 0.3 mm,
E =3.05 MPa, v = 0.45, and H = 1000 mm.

n o do

2 3.3839845 x 101 5.8846359 x 101
4 4.0702919 x 101 6.3457560 x 101
6 43696963 x 1071 6.3275950 x 10!
8 45326724 x 107! 6.2343005 x 1071
10 46334148 x 1071 6.1364387 x 107!
12 4.7011936 x 101 6.0483459 x 1071
14 4.7496794 x 101 5.9718707 x 107!
16 4.7860304 x 1071 5.9059016 x 10!
18 4.8143206 x 107! 5.8407944 x 107!
20 4.8380208 x 1071 5.7830109 x 10!
22 4.8587068 x 101 5.7262599 x 107!
24 48774255 x 10~} 5.6754944 x 107!
26 4.8932959 x 1071 5.6428763 x 107!
28 4.9000625 x 101 5.6247383 x 107!
30 4.9075866 x 101 5.6025188 x 10!
32 4.9149346 x 101 5.5858188 x 101
34 49227867 x 10~} 5.5723711 x 107!
36 49240450 x 1071 5.5719711 x 107!
38 49253201 x 107! 5.5713711 x 107!
40 4.9259866 x 101 5.5707220 x 101
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Figure 7. Variation of ¢y with n whena =70 mm, h = 0.3 mm, E = 3.05 MPa, v =0.45, and H = 1000 mm.
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Table 4. The numerical values of c; and d; calculated using ¢y = 0.49259866 and dy = 0.5570722 when a
=70mm, h = 0.3 mm, E =3.05 MPa, v =0.45, and H = 1000 mm.

c; d;

49259866 x 107! 5.5707220 x 107!

—3.2010543 x 1072 —4.0340122 x 1071
—9.0232331 x 1073 —7.6012684 x 102
—4.0233576 x 103 —3.0795960 x 10~2
—2.2202114 x 1073 —1.6031626 x 1072
—1.3908635 x 1073 —9.4849784 x 1073
—9.4956383 x 104 —6.0706292 x 1073
—6.9066665 x 1074 —4.0999474 x 1073
—5.2777370 x 104 —2.8805707 x 103
—4.1977975 x 10~* —2.0867243 x 1073
—3.0524980 x 104 —1.3494309 x 103
—2.5218835 x 1074 —1.1744272 x 1073
—2.3349516 x 10~* —8.0307410 x 10~*
—2.2477177 x 104 —6.1001658 x 10~*
—2.0318916 x 104 —5.5124579 x 10~*
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i Ci di

30 —1.7687008 x 10~ —4.4422360 x 10~*

32 —1.3653613 x 104 —3.5009484 x 10~*

34 —1.0429799 x 104 —3.0502913 x 10~*

36 —6.5852655 x 107° —2.3420090 x 104

38 —4.3771181 x 107> —2.0414329 x 10~*

40 —3.0706861 x 10~ —1.8232860 x 10~*
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Figure 9. Variation of ¢; with i when a =70 mm, /1 = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 1000 mm.
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Figure 10. Variation of d; with i when a =70 mm, h = 0.3 mm, E = 3.05 MPa, v = 0.45, and H = 1000 mm.

3. Numerical Calibration of Membrane Deflection-Based Linear Rain Gauges
3.1. Input—Output Analytical Relationships of Membrane Deflection-Based Rain Gauges

Figure 11 shows the states of a membrane deflection-based rain gauge, where the
initial state refers to the case without the rainwater, and the operating state refers to the
case of the conductive circular membrane (the upper electrode plate) under the rainwater.
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Figure 11. Sketch of a rain gauge: (a) initial state and (b) operating state.

As shown in Figure 11a, before application of the collected rainwater, the conductive
circular membrane (the upper electrode plate) is in its initially flat, undeflected state,
maintains an initial parallel gap g with the insulator layer with thickness t, and forms a
parallel plate capacitor with the insulator layer. Obviously, the total parallel plate capacitor
between the upper and lower electrode plates, whose capacitance is assumed to be denoted
as Cp, is comprised of two parallel plate capacitors in series: one is the parallel plate
capacitor between the initially undeflected upper electrode plate and the insulator layer,
whose capacitance is denoted by C1, and the other is the one between the insulator layer
and the lower electrode plate fixed to the substrate, whose capacitance is denoted by Cs.
If the vacuum permittivity is denoted by ¢, the relative permittivity of air is &1, and the
relative permittivity of the insulator layer with thickness f is ¢,,, then, the capacitance of
the parallel plate capacitor between the initially undeflected upper electrode plate and the
insulator layer may be written as:

2
G = (30)

and the capacitance of the parallel plate capacitor between the insulator layer and the lower
electrode plate may be written as:

 epeppma’

G ;

(31)
Since the reciprocal of the equivalent capacitance of a series capacitor is equal to the sum of
the reciprocal of each series capacitor, the total capacitance of the parallel plate capacitor
between the initially undeflected upper electrode plate and the lower electrode plates may

be written as: 5 )
e0ey 710 egepp i’ ’
. GG B < t _ TTaTEQEFEr2 (32)
G+C Eoer}gmz + €0€r§”’12 ent+eng’

On the other hand, after application of the collected rainwater, as shown in Fig-
ure 11b, the conductive circular membrane (the upper electrode plate) is in a deflected

Co

[e0] .
state, whose spatial geometry is governed by the deflection solution: w(r) = a }_ d;(%)’, see
i=0

Equations (17) and (25). Therefore, at this time, the capacitor between the upper electrode
plate and the insulator layer is changed from the original parallel plate capacitor with the
capacitance C; to the current, non-parallel plate capacitor with the capacitance C; . The
expression of capacitance C; can be derived as follows. A micro-area element, which is
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formed by the increments of radial coordinate Ar and circumferential coordinate Ag, is
taken, whose area AS may be written as:

(r+ Ar)zA(p B r?Ag

AS = > >

= rArAg + %(Ar)qu). (33)

Therefore, AS can be reduced to rArAg@ after ignoring the higher-order terms in
Equation (33). Obviously, this micro-area element still corresponds to a non-parallel plate
capacitor. However, since it can be made very small, this non-parallel plate capacitor can
be approximately regarded as a parallel plate capacitor with a parallel gap g-w(r), whose
capacitance AC] may be approximated as:

rArAg

AC) = —_—
)

(34)

By integrating both sides of Equation (34), the capacitance C; of the non-parallel plate
capacitor between the deflected upper electrode plate and the insulator layer may finally
be written as:

r

- [ L __ded ’ d
1 — /O /0 gogrlm qo r = 27T£0€r1/0 m r. (35)

Therefore, the total capacitance C of the non-parallel plate capacitor between the deflected
upper electrode plate and the lower electrode plate may finally be written as:

. ClCy _ 27mzeosr1£rzf0“ Wdr
Cl+C 2£rltf0a mdr + e,0a2

(36)

Obviously, before application of the collected rainwater, the upper electrode plate (the
conductive circular membrane) is in its initially flat, undeflected state, that is, w(r) =
0. Therefore, it can be seen by comparing Equation (36) with Equation (32), such that
Equation (36) is able to regress to Equation (32) if w(r) in Equation (36) is set equal to 0. This
implies that the derivation of Equation (36) is correct.

However, as seen in Section 2, the closed-form solutions of the conductive circular
membrane under the action of the liquid loads g(r) are presented in power-series form,
the external loads g(r) applied to the conductive circular membrane are defined by the
parameter H (the height of the collected rainwater above the polar plane (r, ¢)), and
all the power-series coefficients of the stress and deflection solutions are dependent on
the parameter H (see Appendix A). This means that Equation (36) yields the analytical
relationship between the total capacitance C and the rainwater height H, rather than the
desired analytical relationship between the total capacitance C and the rainwater volume V,
which is essential to the numerical calibration of the rain gauge to be designed. Therefore,
the volume V of the rainwater collected in the rainwater-collecting tank can only be
determined after the deflection solution w(r) is determined with the parameter H. To this
end, a micro-volume element, which is formed by the approximate height, H + w(r), and the
increments of the radial coordinate Ar and circumferential coordinate Ag, is taken, whose
volume AV may be approximated as:

r+ Ar)ZA(p B rzA(p

AV = [H + w(r)][ : :

| = [H+w(n)][rdpdr + 2 ag(ArY]. (37)

Therefore, AV can be reduced to [H + w(r)]rArAg after ignoring the higher-order terms in
Equation (37). By integrating both sides of Equation (37), the volume V of the rainwater
collected in the rainwater-collecting tank may finally be written as:

a

V= /Oa /027T [H+ w(r)]rdedr = 7r*H + 271/O w(r)rdr. (38)
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As stated in the Introduction Section, the basic principle of this rain gauge is to
determine the rainwater volume V by measuring the total capacitance C, which implies that
the measured capacitance C is used as input and the volume V to be determined is used as
output. This can be achieved by substituting the w(r) in Equations (36)—(38). Obviously,
however, doing so works only in theory, not in practice, due to the strong nonlinearity
therein; that is, the relationship between the input capacitance C and output volume V has
strong nonlinearity.

