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A B S T AR A CT

A new concept of extracting renewable energy from the latent
heat of atmospheric moisture is presented here. A simple
calculation would reveal that significant amount of heat energy
is stored in humid air in the form of latent heat. At 30°C and 1
atmospheric: pressure, 100 X humid sir contains approximately
12 Kcal of latent heat per cubic meter of air. If the moisture

from the atmosphere is extracted and used to enrich =a closed

cotainer, then the container would become saturated with
moisture. If more molecules are pumped inside the container, the
sir inside the container can held moisture no more and

'codensation of water molecules would take place releasing latent
heat of condensation. Unlike.other constituents of air, water
molecules have bermanent dipole moments due to the polar nature
of its bond structure. This property of water molecule c¢an be
used to seperate it from other gas molecules by the application
of electric field. A theoretical analysis is presented to
calculate the percentasge of moisture extraction and a simple
experiment has been performed te verify the theory. Good
agreement has been observed between the theory and the

experiment.
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CHAFPTER =

INTRODUCTION

1.1 Importance of Alternative Energy Source

The de&elopment_.of the modern society depends upon the
production and the use of large amount of energy. World energy
consumption has gfown rapidly during the period of 1950 to the
present at a rate of approximately 5 % growth per year [11]. The
development of a nation is . characterised by the enerdy
consumption of that nation. The energy consumption 1is directly
related to the substitution use of machine power by human
effort. Most machine power has been derived from electricity. At
present the main sources of enerdy are Fossil fuéls, Solar
energ&. Hydropower, Huclear fuels etc. The expenditure of the
world enerdy increases because of its industrial and scientific
expansion. The c¢ivilization is ﬁow facing a great problem to
satisfy energy demand by using the traditional énprgy Sburces.
Timg'has come to realize that the world’'s fossil fuei supply is
finite, its hydropower is restricted by the gdeographical aress
and its nuclear power is also limited due to thé lack of safe
diséosal facilities of the radioactive wastes. Another problem of
using traditional fuel is the atmospheric pollution. Fossil fuel

releases COZ aftef burning. This COZ increases the . atmospheric’



temperature and causes the "Green house” effect. In this respect,
slternative energy source which is pollution free, may play an

important role to prevent the earth from the environmental

catastrophe.

Today more than 94% of the world’'s present energy.needs are
supplied from fossil _fuels {13. With the consumption rate
increasing tremendously, the conventional fossil fuels are
believed to be sufficient for another 500 years. Due to the
population growth and the increasing industrialization , the
demand of energy will be such that it would reduce that estimate
by at least a factor of five [Ij. Utilizétion of the alternative
enerdy 1is still an insignificant percentage of the total energy

consumption.

Pollution free energy sources like solar energy, wind
energy, tide and wave enerdy etc. are getting more and more
importance as enviornmental pollution is considered to be
potentially dangerous for the earth. Some major alternative

energdy sources are discussed bellow

Solar esnergy

The energy obtained from the sun light is the Solar Energy..
The sun releases a billion quads( 1 gquad = 1015 Btu) of energy
per three seconds in which only 3.2 million quads [1] reaches the

earth surface every vear. Using solar cells, Solar energy can be

~J



converted directly into electrical energy. The simplest
conversion process for the solar energy is the conversion of sun
light to heat. Using the sun to heat a working fluid to drive =a
turbine has also been established as a technically feasible idea.

The utilization of solar energy is increasing day by day.

fhe najor disadvantade of this source is that it is only
effected during the day time. If a continuous output is needed,
some large reservoir nf energy such as energdy storage battery or
heat accumulation tank must be drawﬁ upon at night. The output of

the solar cell is also effected by the climatic condition.

Hydropowar

The energ§ contained in a flowing stream of water is a form
of wmechanical energy. It may exist as the potential energy of
water at some elevation with respect to a lower datum level or as
Kinetic energy of a moving stream. This type of energy source can
be used to drive hydraulic power plant to produce electricity.
About 1 % of the energy output of the world is the hydropower.
The total world hydroelectric power potential is estimated to be
about ten times the present installed capacity [1]. Even if
this was fuily éxploited, the percentage contribution to the
world's utilization of energy will never be great. It will always

" be important in those deographical areas where it is available.



Wind Energy

Wind energy has served human beings as a power for many
yvears. It is feasible to make wind mill to generate electricity
in those countries where the wind velocity is appreciable.
Especially in the coastal areas, it is suitable. Using the wind
mill to drive an electric generator to produce electricity has

been established as a technically feasible idea.

Ocean En.rgv‘

There is an enormous amount of energy in waves and tides.
Waves are caused by the wind and the rotation of the earth,
produced ocean current and moderate temperature gradient which
is caused due to the céntinuous heating by the sun. This
tempoerature gfadient can be utilized in a heat endine to generate
power. This energy is pollution free because it extract energy

from waves, leaves the water in a relatively placid state.

