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OPTIMIZATIONIN THE COMPUTATION OF DIELECTRIC
CONSTANT OF METHANOL USING DEBYE RELAXATION
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METHOD

ABSTRACT

The Debye relaxation equation and its derivativesewused to analyze
dielectric constant and loss factor of pure methanomegahertz and
gigahertz over the temperature range ofCl@o 50C. This was done in
order to ascertain which of the frequency rangestha highest dielectric
constant and least loss factdr.

The loss factor on the other hand was
small at lower frequencies but as the frequencyesmses the loss factor also
increases to a maximum value. The loss factor hewdegcreased when the
frequency increases after attaining its maximum.

KEYWORDS: Debye relaxation, dielectric constansddactor, megahertz
gigahertz and

INTRODUCTION

Methanol is one of the most widely traded chememhmodities in the

world today. The estimated global demand for methaiso known as methyl

alcohol, wood alcohol, wood naphtha, methyl hydratewood spirit is around
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27 to 29 million metric tons [1-2]. Recently, theoguction capacity of
methanol has increased considerably. The comingt@am of new plants in
South- America, China and the Middle East is arateexample.

Methanol was first produced cheaply as a byproafiche destructive
distillation of wood but today industrial methanisl produced in a catalytic
process directly from carbon monoxide, carbon diexand hydrogen [3-4]. It is
a light, volatile, colourless, flammable liquid tvita distinctive odour very
similar to that of ethanol [5]. However, unlike atiol, methanol is highly toxic
and unfit for consumption. Methanol is a traditibdanaturant for ethanol, the
product known as denatured alcohol or methylatedt.sphis was commonly
used during the prohibition to discourage consuomptf bootlegged liquor,
and ended up causing several deaths [6-7].

Organic methanol, produced from wood or other wigamaterials
(bioalcohol), has been suggested as a renewabklaatitve to petroleum-based
hydrocarbons [8, 1]. Low levels of methanol canused in existing vehicles
with the addition of co-solvents and corrosion butars. Methanol fuel has
been proposed for ground transportation. The chisfantage of a methanol
economy is that it could be adapted to gasolinermal combustion engines
with minimum modification to the engines and to thigastructure that delivers
and stores liquid fuel [10-11].

The solvent is primarily used as feedstock for thanufacture of
chemicals and as a fuel for specialized vehicldsal#®out 40% of methanol is
converted to formaldehyde and from there into potelas diverse as plastics,
plywood, paints, explosives, and permanent textigs Other chemical
derivatives of methanol include dimethyl ether (DM&vhich has replaced
chlorofluorocarbons as an aerosol spray propeli@amd, acetic acid. Dimethyl

ether can be blended with liquefied petroleum ¢&%3) for home heating and
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cooking, and can be used as a replacement forpwasasion diesel fuel [12]. It

Is because of the increasing demand and the maaket of methanol that the
researchers have decided to optimize the dielectnistant of methanol. This
was done in order to ascertain which frequencyevald temperature one can

obtain the highest dielectric constant.

MATHEMATICAL DERIVATION OF THE DEBYE EQUATIONS

Consider a capacitor that consists of two planaligh electrodes in
vacuum having an applied alternating voltage repreesi by the equation;

V 3/, coswt (1)

Where V= instantaneous voltaggé,= maximum voltagew= angular frequency
in radians per second =w2. The current through the capacitiyrjs given by

iy = Ip(Coswt +7/5) (2a)
Where [,= V;’” =wCol, 2h)

Co = vacuum capacitance, sometimes referred to anegfeic capacitance.

In an ideal dielectric, the current leads the \g#tédy 98 or 7T/Zrads. There is

no component of the current in phase with the geltdf a material of dielectric
constants is now placed between the plates, the capacitamceases to &
and the current is given by

iy = I;mcos wt + (/5 - 6)] (3a)
where = wCoel, 3b)
6= loss angle

The usual symbol for the dielectric constard,isbut the subscripts was omitted
for the sake of clarity, noting thatis dimensionless. The current phasor will
now, not be in phase with the voltage but an arf@@— §). The dielectric
constant is a complex quantity represented by

e =¢ —je" (4)

The current can be resolved into two componenesctdmponent in phase with
the applied voltage is, = Vwe''Cyand the component leading the applied
voltage by 90 is I, = Vwe'Co. This component is the charging current of the
ideal capacitor.
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The component in phase with the applied voltagegyrise to dielectric
loss. The loss anglgis given by

5 =tan 1% (5a)

Note that I,= VwCee", but since @= gOTA

v A
L= Vowe'' 24 = 2250 2 — Awe,e''E (5b)
d d
Y%
Where E =
L Awgye" o
Jx=7= " ]y = wge"E.