3.2. Numerical Calculation of Nonlinear Input—-Output Relationships

The proposed membrane deflection-based rain gauges generally need to first be
numerically calibrated before the experimental calibration. In other words, in order to
reduce unnecessary economic losses, material purchase, fabrication, and experimental
calibration can only be considered on the basis of sufficient numerical design and calibration.
During the design stage of a membrane deflection-based rain gauge, the stress solution
provided in Section 2 is used to calculate the maximum stress, o, of the conductive circular
membrane under the action of the collected rainwater, to ensure that the membrane will not
yield during normal operation. The relationship between input capacitance C and output
volume V has to be graphically presented based on numerical calculations, due to its strong
nonlinearity (see Equations (36) and (38)). In the following, an example is provided to
illustrate how to carry out the numerical calculation and calibration of the relationship
between input capacitance C and output volume V.

The total capacitance C of the non-parallel plate capacitor between the deflected upper
electrode plate and the lower electrode plate (see Figure 11) can be calculated by Equation (36),
while the volume V of the rainwater collected in the rainwater-collecting tank can be calculated
by Equation (38). For comparison under the same conditions, the w(r) in Equations (36) and (38)
is determined by using the deflection solutions provided in this paper and in [13], respectively.
Finally, using the calculated results of input capacitance C and output volume V, the relation-
ships between the input capacitance C and output volume V' can be graphically presented.
Suppose that in Figure 11, the conductive circular membrane with radius 2 = 70 mm, thickness
h=0.3 mm, and Poisson’s ratio v = 0.45 is subjected to the action of the collected rainwater with
the height H that progressively increases from 0 mm to 1160 mm, and its Young’s modulus of
elasticity, E, is 7.84 MPa, 3.05 MPa, and 1.55 MPa, respectively. The initial parallel gap between
the initially undeflected upper electrode plate (the undeflected conductive circular membrane)
and the insulator layer, g, is 45 mm, the thickness of the insulator layer, ¢, is 0.1 mm, the vacuum
permittivity, g, is 8.854187817 x 10~12 F/m, the relative permittivity of air, &1, is 1.000585, and
the relative permittivity of the insulator layer (polystyrene), €7, is 2.5.

The numerical results calculated by using the deflection solutions presented in Section 2,
including the volume V and height H of the applied rainwater, the undetermined constants
¢o and d, the maximum stress 0y, and maximum deflection wy, of the conductive circular
membrane, and the total capacitance C, are listed in Table 5 for E = 7.84 MPa, in Table 6 for
E =3.05 MPa, and in Table 7 for E = 1.55 MPa, respectively. The numerical results calculated
by using the deflection solutions presented in [13] are listed in Table 8 for E = 7.84 MPa,
in Table 9 for E = 3.05 MPa, and in Table 10 for E = 1.55 MPa, respectively. The graphical
relationships between the input capacitance C and output volume V are shown in Figure 12
for E =7.84 MPa, in Figure 13 for E = 3.05 MPa, and in Figure 14 for E = 1.55 MPa, respectively,
where “Solution 1” refers to the results calculated by using the deflection solution provided
in Section 2, and “Solution 2” refers to the results calculated by using the deflection solution
presented in [13].
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Table 5. The calculation results obtained by using the deflection solution presented in Section 2, when
a=70mm, h =03 mm, E=7.84 MPa, v =0.45, t = 0.1 mm, and g = 45 mm.

V/imm3 H/mm co dy om/MPa Wm/mm C/pF
0 0 0 0 0 0 3.031
124,575 5 0.00912651  0.08928599 0.072 6.250 3.260
375,589 20 0.01804884  0.12363215 0.142 8.654 3.372
858,653 50 0.03086522  0.16028735 0.242 11.220 3.501
1,334,678 80 0.04136554  0.18472239 0.324 12.931 3.595
1,650,327 100 0.04768439  0.19800761 0.374 13.861 3.649
2,435,732 150 0.06208688  0.22478540 0.487 15.735 3.766
3,218,327 200 0.07514752  0.24648209 0.589 17.254 3.869
4,778,253 300 0.09889744  0.28076362 0.775 19.653 4.049
6,333,912 400 0.12044591  0.30814841 0.944 21.570 4.210
7,888,224 500 0.14112447  0.33158565 1.106 23.211 4.369
9,439,805 600 0.16035428  0.35188757 1.257 24.632 4.515
10,991,294 700 0.17927879  0.37051281 1.406 25.936 4.668
12,542,859 800 0.19780640  0.38824460 1.551 27177 4.833
14,090,957 900 0.21564079  0.40241204 1.691 28.169 4967
15,639,301 1000 0.23265806  0.41685058 1.824 29.180 5.117
17,184,907 1100 0.25131599  0.42593509 1.970 29.815 5.221
18,736,165 1200 0.26785971  0.44219936 2.100 30.954 5.462
20,281,633 1300 0.28472526  0.45204828 2.232 31.644 5.670
21,832,194 1400 0.30154191  0.46626571 2.364 32.638 5.848
23,377,102 1500 0.31713399  0.47601986 2.486 33.321 5.058
24,920,726 1600 0.33252186  0.48436690 2.607 33.906 6.251
26,267,341 1700 0.34772280  0.49535388 2.726 34.675 6.451
27,516,958 1800 0.36575166  0.50602041 2.867 35.421 6.637
28,760,027 1900 0.38062130  0.51340029 2.984 35.938 6.860
30,006,149 2000 0.39534296  0.52352253 3.099 36.647 7.082
31,248,954 2100 0.40992652  0.53041230 3.213 37.129 7.347
32,197,815 2200 0.42738078  0.54009150 3.351 37.806 7.582
33,140,390 2300 0.44171346  0.54657935 3.463 38.261 7.840
34,450,957 2400 0.45593168  0.55589281 3.575 38.912 8.214
35,634,503 2500 0.47304169  0.56504691 3.709 39.553 8.586
36,780,016 2600 0.48704925  0.57405502 3.818 40.184 9.068
37,723,326 2700 0.50095953  0.58092913 3.928 40.665 9.546
38,467,637 2800 0.51477727  0.58867998 4.036 41.208 10.288
39,207,668 2900 0.53050684  0.60001726 4.159 42.001 11.555

Table 6. The calculation results obtained by using the deflection solution presented in Section 2, when
a=70mm, h =03 mm, E =3.05MPa, v =0.45, t = 0.1 mm, and g = 45 mm.

V/imm3 H/mm co dy om/MPa Wm/mm C/pF
0 0 0 0 0 0 3.031
146,691 5 0.01970885  0.13184277 0.060 9.229 3.385
404,127 20 0.03649575  0.17618466 0.111 12.333 3.549
895,034 50 0.06113101  0.22518344 0.186 15.763 3.758
1,376,699 80 0.08160197  0.25830933 0.249 18.082 3.918
1,695,396 100 0.09405417  0.27623054 0.287 19.336 4.014
2,487,441 150 0.12268822  0.31281998 0.374 21.897 4.232
3,275,452 200 0.14901856  0.34230622 0.455 23.961 4.435
4,842,819 300 0.19812768  0.38702300 0.604 27.091 4.802
6,409,229 400 0.24266300  0.42806925 0.740 29.965 5.232
7,969,683 500 0.28553745  0.46027746 0.871 32.219 5.653
9,527,928 600 0.32846954  0.48689881 1.002 34.083 6.094

11,080,313 700 0.36913154  0.50797866 1.126 35.556 6.496
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V/imm?3 H/mm co do om/MPa Wm/mm CIpF
12,632,618 800 0.40776782  0.52917831 1.244 37.042 6.989
14,184,999 900 0.45054965  0.54504372 1.374 38.153 7.479
15,733,468 1000 0.49259866  0.55707220 1.502 38.995 8.067
17,293,779 1100 0.52902425  0.58434882 1.614 40.904 9.136
18,219,213 1159 0.55081967  0.59296547 1.680 41.508 9.784

Table 7. The calculation results obtained by using the deflection solution presented in Section 2, when

a=70mm, h =03 mm, E=155MPa,v=045,t=01mm, and g =45 mm.