1.2 Atmospheric Moisture as a possible source of Energy

Region on the same latitude on the earth’ s surface receive
similar amount of solar radiation. The actual amount of solar
energy reaching on the earth’s surface depends on the climatic
condition such as the cloudiness of any particular region. But
the atnosphepe receives similar amount of solar energy which is

absorbed by the cloud or the earth’'s surface. Extremely hot
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climatic condition prevails in the tropical and equaforial
deserts, whereas countries under the nonéoon rainfall experience
extremely high level of humidity with relatively lower
atmospheric temperature. This phenomenon can be explained:
easily, if the actual amount of energy stored in the moisture in
the form of latent heat is calculated. One meter cube of 100 XV
humid air at a temperature of 30°C contain enough moisture to
have more than 12 Kcal of 1latent ' heatf10]. During the water
evaporation process cooling down of the atmosphere takes
place keeping thé temperature within a moderate range. This
large amount of heat is gradually accumulated as the wind blows
over the oceans fbr hundreds of kilometers. Hence the amount of
energy stored in the form of latent heat in atmospheric moisture

is highly enriched.

Humid countriés like Bangladesh have an average huwmidity of
more than 70 ¥ over a period of eight months (April to MNovmber)
every year (see table 1.1). In Bangladesh, the reception of solar
enerdy is not satisfactory due to the lack of the availablity of
sun light throughout the year. It is aiso noet feasible to
establish windwill in this létitude due to the irregular
directiﬁnal flow of wind. 1In this - respect, atmospheric
moisture can be a very attractive source of energy even if a
small fractionrcan be extracted.

The scheme presented here uses the dipolar property of



TABLE 11

Monthly average relative humidity for Dhaka[13].

Yoar 1978 1979 1980

Montn\ | Heapror | temal s sorative | BEELE |y pure [t pets] | B, [ SR ey seis Tt ouin [ (% B0 T

F thumldlty| ery air F F |humidity ary sir F [hrumidity| dry air
January | 85,84 |59.0 66 84 | 64,04 |57.2 86 59.9 | 63.88 | 57.38 | 67 60.0
February [ 71.6 [B2.6 67 71.0| 70.18 |682.78 86 73.8 | 69.98 [ 81.34 | 61 69.8
March 80.24 [70.88 | 64 69.0{ 80.78 | 72.86 68 109.0 | 78.08 | 68.20 | 53 78.0
April 82,22 |74.48 | &g 119.0| 78.98 | 74.86 81 119.2 [ 80.96 | 74.12 1 53 |[118.6
May 815 |76.82] go 133.0| 80.24 | 78.28 3 1831.0 | 8098 | 77.18 | 73 {132.8
June 81.86 |78.98 | 87 146.5| 81.50 |78.82 88 145.0 | 82.40 | 79,52 | 84 [149.0
July 824 |[79.34| g7 154.4/ 82.78 | 79.88 87 151.0 {82.76 | 79.70 | 88 |148.0
Auguat | 81.86 |7880 | 87 145.0| 83.68 | 79.88 84 149.0 | 82.04 | 80.06 | 86 {149.8
Septem |82.04 {78.98| 83 145.0| 83.12 | 79.52 as 147.8 | 82.58 | 79.16 83 |145.8
October | 80.24 |75.20 | 79 124.0| 80.24 |75.2 79 | 1240 | 81.88 | 77.00 | 83 |133.8
November| 76.1 [89.98 | 74 100.0| 75.92 | 71.06 78 | 106.0 [75.2 | 68721 72 |100.0
December| 65.3 |[59.36 | 71 87.0{ 67.28 |81.7 73 74.0 | 68.71 | 60.08 | 68 67.0

Sy



water molecules. High electric field is applied to attract the
water molecules in an extraction chamber. When the percentage of
humidity reaches 100 ¥ condesation starts in the moisture

extraction chamber and latent heat of evaporation is released.

1.3 Thesis Organization

The remaining part of this thesis is divided into four
chapters. Chapter 2 contains the general properties of air and
its constituents and also explained the dipolar properties, drift
and diffusion phenomena of gaseous molecules. The characteristics
of gaseous molécules under electric field and the theoretical
analysis of the possibilities on moisture enfichnent is given in
chapter 3. Chapter 4 contains a detailed description of
constructional Ffeatures of porous electric plates, moisture
extraction chamber and hidh voltage generation. The experimental
set up and results are found at the end of this chapter. The
discussion of the whole thesis is included in the last chapter
and also carefully evéluated the limitations of the-systen. Some

impotant hints have been given to channelize the future work.