NOTE: €' =the real part of the complex dielectric constant

¢'" = The imaginary part of the complex dielectric consta

J. = The current density
The alternating current conductivity is given by

Oaqc =0 +jo"" = weo[ € +j (' — €x)] (6)
The total conductivity is given by
07 = Ogc + 0gc = W&E" + 0y¢ (7)

o4c 1S the direct current conductivity

When a direct voltage applied to a dielectric forswficiently long
duration is suddenly removed, the decay of polagmato zero value is not
instantaneous but takes a finite time. This istifme required for the dipoles to
revert to a random distribution, in equilibrium kvithe temperature of the
medium, from a field oriented alignment. Similarllge build-up of polarization
following the sudden application of a direct cutreakes a finite time interval
before the polarization attains its maximum valdéis phenomenon is
described by the general term “dielectric relaxatio

When a dc voltage is applied to a polar dielectat us assume that the
polarization builds up from zero to a final valuarding to an exponential law
such that

t

P(t=)Poo(1—e_?) (8)

Where P (1) is the polarization at a time, t ansl called the relaxation time.is
a function of temperature and it is independertheftime.
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Differentiating equation (8) with respect to t, lyie

AP (t) _ Poe '/t

dt T (9)
Expanding the right hand side of (8) yields
(10)
Which upon dividing both sides B, yields
e—t/_[ — Poo—P (t)
Peo
Substitute equation (10) into (9) we obtained
dP (t) _ Peo—P (t)

at T (11)
This by assuming that the polarization is due todipoles yields

dP (t) _ Pyo—P () ~ P,—P (t) (12)

dt T T

Neglecting atomic polarization, the total polanaat P-(t) can be
expressed as the sum of the orientation polarizaiothat instang, (t) and

electronic polarization,P, which is assumed to attain its final value
instantaneously because the time required for dttain saturation value is in
the optical frequency range. Further, it is assurtieat the instantaneous
polarization of the material in an alternating agk is equal to that under dc
voltage that has the same magnitude as the aliggnailtage at that instant.

We can express the total polarizatiBp(t) as
Pr(t) = B,(t) + P, 13)
The final value attained by the total polarizatisn
Pr =gy(es —1E (14)
Under steady voltages;
P, =¢y(e, — 1)E (15)

wheree; ande,, are the dielectric constants under direct volige at infinity
frequency respectively. Also note that Maxwell'&at®n holds

£ =P



146  Substituting (14) and (15) into (13) to have

147 P, = &E(g5 — &c) (16)
148  Representing the alternating electric field as
149 E=E, e/t a7)
150  Substituting (16) into (12), we have

dP (t) _ &y(&s—&x)E—P (t)
151 prat . 18)

152 Substituting (17) into (18); yields

dP(t) 1 -
153 di == [eo(es — €0)E g’ ®t — P(t)] (19

154 By using the idea of solving linear equations ke tilse of integrating factors,

€0(Es—E€co)Ey.€7 @t ~t/

155 P (t= o + ce Y or
- — jwt

156 P(t= Ce /7 + SOM 20)

1+jwt

157  Where C, is a constant. At time, t sufficientlygarwhen compared with the
158  first term on the right hand side of equation (B8fomes so small that it can be
159 neglected, so the solution for P (t) becomes

_ jwt
160 P@® ¢ (Es—€o0) Eme/ ™" (21)

1+jwt
161  Substituting (15), (17) and (20) into (14) and let

(E5—€c0) Emel " ;

162 P (= P,(t) = & 4ot

163 We have upon simplification

164 (22)
165 Equation (22) shows that P (t) is a sinusoidatfiom with the same

166 frequency as the applied voltage. The instantanealu® of flux density, D is
167 given by