V/mm?3 H/mm co dy om/MPa Wm/mm C/pF
0 0 0 0 0 0 3.031
169,813 5 0.03504216  0.17636915 0.054 12.346 3.530
433,003 20 0.06160905  0.22908031 0.095 16.036 3.758
931,308 50 0.10161546  0.28875958 0.157 20.213 4.069
1,418,300 80 0.13536348  0.32949594 0.209 23.065 4.327
1,740,528 100 0.15660160  0.35132099 0.243 24.592 4.491
2,539,208 150 0.20501025  0.39658974 0.318 27.761 4.882
3,332,226 200 0.24990568  0.43276906 0.387 30.294 5.272
4911,306 300 0.33517697  0.49068028 0.519 34.348 6.145
6,485,216 400 0.41408249  0.54065885 0.642 37.846 7.336
8,057,472 500 0.49541046  0.58106523 0.768 40.674 9.070
8,843,439 550 0.53204470  0.60338329 0.824 42.237 10.704
9,623,917 600 0.56810397  0.62001403 0.880 43.401 12.794

Table 8. The calculation results obtained by using the deflection solution presented in [13], when

a=70mm, h =03 mm, E=7.84MPa,v=045,t=01mm, and g =45 mm.

V/imm3 H/mm co dy om/MPa Wm/mm C/pF

0 0 0 0 0 0 3.031
124,588 5 0.00913051  0.08929323 0.072 6.251 3.261
375,633 20 0.01806282  0.12365775 0.142 8.656 3.375
858,691 50 0.03089858  0.16029982 0.242 11.221 3.504
1,334,723 80 0.04141489  0.18475348 0.325 12.933 3.599
1,650,384 100 0.04775642  0.19802746 0.374 13.862 3.657
2,435,884 150 0.06217947  0.22494449 0.487 15.741 3.777
3,218,461 200 0.07526571  0.24665732 0.590 17.260 3.881
4,778,663 300 0.09906146  0.28128970 0.777 19.690 4.073
6,335,174 400 0.12084574  0.30925282 0.944 21.648 4.245
7,889,134 500 0.14131148  0.33286392 1.108 23.300 4.409
9,441,679 600 0.16090029  0.35370677 1.261 24.759 4.575
10,992,711 700 0.17955734  0.37244376 1.408 26.071 4.732
12,543,452 800 0.19807130  0.38955350 1.553 27.269 4.905
14,092,787 900 0.21580643  0.40516165 1.692 28.361 5.091
15,641,994 1000 0.23326902  0.42000069 1.829 29.400 5.349
17,191,522 1100 0.25243719  0.43374474 1.971 30.362 5.649
18,739,873 1200 0.27177709  0.44517926 2.131 31.162 5.958
20,290,603 1300 0.29002133  0.47212330 2.274 33.049 6.315
21,850,279 1400 0.30683175  0.49023351 2.406 34.316 6.770
23,810,192 1500 0.31957734  0.51393343 2.505 35.975 7.440
24,921,876 1600 0.33516431  0.53469018 2.628 37.428 8.040
26,273,301 1700 0.35079983  0.55535388 2.750 38.875 8.850
27,526,771 1800 0.36873324  0.58255698 2.891 40.779 9.950
28,771,321 1900 0.38242337  0.60046679 2.998 42.033 11.221
30,029,618 2000 0.39749640  0.62254338 3.116 43.578 12.750
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Table 9. The calculation results obtained by using the deflection solution presented in [13], when
a=70mm, h =03 mm, E =3.05MPa, v =0.45, t = 0.1 mm, and g = 45 mm.

V/imm3 H/mm co dy om/MPa Wm/mm C/pF
0 0 0 0 0 0 3.031
146,724 5 0.06016640  0.13186295 0.060 9.230 3.386
404,212 20 0.03655238  0.17621740 0.111 12.335 3.551
895,253 50 0.06128064  0.22528736 0.187 15.770 3.759
1,376,928 80 0.08183265  0.25841407 0.250 18.092 3.920
1,695,731 100 0.09432359  0.27647647 0.288 19.353 4.017
2,488,099 150 0.12303213  0.31351195 0.375 21.946 4.238
3,276,555 200 0.14965178  0.34321310 0.456 24.025 4.446
4,846,461 300 0.19821688  0.39148280 0.605 27.404 4.850
6,411,526 400 0.24471626  0.42924903 0.746 30.047 5.261
7,978,001 500 0.29208802  0.46270729 0.891 32.389 5.755
9,540,106 600 0.33782439  0.49102081 1.030 34.371 6.272
11,101,273 700 0.38000127 0.51981346 1.159 36.387 6.926
12,661,746 800 0.42426305  0.54443643 1.294 38.111 7.690
14,221,573 900 0.46737880  0.56833220 1.426 39.783 8.692
15,776,926 1000 0.50487106  0.59139964 1.540 41.398 10.034
17,328,075 1100 0.54153188 0.61012303 1.652 42.709 11.750
18,253,522 1159 0.56126944  0.62057931 1.712 43.441 13.246

Table 10. The calculation results obtained by using the deflection solution presented in [13], when
a=70mm, h =03 mm, E=155MPa,v=045,t=01mm, and g =45 mm.

V/imm3 H/mm co dy om/MPa Wm/mm C/pF
0 0 0 0 0 0 3.031
169,902 5 0.03509797  0.17643908 0.054 12.351 3.530
433,137 20 0.06176587  0.22910474 0.096 16.037 3.759
931,759 50 0.10190303  0.28922995 0.158 20.246 4.074
1,419,348 80 0.13587112  0.33052673 0.211 23.137 4.338
1,741,524 100 0.15675307  0.35309502 0.243 24717 4.504
2,541,171 150 0.20535898  0.39945876 0.318 27.962 4.953
3,335,829 200 0.25076296  0.43702251 0.389 30.592 5.503
4,917,064 300 0.33611589  0.49773713 0.521 34.846 6.827
6,491,273 400 0.41649287  0.54717865 0.646 38.303 8.776
8,061,359 500 0.49382544  0.58981307 0.765 41.287 11.898
8,845,243 550 0.53214314  0.60880232 0.825 42.616 14.857
9,629,215 600 0.56999709  0.62751931 0.883 43.926 18.896

It can be seen from Figures 12-14 that the C-V relationships are indeed nonlinear,
and that the difference between the C-V relationship calculated by using the deflection
solution provided in this paper and that calculated by using the deflection solution in [13],
i.e., the difference between “Solution 1” and “Solution 2” in Figures 12-14, is very clear,
and it increases with the increase of the Young’s modulus of elasticity E. This difference is
caused by the use of the improved differential-integral governing equations (see Section 2).
In addition, from Figures 12-14, it can be observed that the ranges of the nearly-linear
segments (which seem to follow a linear variation trend) in the nonlinear C-V relationships
calculated by using the deflection solution in this paper are wider than the ranges of the
nearly-linear segments (which seem to follow a linear variation trend) in the nonlinear C-V
relationships calculated by using the deflection solution presented in [13] (see “Solution 1”
and “Solution 2” in Figures 12-14). For instance, the ranges of the nearly-linear segments of
E =3.05 MPa are about C = 3.5 pF-8 pF and V = 15,733,468 mm? in “Solution 1”7, and C = 3.5
pF-6 pF and V = 9,540,106 mm?3 in “Solution 2”, respectively (see Figure 13). The differences
of 2 pF and 6,193,362 mm? are very valuable for designing linear rain gauges, especially the
2 pF input capacitance, C. This is caused by the use of the improved differential-integral
governing equations in Section 2.
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Figure 12. The relationships between the input capacitance C and output volume V when a = 70 mm,
h=03mm, E=7.84 MPa, v =045, f =0.1 mm, and g = 45 mm, where “Solution 1” refers to the
results calculated by using the deflection solution presented in Section 2, and “Solution 2” refers to

the results calculated by using the deflection solution provided in [13].
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Figure 13. The relationships between the input capacitance C and output volume V when a = 70 mm,
h =03 mm, E =3.05 MPa, v =045, f =0.1 mm, and g = 45 mm, where “Solution 1” refers to the
results calculated by using the deflection solution presented in Section 2, and “Solution 2” refers to

the results calculated by using the deflection solution provided in [13].
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Figure 14. The relationships between the input capacitance C and output volume V when a = 70 mm,
h =03 mm, E =155MPa, v =045, f =0.1 mm, and g = 45 mm, where “Solution 1” refers to the
results calculated by using the deflection solution presented in Section 2, and “Solution 2” refers to
the results calculated by using the deflection solution provided in [13].