CHAPTER =

THERMODYNAMIC BEHAVIOR OF BASES

2.1 Introduction

In this chapter thermodynamic and dipolar properties of
gas'nolecules are discussed. Costituents of air include nitrogden,
oxyden, carbon diéxide and water fapour which are in dynamice
equilibrium. Dynamic behavior of the gases are described in
section 2.3. As the gas molecules are Haxwellian particles, they
follow Haxwell—Boitznann distribution law which is discussed in
article 2.3, along with Kinetic theory of gases. This dynamic
behavior of the gas molecules result in diffusion phenomena. Bond
structure and dipolar properties of different gas molecules are

presented 1in section 2.5.

2.2 Air and its Constituents

The invisible gaseous mixture which covers throughout the
‘earth surfacé is called the atmosphere.The principal contituents
of air are Nitrogen and Oxygen. Besides these, there are small
quantities of Carbon dioxide, water vapour, Helium, Neon, Argon,
Erypton, MHethane [ 2 1] avéilable in air. In industrial areas,

Hydrogen Sulphide, Sulpher dioxide, Carbon dioxide and Ammonia



may also be available in air. Amount of Water vapour present in
air depends on the climatic condition of a country. At 30°C
temperature 1 Kg of 100 % humid air contains approximately 27 gm

of‘water {3].

Principnl Constituents of Air

Nitrogen

A large quantity of free nitroden (Nz) is available in the
air. It is approximately 80 ¥ of the total air volume. Its
atomic weight 1is 14 and its electron distribution is 152 282
2P3. It is =a colourless; tasteless and flavourless gas. It
"dissolves very slightly in water and it is lighter in weight than:
air. The molecule of Nitrogen is di-atomic. Trivalent two atoms
of a nitrodgen molecule are aftached b; covalent bond . Due to
this triple bond the stability of_nitrogen'molecule is very high.
éo, Nitrogen is almost an inert gas and it does not reacts with

any elements easily.

Oxygen

Almost 20 ¥% of atmospheric air is oxygen. It is the most
important element of air that all living beings takes oxygen
in breathing. It is a colourless , tasteless , Flavourless gas

with an atomic weight of 16. Oxygen is highly electronegative,



S

for this reason it is extremely reactive. Its maximum reaction
occurs at very high temperature. The molecule of oxydgen is di-

atomic. Two atoms of oxyden molecules are attracted by a covalent

bond.

Only H50 molecules have a permanent dipole moment rather
than any other elements in air. This is due to the fact that
nitrogen, oxvgen and carbondioxide molecules are -bound by
covalent bonds. On the other hand, two hydrogen atoms .make an
angle of 104° with the oxygen atom.in a water molecule haking it

polar in nature.

N=N 0=0 0-C-0

Nitrogen Oxygen Corbon dioxide

H Jov  H

Water

Fig 2.1 Molecular structure of the principal constituents of air.

10



TABLE 2.1

Average Composition of Air between Sea ' level and 90 km
Altitude [2] :

Element Formula X by Volume %2 by Mass Holecular

. Weight
Hitrogen 'Nz 78 .084 75.55 28.0134
Oxygen 09 20.984 23.15 31.9988
Argon Ar 0.934 1.325 39.948
Carbon ‘ .
dioxide CO, 0.0314 0.0477 44 .00985
Neon Ne 0.00182 0.00127 20.183
Helium ‘ He 0.00052 0.000072 4.0028
Krypton Kr 0.000114 0.000409 83.80
Methane CH; 0.0002 0.000111 16 .043

2.3 Kinetic Theory of Gases & anunll Boltzman ditribution

Kinetic theory states that thé gas molecules move in a
ceaseless random motion. When the gas molecules collide with
other molecules or with the walls of the containing vessel then
the molecules. rebound without changing its velocity. The
pressure of a gas is due to the continuous bombardment on the

wall of the containing vessel.

11



At a particular temperature for a mole of any gas contains a
kinetic energy 6f 3/2 RT. Hhere‘R is 8.314 joules or 1.887 Cal
[4] . S0 the average kinetic energy of a gas molecule a
particular teﬁperature T is 3/2 KT, where K is the Boltzmann
constant. The.relation between R and K is KN = R where N = 6.023
X 1023 molecules /mole [14]. For a particular gaseous system a
fixed amount-of energy is distributed among the various molecules
of the gas. The eﬁergy distribution is different due to the

spinning effect of the gas molecules.

Let N be the total nﬁmber of gas molecules in a particular
amount of a gas in a containing vessel whozse energies are limited
to the values uy, Up, Ug,....U arranged in increasing energy
order. Let U be the total energy of the éas mnolecules and n; be

the number of molecules having energy uj ., then, [5]

This is known as the Haxwell-Boltzmann distribution law.
Where g; is the priori probability.
a ahd ff are independent quantites of the ni's.