168 D(tE gye*E, e/t (23)

169  But flux density is also equal to
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D(t= &oE,,e’®t + P (t) (24)
Equate equation (23) to (24) ;
g0& Eppel®t = gy, e/t + P (t) (25)

Substitute (24) into (25) and simplify

. . (8 —& ) .
g0 E e/t = gy, et + [eoo -1+ ﬁ goE et

Dividing each term by,E,,e’“t, the last equation reduces to

g*=1+[eoo—1+M (26)

1+jwt

Substitute equation (4) into (26)

e’—je”=1+[ew—1+% (27)
Simplifying further produces
&' =¢€4x+ % + je" (28)
Setting €'’ = % and substituting into equation (28) gives
g =&, + % (29)

From equation (28);

.1 / Es— €00
=& —g, ——= 30
J *® 1+jwr (30)

Substituting equation (29) into (30); we have

ot — (EsTE)wT (31)

1+w?1?

Recall equation (5),

. (e5—€00)WT
tand = = = 1+w7?
- Es— &0
E SOO —_—

1+w?212
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_ (es—Ex0)WT (32)

SOOCOZT2+€S

Equations (29) and (31) are known as Debye equator they describe the
behaviour of polar dielectrics at various frequesci

MATHEMATICAL DERIVATION OF THE RELAXATION TIME

Recall equation (31) and differentiating it witspect tavt using quotient rule
le.

de”  _ (140?1?) (65— e0) (5~ Ex) WT.2WT
dwt - (1+w?272)2

Simplifying the above expression gives

de' 1+ ?2w? — 2w?t?
= (55 - goo)
dwt (1 + w?t?)?
(1 — w?t?)
= (& ~ o) T
(1 + w?t?)
de'’  (e5—€00)(1-w?T?)
dot (1+w?272)2 363

According to Agilent [13] Basics of Measuring thael@ctric properties of
materials, a material that has a single relaxdtiequency as exhibited by the
Debye relation will appear as a semicircle withciesitre lying on the horizontal

&' = 0 axis and the peak of the loss factor occurririg dissuming that it is
lying below the horizontat’’ = 0 axis and then equating equation (33) to zero.

de'"  (e5—€x0)(1-w?1?)
dot (1+w?272)2 =0 (34)
(&5 — €)1 —w?1?) =0 (35)

In equation (35), ife; — €4,) # 0, then
(1—-w?1?) =0 (36)

Solving forwt in equation (36), we have

Swt =1 (37)
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Recall
w = 21f, (38)

Wheref, is the relaxation frequency. Now substituting doum(38) into
equation (37) and then solve fgrwe have

2nfir=1
T = (2nf)! (39)

The values of the complex and static permittietynethanol used in this work
was adapted from National Physical Laboratory RepbAT 23 [14]. The
experimental data of both complex and static penityt as adapted in [14]
were solved in the Debye relaxation equations @4) (31)using Maple-13
and results were generated as shown in table Wbelo

Tablel: the static permittivity, complex permittivity e,, and relaxation
frequency

Temperature °C g £s f (GHz)
10 35.74 5.818 2.262
20 33.64 5.654 2.822
30 31.69 5.450 3.490
40 29.85 5.251 4.283
50 28.19 5.224 5.175

Source: NPL Report MAT, 2012 [14]
RESULTSAND DISCUSSION

The experimental data for static and complex,, permittivity substituted
in equations (29) and (31). An algorithm was wnttgand maple-13 was used
to generate results for dielectric constelnand loss factog” . The obtained
in this work were discussed based on the alreaidyiey theories. The effect
of the frequency for the dielectric constant anssléactor of methanol for
different temperatures are shown in the figurel &gdre2 below. The
results of our work are also used to plot Cole-Gtilgrams as shown in
figure 3a to figure 3e.
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Figurel.: of the dielectric constant of methanol againstfteguency.