3.3. An Example of Numerical Calibration for Linear Rain Gauges

The reason why in [13], only nonlinear rain gauges are discussed, and linear rain
gauges are not considered, is that the range of the nearly-linear segment obtained is too
narrow for linear fitting. We will not discuss nonlinear fitting here, but only provide an
example to illustrate how to conduct the linear fitting for numerically calibrating a linear
rain gauge. The data for the output volume V and input capacitance C in Table 6, i.e.,
146,691 mm?>-15,733,468 mm? for the output volume V and 3.385 pF-8.067 pF for the input
capacitance C, are used to numerically calibrate a linear rain gauge, and the obtained linear
relationship between the output volume V and input capacitance C is, via least-squares
straight-line-fitting,

V = 3524947C — 12176469. (39)

The fitting effect is shown in Figure 15. Therefore, such a linear rain gauge should
be calibrated to about 3525 mm? per 1 pF input capacitance C, when designing its analog
circuit. Obviously, for any two capacitance measurements, the difference in measured
capacitances, AC, corresponds to the difference in the rainwater volumes to be measured,
AV, while the volume difference, AV, divided by the time difference between the two
capacitance measurements, At, is the rainfall volume per unit time. However, it is usually
customary to express rainfall by the height of the rainfall per unit area per unit time. For
example, if the upward opening area A of the rainwater collector funnel (see Figure 1) is
equal to one square meter, and if the height of rainfall is expressed in centimeters, then the
rainfall Ry, measured by this linear rain gauge, can be simply calibrated as:

Ry = (0.352AC — 1.218) / At, (40)

where Ry is measured in units per centimeter per square meter per unit time, and At can be
measured in units per second, per minute, per hour, per day, per month, or even per year.
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Figure 15. The least-squares straight-line-fitting for the nearly-linear segment of “Solution 1” in
Figure 13.

4. Results and Discussion

The membrane elastic deflection-based rain gauges proposed here have the following
advantages, in comparison to the traditional tipping-bucket rain gauges (TBRGs) [14-18].
First, unlike tipping-bucket rain gauges, these new types of rain gauges do not need to con-
duct the calibration for volumetric metering of rainwater, thus avoiding the measurement
errors of precipitation caused by this. Second, these new types of rain gauges can achieve
continuous rainfall measurements, because the magnitude of the time interval At between
two measurements of the input capacitance C can be arbitrary, while the time taken to fill a
TBRG bucket with rainwater under a given rainfall intensity is basically constant (i.e., the
time between two rainfall measurements is basically constant for TBRGs, so the continuous
rainfall measurements cannot be achieved.) Therefore, these new types of rain gauges
can be used in cases where continuous rainfall measurements are required but cannot be
satisfied by TBRGs.

It can be seen from Section 3.2 that the closed-form solution presented in Section 2 is
more suitable for designing linear rain gauges, in comparison to the closed-form solution
in [13]. It can be seen by comparing Section 2 in this paper with Section 2 in [13] that the out-of-
plane and in-plane equilibrium equations, physical equations, and circumferential geometric
equation used in this paper are the same as those used in [13], and only the radial geometric
equation used in this paper is different from that used in [13]. Therefore, the difference
between the power-series solutions presented in this paper and those in [13] is entirely caused
by the different radial geometric equations used. The difference between the radial geometric
equation used in this paper and that used in [13] can be seen in Section 4.1 below.

The reason for the emphasis on linear rain gauges is that the circuit design of linear
sensors is much easier than that of nonlinear sensors. Linear sensors can use analog circuit
technology, while nonlinear sensors often can only use digital circuits. Therefore, under the
same conditions, the use of a linear sensor has more advantages than the use of a nonlinear
sensor, such as simple, easy to implement, low cost, good stability, and strong adaptability
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to the use environment. However, if a linear rain gauge is to be designed and calibrated,
then the ranges of the input capacitance C as well as the output volume V are usually
difficult to fully meet the actual use requirements. At this time, it is often necessary to
consider making some compromises, otherwise, the rain gauge design cannot proceed,
as is often the case with the solutions of many engineering problems [35-40]. Therefore,
in this sense, linear rain gauge designs are usually much more difficult, in comparison to
nonlinear rain gauge designs.

In addition, it is obvious that the power-series solutions must be shown to converge
before they can be used in practical computational applications. In other words, a par-
ticular solution in the form of a power series must be analyzed for convergence before
it can be used, otherwise it cannot be used. However, the problem dealt with here, the
liquid-structure interaction of the circular membrane under liquid weight loading (see
Figure 1 and Equation (1)), presents a strong nonlinearity. This leads to the phenomenon
that the characteristic parameters of the problem, the undetermined constants cy and dy,
strictly depend on the external action g(r) applied to the circular membrane, which is de-
fined by the height H of the collected rainwater above the polar plane (7, ¢) (see Figure 11).
Therefore, every value of H corresponds to a statics problem, a pair of saturated values
of cg and dy, which are calculated by progressively increasing the parameter 7, and a pair
of particular solutions of stress and deflection, which need to be shown to converge, as
detailed in Section 2.4. As a result, a lot of numerical calculations and convergence analyses
are needed to obtain a usable pair of particular solutions of stress and deflection. Therefore,
from this point of view, it is very important to carry out research on various computational
approaches [41,42].

As can be seen in Section 3.2, the closed-form solution presented in this paper has a
positive effect on changing the range of the nearly-linear segment. In addition, changing some
design parameters, such as Young’s modulus of elasticity E and Poisson’s ratio v, can also
influence the range of the nearly-linear segment in the nonlinear relationships between the
input capacitance C and the output volume V, as can be seen in Sections 4.2 and 4.3 below.

4.1. Difference between Geometric Equations Used Here and Those Used in [13]

The geometric equations, i.e., the analytical relationships between displacements and
strains, are derived by taking radial and circumferential micro-line elements on the circular
membrane before and after deformation. Imagine that the conductive circular membrane
undergoes an axisymmetric deformation with large deflection under the collected rainwater
(see Figure 11); therefore, a radial micro-straight-line element A’B’ on the initially flat

circular membrane before deformation becomes a radial micro-curve element AB on the
circular membrane after deformation, as shown in Figure 16a, while a circumferential micro-

curve element A’D’ on the initially flat circular membrane before deformation becomes

a circumferential micro-curve element AD on the circular membrane after deformation,
as shown in Figure 16b. The initial length of A’B’ is Ar, see Figure 16a, and the increment
of the polar angle coordinate ¢ is Ag; that is, the angle of counterclockwise rotation from
the point A’ to the point D’, see Figure 16b. The coordinate of the point A’ is (r, ¢, 0), and
its radial and transverse displacements are denoted by 1 and w, respectively; that is, the
coordinate of the point A is (r + u, @, w). The coordinate of the point B’ is (r + Ar, ¢, 0),
and its radial and transverse displacements may be expressed as u(r + Ar) and w(r + Ar),
respectively. Therefore, after expanding u(r + Ar) and w(r + Ar) into the Taylor series and
ignoring the higher-order terms therein, that is, letting

du(r) Ar 4 1 d?u(r)

" Sz (AN = u(r) +

u(r+Ar) =u(r)+

Ar (41)
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Figure 16. Geometrical relationships of micro-line elements before and after deformation: (a) The
geometrical relationship between a radial micro-straight-line element A’B’ before deformation and

a radial micro-curve element AB after deformation. (b) The geometrical relationship between a

circumferential micro-curve element A’D’ before deformation and a circumferential micro-curve
element AD after deformation.

According to the definition of line strain, the radial line strain when the radial micro-
straight-line element A’B’ becomes the radial micro-curve element AB may be written as
(see Figure 16a)

Ly~ Law

LA’B’ '

er =

(43)

while the circumferential line strain when the circumferential micro-curve element A’D’

becomes the circumferential micro-curve element AD may be written as (see Figure 16b)

L~ —-L ~
AD _A'D!

ey = (44)

A'D!

Obviously, the length of the curve AB may be approximated by that of the straight line AB
(see Figure 16a), that is,

du 2 dw 2
Lo = Lyp = \/(Ar+ EAr) + (—aAr) . (45)

Therefore, the radial line strain e, may finally be written as

2 2
LXB_LW_ \/(AT—}—%AT’) +(—%A7’) —AT’ \/(1+du 2 _dw 2
ATB Ar

5) + ( g) -1 (46)



Mathematics 2023, 11, 3438

24 of 32

On the other hand, due to LAAD = (r+u)-A¢gand LA’AD’ = r - Ag (see Figure 16b), the
circumferential line strain ¢; may finally be written as
Pap “tap _ (rtw)-Bo—r-8g _u )

ey = = .
D r-Agp r

Equations (46) and (47) are the radial and circumferential geometric equations used in
this paper, see Equations (6) and (7) in Section 2.1. However, in the derivation of the classical
radial geometric equation, a very inappropriate “assumption”, instead of the “approximation”
in Equation (45), is used. The classical radial geometric equation is derived as follows. With
the assumption of LXB = L5, it is found that, from Equation (43)

2 _ g2 2 _ g2 2 _ g2

ot tlaw  Cgtlaw)ety —Law)  En N G New Mg law us)
;= = ~ =

Largr (Lo + Lap)eLap (Lo +Llgp)elay  Qlgplelgy 2024

After considering Equation (45) and L4 = Ar (see Figure 16a), the classical radial geo-
metric equation is finally written as

Lo —Lgg LA -125 Ar+ 9 A (— 42 Ar)>— (Ar)? 2 2 2

T e e amme it EEIC R ICE JRES (G DRI
A'B

From the above derivation, it can be concluded that the classical radial geometric
equation used in [13], i.e., Equation (6) in [13], or Equation (49) in this paper, only applies to
small deflection membranes, and that, no matter how small the deflections, it is essentially
invalid, because the adopted assumption of LAAB = L7 does not hold, even for very small

deflections. On the other hand, however, the radial geometric equation used in this paper,
i.e., Equation (6) or (46), is not affected by the size of the deflections, because it uses only
the “approximation” in Equation (45). It is worth noting that the smaller Ar is, the more
accurate Equation (45) is, and the length of the taken radial micro-straight-line element
A'B’, Ar, itself is a quantity that can be as small as expected, because the “micro” here
means Ar — 0. Therefore, in this sense, the radial geometric equation used in this paper,
i.e., Equation (6) or (46), is, in fact, an exact geometric equation for the large deflection
problems of thin plates or membranes, while the classical one, i.e., Equation (6) in [13] or
Equation (49) in this paper, should be abandoned.

By comparing the governing equations used in Section 2.1 in this paper with those used
in Section 2 in [13], it can be seen that only the radial geometric equation is different, while
other governing equations, such as the circumferential geometry equation, out-of-plane
and in-plane equilibrium equations, and radial and circumferential physical equations,
are completely the same. Therefore, the radial geometric equation used in this paper, i.e.,
Equation (6) or (46), plays a crucial role in improving the performance of the obtained
closed-form solutions, in comparison to the classical radial geometric equation used in [13],
i.e., Equation (6) in [13], or Equation (49) in this paper. Such an improvement results in a
wider range of the nearly-linear segment in the nonlinear C-V relationship calculated by
using the deflection solution obtained in this paper, in comparison with the range calculated
by using the deflection solution obtained in [13] (see Figures 12-14). Such a wider range
of the nearly-linear segment can be used to develop linear rain gauges; therefore, the
closed-form solutions obtained in Section 2 in this paper open up a larger research and
development space for linear rain gauges, while the closed-form solutions in [13] should
be abandoned.

4.2. Effect of Changes in Elasticity Modulus on Input—Output Relationships

The results of the numerical calculation, which are listed in Table 5 for E = 7.84 MPa,
in Table 6 for E = 3.05 MPa, and in Table 7 for E = 1.55 MPa, are used here. The influence of
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changing Young’s modulus of elasticity E on the relationships of the input capacitance C
and output volume V is shown in Figure 17, showing that the degree of linearization of
the C-V relationships can be improved by increasing the value of the Young’s modulus of
elasticity E; in other words, the nonlinearity of the C-V relationships becomes stronger with
the decrease of Young’s modulus of elasticity E. From Figure 17, it can be observed that the
nearly-linear segments in the C-V relationships are about 3-5.6 pF and 18,126,666 mm? for
E =7.84 MPa, 3-8 pF and 15,733,468 mm? for E = 3.05 MPa, and 3-5.6 pF and 4,911,306 mm?3

for E = 1.55 MPa.
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Figure 17. The relationships between the input capacitance C and output volume V, when a = 70 mm,
h=03mm,v=045,t=0.1mm, g=45mm, and E = 1.55 MPa, 3.05 MPa, and 7.84 MPa, respectively.

4.3. Effect of Changes in Poisson’s Ratio on Input—Output Relationships

In this section, the parameters used in Section 3.2 are still used, except for the Poisson’s
ratio v; that is, @ = 70 mm, thickness & = 0.3 mm, E = 3.05 MPa, f = 0.1 mm, g = 45 mm,
g0 = 8.854187817 x 10712 F/m, €,1 = 1.0000585, and ¢,, = 2.5. Poisson’s ratio v here is 0.35
and 0.25, respectively, in order to compare with the case of using v = 0.45 in Section 3.2.
The numerical results calculated by using the deflection solution in Section 2 are listed in
Table 11 for v = 0.35, and in Table 12 for v = 0.25, in addition to the results of numerical
calculation for v = 0.45, which are listed in Table 6. The influence of changing Poisson’s
ratio v on the relationships of the input capacitance C and output volume V is shown in
Figure 18, showing that the degree of linearization of the C-V relationships can be improved
by increasing the value of Poisson’s ratio v. In other words, the nonlinearity of the C-V
relationships becomes stronger with the decrease of Poisson’s ratio v. From Figure 18, it
can be observed that the nearly-linear segments of the C-V relationships are about 3-8 pF
and 15,733,468 mm? for v = 0.45, 3-6.7 pF and 9,547,325 mm? for v = 0.35, and 3-6.3 pF and

6,436,267 mm? for v = 0.25.

Table 11. The calculation results obtained by using the deflection solution presented in Section 2,
when g =70 mm, h = 0.3 mm, E = 3.05 MPa, v = 0.35, t = 0.1 mm, and g = 45 mm.

V/imm3 H/mm co do om/MPa Wm/mm C/pF

0 0 0 0 0 0 3.031
151,249 5 0.01960065  0.13970727 0.060 9.779 3.412
409,891 20 0.03584467  0.18571549 0.109 13.001 3.616
902,358 50 0.05981112  0.23675734 0.182 16.573 3.831
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Table 11. Cont.

V/imm?3 H/mm co do om/MPa Wm/mm CIpF
1,385,079 80 0.07975804  0.27130274 0.243 18.991 4.045
1,704,436 100 0.09193828  0.29000494 0.280 20.301 4.145
2,498,392 150 0.11995604  0.32807286 0.366 22.965 4.422
3,287,069 200 0.14605552  0.35864799 0.445 25.105 4.650
4,862,035 300 0.19400944  0.40680981 0.592 28.477 5.121
6,428,063 400 0.23822218  0.44559751 0.726 31.192 5.610
7,973,715 500 0.28096429  0.47906534 0.857 33.534 6.106
9,547,325 600 0.32334823  0.50876616 0.982 35.614 6.658
11,103,956 700 0.36364397  0.53606178 1.109 37.524 7.361
12,660,576 800 0.40189638  0.56152032 1.226 39.306 8.287
14,215,831 900 0.44027831  0.58559057 1.343 40.991 9.758
15,652,977 1000 0.47591760  0.61058872 1.4515 42.741 11.896

Table 12. The calculation results obtained by using the deflection solution presented in Section 2,
when a =70 mm, h = 0.3 mm, E = 3.05 MPa, v = 0.25, t = 0.1 mm, and g = 45 mm.

V/mm? H/mm co dy om/MPa Wm/mm CIpF
0 0 0 0 0 0 3.031
155,370 5 0.01955022  0.14669016 0.059 10.268 3.436
415,069 20 0.03537019  0.19413305 0.107 13.589 3.694
908,752 50 0.05875659  0.24695086 0.179 17.286 3.966
1,392,544 80 0.07835133  0.28269779 0.239 19.789 4.190
1,712,554 100 0.09031799  0.30215501 0.275 21.151 4.326
2,507,038 150 0.11785215  0.34171298 0.359 23.920 4.651
3,296,568 200 0.14306985  0.37344014 0.436 26.141 4953
4,869,168 300 0.19031987  0.42400135 0.580 29.680 5.545
6,436,267 400 0.23500158  0.46421485 0.717 32.495 6.251
8,002,575 500 0.27645352  0.50295479 0.843 35.207 7.114
9,560,993 600 0.31807374  0.53012719 0.970 37.109 8.122
11,129,019 700 0.34882488  0.57852073 1.064 40.496 9.503
12,031,455 750 0.37620298  0.58646151 1.147 41.052 10.904
12,702,326 800 0.39534789  0.60851844 1.206 42.596 13.009
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Figure 18. The relationships between the input capacitance C and output volume V, when a = 70 mm,
h=0.3mm, E =3.05MPa, t = 0.1 mm, g =45 mm, and v = 0.45, 0.35, and 0.25, respectively.
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5. Concluding Remarks

The main contribution of this paper is that by modifying the geometric equations, the
differential-integral equations governing the elastic behavior of the deflected membrane
were improved, new and more accurate closed-form solutions were presented, and a new
and more accurate mathematical theory for designing membrane deflection-based rain
gauges was provided. The newly provided mathematical theory can be used to design and
numerically calibrate both nonlinear and linear membrane deflection-based rain gauges.
From this study, the following conclusions were drawn.

The classical geometric equations are only applicable to small deflection problems
due to the use of an inappropriate assumption, while the geometric equations used here
abandoned this inappropriate assumption and fully considered the influence of deflection
on geometric relationships, and thus apply to the case of arbitrary deflections.

The ranges of the nearly-linear segments in the nonlinear input—output relationships
of membrane deflection-based rain gauges, obtained by using the newly presented mathe-
matical theory, were indeed larger or wider than those obtained by using the previously
presented mathematical theory. This leads to greater possibilities for developing membrane
deflection-based linear rain gauges.

The nonlinear input—output relationships of membrane deflection-based rain gauges
can be adjusted by changing some important design parameters, such as Young’s modulus
of elasticity E and Poisson’s ratio v, which provides a direction for selecting an appropriate
conductive circular membrane to meet the range requirements of the input capacitance C
and output volume V, when designing linear or nonlinear rain gauges.