The dielectric constant is higher at frequency GM2 and temperature
10°C. The dielectric constant then decrease as bogiguéncy and
temperature increases.
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Figure2: of the loss factor against the frequency. The fassor of

methanol is small at low frequency (i.e. 0.66, 0.6@6, 0.29 and 0.22) for
temperature 1T, 20C, 3C0°C, 40C, and 50C respectively but as the
frequency increases the loss factor also increse@s maximum value of
14.95, 14.00, 13.09, 12.30 and 11.45 respectivEhe value however
decreased to 5.97, 6.81, 7.64, 8.40 and 8.92 wieefréquency increased to
10GHz after attaining its maximum.
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Figure 3a to figure 3e shown in the above, are lggapf loss factor”’
against the dielectric constasit known as Cole-Cole plot. The points on
these graphs actually formed a semi-circle. Howevtbere are some
discrepancies in all the figures as shown in thevab

DISCUSSION

The dielectric constarzt and the loss factar’”’ of methanol were fitted
using the Debye relaxation modelhe computation was done within the
frequency range of 500MHz to 10GHz and temperatamge of 16C to 50C.
The parameters such as temperature and frequeney weeied in order to
ascertain which value of the frequency and tempezabne can obtain the
highest value of the dielectric constant. The grapthe dielectric constant
against the frequency and that of the loss factor against the frequency were
then plotted. The results of the loss faetorand dielectric constaat obtained
in this work were used to plot Cole- Cole diagraamssshown in figure 3a to
figure 3e above.

The Cole-Cole plots indeed formed a semi-circleictwhsuggest that
methanol exhibits Debye relaxation model. The @gancies observed in our
plots may just be due to distribution of relaxationes in methanol.

The dielectric constant of methanol was found @ohigher at 0.05GHz
and temperature 20 (see fig.1). However, as both the frequency and

14
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The higher value of the dielectric constaitat low frequencies as
observed in figurel above may be due to the oveoaltluctivity which consists
of different conduction mechanisms. The most pevabne in moist materials
Is the ionic conductivity which varies inverselyoportional to the frequency.
The decrease in the dielectric constant as frequemceases 1.0GHz may be
due to the fact that the dipoles cannot follow bp tapid variation of the
applied field [15].

As the temperature increased beyondClGhe dielectric constant
decreases especially at the frequency rang®.@b < f < 1.0GHz . This
decrease in the dielectric constant as the re$uticoease in the temperature
may be due to the relaxation time which has beemdoto be fast at high
temperature and increases dramatically at low teatyess. This suggest a
freezing of electric dipoles at low temperature][46d because of orientation
polarization which depend on temperature and deeseavith increase in
temperature. This is because at higher temperdahaethermal energy will
increase which will try to disorient the dipole$€lresults have shown a sudden
increase in the dielectric constant as the temperancreased beyond %D
between the frequency ranges of 1.2GHAQGHz . This increase in the
dielectric constant as the result of an increaskerfrequency may be due to the
permanent electric dipoles possessed by methaspl [1

The loss factor on the other hand has a smalevaldrequency 0.05GHz
and increases to reach its maximum value as tlgidreey increases. It then
decreases steadily after attaining the maximumevgdae figures 2 above). This
behaviour exhibited by the loss factor may be dughé contribution from all
the four types of polarization (i.e. space chamjpple, ionic and electronic)
[13]. But as temperature increases the loss faldoreases especially within the
frequency range of 0.05GHz to 4.5GHz. This behavethibited by methanol
Is contrary to the statement made by Guan et 3lhirch said “Generally, the
loss factor increases with increasing temperatutenafrequencies due to ionic
conductance and decreases with increasing temperatiigh frequencies due
to free water dispersion [18]". However, beyond th5GHz, the loss factor of

15
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methanol increased as the temperature increasemanwiith what Guan and
Wang said.

CONCLUSION

The dielectric constant of methanol has been opéithby varying the
frequency and temperature. The computation was dosieg the Debye
equation and its derivatives within the frequenayge 0f0.05 < f < 10GHz.
The results from our computation reveals that mmihéhas the highest
dielectric constant at 0.05GHz at temperaturéC1(However, as both the
frequency and temperature increases the dieleatoostant decreases
continuously except for values beyond 1.0GHz. Adqérency 1.2GHz and
above the dielectric constant value increased @settmperature increases. This
suggests that the dielectric constant of metham@asily polarizable at lower
frequency and temperature.
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