The work presented here is still in the stage of theoretical design, and the future works
will focus on the dynamic problems that may arise when the conductive circular membrane
is loaded by the collected rainwater, as well as the fabrication and experimental calibration
of the rain gauges. In short, there may be some potential limitations or challenges that need
to be addressed.
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Appendix A
dy — — Gldo+Ho)

4

d4 _ szo7§£C0C2L‘12+4G2déd2+G2H0+8G2dodzH0+4G2d2Hg
- 64c3

dg = nszlﬁ (3G%d3 — 192c3d3 — 384cqcad3 + 48G2dyd3 + 8G2dgdy — 1536¢0cadads

0
+192G2¢115d2d4 — 768c3d3 + 48G2d3Hy + 8G2dyHy + 384G2ddady Hy + 192G?drds HY)
dg = e (—192cpcqd3 — 192¢ced3 + 6Gd3 + 2G2dpdy — 384c3dyrdy — 768cocadady
+112G2dd5dy — 768cocad + 96G>d3d2 + 3G2dyde — 1152cocadady + 144G*d3dod,
—1152¢3d,dg + 112G?d3ds Hy + 192G?dod3 Hy + 3G?de Hy + 288G%dgdade Hy + 96G*d2H3
+144G?dydg H?)
dig = m(fz%o(zﬁd% — 5760caced3 — 5760cocgd3 — 23040cocadrds — 23040cocedady

0

+960G2d3dy + 20G>d% — 11520c3d% — 23040cqcsds + 4800G>dodad; + 45G2dyde — 17280c5dad,
—34560cqcadade + 4680G2dod3de — 69120ccodsde + 8640G2d3dsde — 25920c3d2 + 72G2dyds
—46080cocodads + 5760G2d3dadg — 46080c3dyds + 4800G2dyds Hy + 4680G2d3de Hy
+17280G?dodsde Hy + 72G*dg Hy + 11520G?dgdodg Hy + 8640G?dyd HZ + 5760G%dpdg H3)
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dip = m(fzssocélcéd% — 2880cycgd3 — 2880cqc10d3 — 5760c3dady — 11520c5c6dads
—11520cqcgdads — 11520c5c4d5 — 11520cqc6d% + 880G2d5d5 + 960G2dgds — 17280cacadady
—17280cocedade + 630G>d3de + 15G?dyds — 17280c3dsde — 34560ccadads + 6480G2dgdadads
—25920cqcpd? + 3240G2d3d2% + 18G?ddg — 11520c3dpdg — 23040ccadads + 3024G2dyd3ds
—46080cocodads + 5760G*d5dsds — 34560c3dgds + 30G2dgd19 — 28800cocadadg
+3600G2d3d,dqg — 28800c3dadyo + 960G2d; Hy + 6480Gdadade Hy + 6480G>dyd2 Hy
+3024G2d5dg Hy + 11520G>dgdsds Hy + 30G*d10Hy + 7200G2dgdpd19 Ho + 3240G?d2H}
+5760G?dydg HE + 3600G*dd1o HF )

diy = m(f%&lo%d% — 161280c4csd5 — 161280c5c19d5 — 161280coc12d3
—645120c4c6dody — 64512005 c8dady — 645120c0c19dads — 322560c3d5 — 64512005 c6d2
—645120cqcgd? + 35840G2dpds — 483840c3drde — 967680cacqdade — 967680ccsdads
—1935360cyc4d4de — 1935360c0cedade + 124320G%d3dsdg + 201600G>dod2de + 315G>d2
—725760c3d% — 1451520cc4d2 + 241920G?dodrd2 — 1290240c5cadpdg — 1290240ccedads
+44352G?d5dg + 672G?dsdg — 1290240c3ddg — 2580480cocadads + 462336G>dodod,ds
—3870720cocodgdg + 483840G2d3dgdg — 1290240c3d3 + 840G2dad1g — 806400c3dd g
—1612800cgcadadyg + 208320G2dgd3d19 — 3225600c0codad1g + 403200G2d3dyd1o
—2419200c3dgd10 + 1440G2dgd1p — 1935360cocadadys + 241920G2d3dodyy — 1935360c3dad1n
+201600G>d3de Hy + 241920G2d,d2 Hy + 462336G2d,dds Hy + 967680G2dodeds Hy
+208320G2d5d10Hy + 806400G2dodsd19Ho + 1440G2d o Hy + 483840G2dgdad12 Hy
+483840G2dgdg H2 + 403200G?dyd1g H + 241920G2dpdy, H)

dig = msgw (—40320c6c5d3 — 40320c4c1043 — 40320coc12d3 — 40320c0c14d3
—80640C%d2d4 - 161280C4C8d2d4 - 161280C2C10d2d4 - 161280COC12d2d4 - 161280C4C6di
—161280cycgd% — 161280cc10d2 + 2240G>d} — 241920c4cedrds — 241920cacgdady
—241920coc19d2d — 241920c3d4de — 483840cycedade — 483840ccsdads + 31920G?drd5ds
—362880cyc4d% — 362880c(ced2 + 19215G?d3d2 + 60480G>dodsd2 — 161280c3dds
—322560c;c6dadg — 322560ccgdads — 64512005 cqdads — 645120cocedads + 38304G2d3dds
+61824G?dod3ds + 126G2deds — 483840c3deds — 967680ccadeds + 153216G2dydrdeds
—645120c0cod3 + 80640G2d3d3 — 403200c;csdadqg — 403200cqcedad1g + 13440Gd3dy
+140G2dyd1g — 403200c3dsd1g — 806400cocsdadyg + 141120G2dgdaddqg — 1209600ccadedrg
+151200G*d3d¢d19 — 806400c3dsd1 + 180G2dpd1n — 241920c3dady, — 483840ccadadrn
+61920G?dod3d1, — 967680cocadadrn + 120960G?d3dsdyy — 725760c3ded1n + 315G2dgd 4
—564480c0codad14 + 70560G2d3dyd 4 — 564480c3dsdys + 60480G>dsd2Hy + 61824G2d%dg Hy
+153216G?ddeds Hy + 161280G2dgd3 Hy + 141120G?dpdyd19 Ho + 302400G%doded10Ho
+61920G?d3d1, Hy + 241920G2dgdyd1o Hy + 315G?d4Hy + 141120G?dgdod14 Ho + 80640G>d3 H3
+151200G2dgd10H3 + 120960G%dsd1o H2 + 70560G2dod14 H3)

dig = M(—Zomoméd% — 403200c6c10d% — 403200c4c12d3 — 403200c2¢14d3
—403200COC16d% — 1612800C6C8d2d4 — 1612800C4C10d2d4 — 1612800C2C12d2d4

—806400c2d% — 1612800c4cgd3 — 1612800c5¢19d5 — 1612800cqci2d — 1209600c2d,dy
—2419200C4C8d2d6 — 2419200C2C10d2d6 — 2419200COC12d2d6 — 4838400C4C6d4d6
—4838400coc19dads + 100800G2d3de — 1814400c3d% — 3628800coced2 — 3628800cqcsd?
+365400G%ddsd2 + 226800G>dod3 — 3225600c4cedrds — 3225600ccgdads
—3225600c3dsdg — 6451200c;c6dsds — 6451200cqcgdadg -+ 380800G2dyd3dg
—9676800cqcedgds + 468720G2d3deds + 1451520G2dydydeds + 504G>d3 — 3225600c343
—6451200coc4d3 + 967680G2dgdrd3 — 2016000c2dod1g — 4032000c2c6d2d10
—8064000cc4d4d19 — 8064000cocedadrg + 459200G2d3dsdyo + 739200G2dgd3dg
—6048000c3dd10 — 12096000cocadedg + 1864800G2dydaded1o — 16128000cocadgdg
+2016000G*d3dgdyo — 5040000c5d%, — 4838400coc4dod1, — 4838400cocedad s
+158400G?d3d1y + 1200G?dsdyp — 4838400c5dsd1y — 9676800cqcsdsdry
—14515200c0c2dgd12 + 1814400G>d3ded1r — 9676800c3dgd1n + 1575G>dad 4
—5644800cocydad1q + 718200G2dgd5d14 — 11289600cqcodady + 1411200G?d3dd14
+2800G2dd16 — 6451200cocadadr + 806400G2d3dadrs — 6451200c3dyd16
+1451520G?dsdeds Hy + 967680G2dyd3 Hy + 739200Gd5d19 Hy + 1864800G2dpded10Ho
+4032000G2dodgdqoHo + 1670400G2dydsdqp Hy + 3628800G2dodgd1 Ho+
718200G>d3d14 Hy + 2822400G%dodd14Hy + 2800G2dy6Hy + 1612800Gdgdad16Hy
—1612800COC14d2d4 - 4838400C2C8d4d6 - 3225600COC10d2d8 - 9676800C2C4d6d8
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—4032000cocgdad1g + 1050G2dgd1g + 1670400G>dododsd1y — 2822400c3dad 14
—8467200c3dd14 + 2016000Gdsd1o H3 + 1814400Gded12 H3 + 1411200Gd4d14 H}
+226800G>d3 Hy + 806400G2dpd16 H? )

dog = Mm(fzomomgcmd% — 201600c6c12d5 — 201600c4c14d5 — 201600c2c16d43
—201600COC18d% — 403200C§d2d4 — 806400C6610d2d4 - 806400C4C12d2d4 - 806400C2C14d2d4
—806400coc16d2d4 — 806400cscgd2 — 806400cycr9d; — 806400coc12d3 — 806400coc144?
—1209600C6ng2d6 — 1209600C4C10d2d6 — 1209600C2C12d2d6 - 1209600COC14d2d6
—2419200C4C8d4d6 - 2419200C2C10d4d6 - 241920060C12d4d6 - 1814400C4C6d%
—1814400coc19d2 4 81900G2d3d2 + 66150G2drd3 — 806400c2d,ds — 1612800c4csdads
—1612800C2C10d2d8 - 1612800COC12d2d8 - 3225600C4C6d4d8 - 3225600C2C8d4d8
+58240G?d5dg — 2419200c3deds — 4838400c,cededs — 4838400cqcsdeds

+393120G?dgd2dg — 3225600c5c4d3 — 3225600coced + 142128G2d3d3

—2016000C4C6d2d10 — 2016000C2C8d2d10 — 2016000C0610d2d10 — 2016000(:2[145110
—4032000c5c6d4d109 — 4032000cocgdadyg + 224000G2dpd%d1g — 6048000c;caded1g
—6048000cceded1g + 279300G2d5dgd 1 + 856800G2dodaded1g + 420G2dgdyg
—4032000c3dgdy — 8064000c)csdgdq + 1176000G>dgdodgdyg — 5040000ccod3,
+630000G>d3d3,) — 1209600cidad1 — 2419200c5c6dod1, — 2419200cocgdad1,
—4838400cc4dyd1 — 4838400cocedadrn + 268800G2d3d,dyy + 432000G2dgd3d1n
+450G2dgd1y — 3628800c3ded 12 — 7257600cocadedrn + 1101600G>dodaded:n
+1209600G?d3dgd1, — 6048000c3d10d1 — 2822400ccsdod14 — 2822400c0Cedad14
+91350G2d3d14 + 525G2dydqs — 2822400c3d4d14 — 5644800c0cadadrs + 966000G>dodadadyy
—8467200c0c2dgd14 + 1058400G2d3ded14 — 5644800c3dgdys -+ 700G2dyd1s — 1612800c3dad16
—3225600cqcqdad6 + 408800G2dgd3d16 — 6451200c0codad + 806400G2d3dyd 6
—4838400c3dd16 + 1260G2dgd1g — 3628800cocadadys + 453600G2d3dyd g — 3628800c3dsds
+393120G%d2dg Hy + 430080G2d4d3 Hy + 856800Gd4dgd19Hy + 1176000G>dpdgd10Hy
+1260000G>dod3, Hy + 432000G2d4d12 Hy + 1101600G2dpded1 Hy + 2419200G2dydsd12 Hy
+966000G2dadsd14Hy + 2116800G>doded14Hy + 408800G2d3d16Hy + 1612800G?dgdsd16Ho
+1260G2d15Hy + 907200G2dgdpd15 Hy + 630000G>d3, H3 + 1209600G>dgd, H3
—1209600c2dsdg — 1814400c;c5d2 — 3225600cqc19dads + 426720G?dodsdeds
+430080G>dodsd3 — 9676800cqcodsd1n 4+ 1058400G?dgd14HE + 806400Gdyd16H}
+453600G?d,d15H3)

Appendix B

_ _ G(Hp+dg)*
2= Bcp?(vep—co—1)

_ 4G?Hy2dy?+8G? Hydgdp? +4G2dy2dy? —192vcn2cp? + G2 Hydp +G2dydy +320cg? cp2 —32¢gcpdy?
€4 = 192c92 (veg—co—1)
%6 = Zavmer?oey oo 1) (192G7 Ho? dady + 384G? Hododady + 48G? Hody® + 192G do*dad,
+48G2dyd,® — 10752vc0%cocy + 8G2Hydy + 8G?dgdy + 3G?dy? + 21504c02cocy — 1536¢cpdody
*3846064{122 — 192622d22)
cs = m (144G? Hy2dodg + 96G>Hy2d4? 4 288G2 Hydodads + 192G*Hodod,?
+112G2H0d22d4 + 144G2d02d2d6 + 96G2d02d42 + 112GZd0d22d4 + 6G2d24 - 96OOZJC02C2C(,
—5760vcy?c4? + 3G?Hydg + 3G?dods + 2G?dordy + 21120cy%coce 4 14976c0%c4> — 1152¢cocpdods
*768C0C2d42 — 7686064d2d4 — 1926066d22 — 384622d2d4 - 192C2C4d22)
Cc10 = WW (5760G2H02d2d8 + 864OGZH02d4d6 + 11520G2H0d0d2d8
+17280G2H0d0d4d6 + 4680G2H0d22d6 + 480062H0d2d42 + 5760G2d02d2d3 + 8640G2d02d4d6
+4680G2dodo2dg + 4800G2dydyd,s? + 960G2dy3dy — 449280vch?cocg — 587520vc0%cacs
+72G*Hydsg + 72G*dydg + 45G?dads + 20G2dy? + 1048320c2cacg + 1762560c2c4ce
—46080COC2d2d8 — 6912060C2d4d6 — 34560COC4d2d6 — 23040C0C4d42 — 23040C0€6d2d4
75760C068d22 - 17280622d2d6 - 11520C22d42 - 23040C2C4d2d4 - 5760C2C6d22 — 2880C42d22)
c1p = Ww[ﬂ) (3600G?Hy2dyd 1o + 5760G? Hy2dyds + 3240G? Hy?de> + 7200G? Hydodad 1o
+11520G? Hydoddg + 6480G?Hydods? + 3024G? Hydo2dg + 6480G? Hydodydg + 960G? Hyd 4>
+3600G%dg2dad 1o + 5760G2dy2dydg + 3240G2do2de> + 3024G2dgdo2dg 4 6480G2dododsde + 960G2dods®
+630G%d3dg + 880G?d2d? — 3225600c0%cpcig — 4435200c0%cycg — 2419200c)%ce? 4 30G2Hyd o
+30G2d0d]0 + 18G2d2d8 + 15G2d4d(, + 783360602C2C10 + 14572806‘0264(38 + 864000602662
—28800C0€2d2d10 - 46080C0C2d4d8 - 2592060C2d62 - 2304000C4d2d8 - 34560C0C4d4d6 - 17280C066d2d6
*115206‘0(!6[142 — 11520COC8d2d4 — 2880C0610d22 — 11520C22d2d3 — 17280C22d4d6 — 17280C2C4d2d(,
—11520cp¢4d4% — 11520cocedady — 2880cocgda? — 5760c4>drdy — 2880cycedr?)
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C14 = W (241920G?Hy2dod 15 + 403200G? Hy?ddqo + 483840G? Hy2deds
+483840G2 Hydodod1o + 806400G2 Hydodsd1g + 967680G2 Hydodeds + 208320G2 Hydo2d1
+462336G2Hydodydg + 241920G? Hydodg? + 201600G2 Hyd42dg + 241920G2dy%dod 1o
+403200G2d2dyd1g + 483840G2ddeds + 208320G2dodo%d 1o + 462336G2dododsds
+241920G?dgdyde? + 201600G>dod 42 dg + 44352G2dy3dg + 124320G%dy%d,dg

+35840G2d,d® — 245145600c02cac1n — 34836480vc02cyc1g — 39997440vc02cocg + 1440G2 Hyd1n
+1440G?dgdy» + 840G%dydrg + 672G2dydg + 315G2dg? + 61286400c2coc1n + 121927680c0%c4c1g
+159989760C02C6C8 - 1935360COC2d2d12 - 3225600COC2d4d10 — 3870720COC2d6d8

—1612800cocsdpdqg — 2580480ccydads — 1451520c0c4de® — 1290240¢qcedods — 1935360cocsdads
—967680cqcgdrdg — 645120cocgds? — 645120cc19dads — 161280cqc12d22 — 806400c22dod 1o
—1290240c%d4dg — 725760c52dg> — 1290240c,c4drdg — 1935360coc4dydg — 967680cac6dodg
—645120c5cd42 — 645120cpcgdrdy — 161280c5c19d22 — 483840c42drdg — 322560c42d42
—645120c4cedrdy — 161280cycgdn? — 80640c62dy?)

C16 = W(W%OGZH&@{JIM +120960G? Hy2dyd1o + 151200G? Hy?ded 1o
+80640G2Hy2dg? + 141120G2Hydodod14 + 241920G% Hydodsd1n + 302400G2Hydodgdg

+161280G? Hodods? + 61920G? Hodp?d1p + 141120G? Hodadad1g + 153216G? Hodadeds
+61824G2Hyd,2dg + 60480G2 Hydyde? + 70560G2do2dpdqs + 120960G2dg2dydry 4+ 151200G2dg2dgdq
+80640G2d(2dg? + 61920G2dgdo2d1, + 141120G?dodordydyg + 153216G?dodadeds + 61824G%dyd,>dg
+60480G2dgdyde® + 13440G2dy3dyg + 38304G2dy2dgdg + 19215G2dy2dg? + 31920G2dods%d,
+2240G2d,* — 7983360vcy%cocr4 — 11612160vc2chc1n — 137894400co2coc1g — 725760002 cg?
+315G%Hyd14 + 315G%dydq4 + 180G2drdyy + 140G?d,d1g + 126G2dgdg + 20401920ch%cocrs
+42577920c02c4c1p + 59754240c0%coc19 + 33062400c2cg® — 564480cqcodrdiy — 967680cocrdsdyn
—1209600cocrdgdqg — 645120cqcods? — 483840cocadadir — 806400cqcsdsdig — 967680cocsdeds
—403ZOOCOC6d2d10 — 645120COC6d4d3 — 362880C0C6d62 — 322560C0ng2d8 — 483840C0C8d4d6
—241920cqc19dadg — 161280cqcigds? — 161280cqc1odady — 40320cocr4dn? — 241920c5%dod 1y
—403200c52d,d1o — 483840c,2dgds — 403200cocsdard1g — 645120crc4dsdg — 3628800, c4dg2
7322560C2C6d2d3 - 483840C2C6d4d(, - 241920C2C8d2d6 - 161280C208d42 - 161280C2€10d2d4
—40320cyc10d2% — 161280c42d>dg — 241920c42dydg — 241920c4c6drdg — 161280c4c6ds% — 161280c4cgdady
—40320c4c10d22 — 80640c62dady — 40320cscsda?)

c18 = W(SQMOOGZH&@dw + 1411200G? Hy2?dyd14 + 1814400G? Hy?dgd1o
+2016000G2Hy2dgdqo + 1612800G2Hododad1e + 2822400G2 Hydgdad1a + 3628800G2Hydodgd12
+4032000G2H0d0d8d10 + 718200G2H0d22d14 + 1670400G2H0d2d4d12 + 1864800G2H0d2d6d10
+967680G2 Hyddg? + 739200G2 Hyd 42 dyg + 1451520G2 Hydydgds + 226800G2Hodg>
+806400G2do>dydqs + 1411200G%d2d4d14 + 1814400G2do%ded1o + 2016000G%dg2dsgd 1o
+718200G2dodn2d14 + 1670400G2dododsd1n + 1864800G2dodrdgdg + 967680G2dgd,dg?
+739200G2dod,2dg + 1451520G>dgdsdeds + 226800G2dode® + 158400G2d,3d 1, + 459200G2dy%dsd g
+468720G2d%dgdg + 380800G2dyds%ds + 365400G2dyd,de? 4+ 100800G2d,43dg — 100800000vcy2cac1g
*149184000?]C02C4C14 — 1814400000C02C6C12 — 1975680007}C02C3C10 + 2800G2H0d16 + 2800sz0d16
+1575G2dydqy + 1200G2d,4d1y + 1050G2dgdqg + 504G2dg? + 262080000c02cac16 + 566899200c02c4c14
+834624000C02C5C12 + 987840000C02C3C10 — 6451200COC2d2d16 — 11289600COC2d4d14
—14515200C0C2d6d12 — 16128000COC2d8d10 — 5644800COC4d2d14 — 9676800COC4d4d12
*120960006064d6d10 - 6451200C0C4d82 - 48384OOC()C6d2d12 - 8064000C[)C6d4d10 - 9676800C[)C6d6d8
—40320006068d2d10 — 6451200COC8d4d8 — 3628800C0C8d62 — 3225600COC10d2d8 — 4838400C0C10d4d6
—2419200coc12dads — 1612800c0c12d4% — 1612800coc14dody — 403200cocigd? — 2822400c5%dyd 1y
—4838400c,2d4d1p — 604800022 dgd 19 — 3225600c,2dg? — 4838400cycsdrdry — 8064000¢scadsd o
*96768006264{15{18 - 4032000C2€6d2d10 - 64512006266d4d3 - 36288000265d52 - 3225600C208d2d8
—4838400C2C8d4d6 — 2419200C2C10d2d6 — 1612800C2C10d42 — 1612800C2C12d2d4 — 403200C2C14d22
—2016000c42d>d1g — 3225600c42dsdg — 1814400c42d¢> — 3225600c4c6dpdg — 4838400c4codsds
—2419200c4cgd>dg — 1612800c4c5d42 — 1612800c4c19d2ds — 403200c4c10d2% — 1209600¢62ddy
—806400c62d42 — 1612800cscgdady — 403200csc10d2? — 201600cs2do?)

C0 = erw (453600G?Hy2d,d1g + 806400G2 Hy2d4d16 + 1058400G2 Hy2dgd14
+1209600G? Hy2dgd 15 -+ 630000G? Hy?d1g? + 907200G? Hydodadys + 1612800G> Hodgdsde
+2116800G? Hododsd14 + 2419200G? Hydodgd -+ 1260000G% Hydod 192 -+ 408800G2 Hydo2d16
+966000G2H0d2d4d14 + 1101600G2H0d2d5d12 + 1176000G2H0d2d8d10 + 432000G2H0d42d12
+856800G2 Hydydgd1g + 430080G2 Hydydg? + 393120G? Hydg2dg 4 453600G>dg2dod g
+806400G2dy2dydq6 + 1058400G%dg2dedy4 + 1209600G>dy?dgdys + 630000G2dg2d 1>
+408800G2dody2d 14 + 966000G>dodadsd14 + 1101600G2dodadedn + 1176000G2dodadsd 1o
+432000G?dgd,%dqy + 856800G2dodsdsdg + 430080G2dgd,ds? + 393120G?dgds?dg + 91350G2d,3d 14
+268800G2dy2dyd1y + 279300G2dy%dgd g + 142128G2dy%dg? + 224000G2dody2dyg + 426720G%drdydeds
+66150G%dodg> + 58240G%d,3dg + 81900G%d,%d? — 62092800vcq2cyc1g — 93139200vc2cycis
*115315200’(]C02C6C14 — 1286208002)6‘0263C]2 - 66528000UC02C102 + 1260G2H0d18 + 126062d0d18
+700G2dyd1g + 525G2dyd14 + 450G2dgd1n + 420G2dgdqg + 163699200c02cycrg + 364089600c02cacrq
+555609600C02C6614 + 689875200C02Cgcu + 368928000C02C]02 — 3628800(‘0C2d2d18 — 6451200(‘0C2d4d16
—8467200C0C2d6d14 — 9676800C0C2d8d12 — 5040000C0C2d102 — 3225600C0C4d2d16 — 5644800C0C4d4d14
*7257600COC4d6d12 — 8064000COC4d8d10 — 2822400COC6d2d14 — 4838400COC6d4d12 — 6048000COC6d6d10
—3225600C0C6d82 — 2419200COC8d2d12 — 4032000COC8d4d10 — 4838400C0C8d6d8 — 2016000COC10d2d10
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*322560060C10d4d8 — 181440060C10d62 — 1612800()0612(12(18 — 24192006‘0C12d4d6 — 12096006‘0C14dzd6
—806400cqc14d4% — 806400cqci6d2dy — 201600cqcigds? — 1612800c,%drd1g — 2822400052 dsd 14
*3628800C22d(,d12 — 4032000C22d3d]0 — 2822400C264d2d14 — 4838400C264d4d]2 — 6048000C264d6d]0
—3225600C2C4d82 — 241920002C6d2d12 — 403200002C6d4d10 — 483840002C6d6d8 — 2016000C2C8d2d10
*3225600C2C8d4d8 — 18144006268d62 — 1612800C2610d2d8 — 2419200C2610d4d6 — 1209600C2612d2d6
—806400c5¢12d42 — 806400c5c14d2ds — 201600c,016d22 — 1209600c42drd15 — 2016000c42dad 1o
*2419200C42d(,d8 — 2016000C4C6d2d10 — 3225600C4C6d4d3 — 181440064c6d52 — 1612800C463d2d8
—2419200c4c5d4dg — 1209600c4c19dads — 806400cyc1ods? — 806400csc1pdads — 201600c4c14dn?
*806400%2(12(18 — 1209600C62d4d6 — 1209600C6C8d2d5 — 8064OOC6C8d42 — 8064OOC6610d2d4
—201600c6c12d2% — 403200cg2dady — 201600cgc19d2?)
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