The continuous distribution of the molecules will be [5]}

n(u)du = g(u) e @ e BU 4y

H

-

R h3/v ¢ B/2wm )3/2

1",

where €

In egquation (2.2) n(u)du 1is interpreted as the number of

12



molecules whose energies lie between u and utdu. In terms of
molecular momentum, [5]
since u = pZ/(2m)

g(p) e @ o PP*/2m 4,

il

n(u)

The a priori probability g(p) that molecules have a momentum
between p .and p+dp is equal to the number of cells in phase
space within which suéh a molecule may exist. If each cell has

the infinitesimal volume h3.

] ] ] ] ] dx dy dz dpx dpy dpz

g(p) dp o e
h3 '

where the numerator is the phase-space volume occupied by

paricles with the specified momenta. Here

[[{eaanr

Hhere; V is the volume occupied by the gas in ordinary position

space, and
Py EY Pz TP P

Where 4np2 dp is the volume of the spherical shell of radius P

and thickness dp in momentum space. Hence [5]

g(p) = (4nV¥p2 dp)/hd .. (2.3)

(4nVp2 o 9 ~BP7/2my /3 4 e (2.4)

and ni(p)

13



Since m .
{ n(p) dp =N I, S (2.5)

o

Putting the value of n(p)dp from (2.4) to (2.5)

N = (4ne % V)/n3 j pl e PP*/2m 4,
o]
= (e”® V)/h% [2wm/8]%/2
l 4

(Rh3/v)[8/(2wm)]3/2 i (2.6)

e
Putting (2.8) into the equation (2.4)
n(p) dp = 4nN [B/(2nm)}3/2 p2 ¢ BP*/2m 4, . (2.7)
Since p2 = 2mu

dp = {m/f(mu)] du

Then egquation (2.7) can be written as, [ 5 ]

And the total energy of the gas molecules will be [5]
U = (3/2) (W/B) ... o it (2.9)
According to kinetic theory of gasess, the total energdy of W
molecules at the absolute temperature T is
U=(3/2) N KT
Where ,K = 1.38 x lﬁ_23 Joules/molecular-degree.

8 = 1/KT

14



[ 2
v = root-mean-squ
v = average speed = ~/8kT/7rm

v, = most probable speed = N 2kT/m

are speed = ~/3LT/m

Fig 2.2 Haxwell-Boltzmann velocity distribution (taken from [183)



Then the Haxwell-Boltzmann distribution of energy is {5]

2N
n(u) = ———————- 57, o e W/ (KT) 4y ... ... (2.10)
( © K T3/
and Haxwell-Boltzmann velocity distribution is [5]
3/2
i2 n N m
n(v) dv =  —memm—eme 5 vl o WV /2KT 4y | (2.11)
(x K T)3/
2.4 Drift and Diffusion Phenoaena
The mwmotion of gas moleecules are continuous in any vessel.

The molecules collide with each other and with the walls of the
containing vessel.rAfter collisions, they chande the direction.
The average distance traversed by molecules between two
successive collitions is called the mean free path. The mean free

path 1 is given by [4][141 ,

1 = 1/({2nv%n)
Where n is the number of molecules in & unit volume
T is known as the collision diameter
Since the motion 1is random, henqe the average flow of gdas

molecules is =zero.

¥hen two vessels containing gases of different concentration
are connected by an interconnector, the motion of gas wmolecules

will result in the flow of gas molecules from one vessel to the

16



other. Such motion is called diffusion and occurs without any

external excitation.

1t may be infered that diffusion depends on | charge
inhomogeneity or due to the presence.of a space gradient of gas
density. But drift is a function of both electric field aﬁd gas
density. Generally, diffusion leads to redistribution of gas
molecules which is due to the non uniform mixture of gas
molecuies. The electric field produces a drift current which is
in opposite direction to diffusion current. Finally eguilibrium
is achieved when the drift rate is equal to the diffusion rate,

thus resulting in zero net flow of drift current [16].

2.9 Dipolar properties of Different Gas Molecules in Air

Study of different properties of different materials reveal
that polarization of the molecules takes place when the material
is subjected to an electric field. Holecules having ionic or
polar nature of inter-atomic bonding possess permanent dipole
moment which orient 1in the direction of the applied field. Total
dipolar contrigution of a material cén be divided into three main

components (7],

17



i) electronic polarization caused by the relative displacement
of the nucleus and the -electron cloud;

ii) ionic poiﬁrization caused by the displacement of the atoms
in a polar or ionic molecules ;

iii) orientational polarization caused by the orientation of the

.permanent dipoles under the influence of an electric field.

If P is the po{arization per unit volume of a material due to an

applied_electric field E, then (7]

P = €5 (er -1) E = N(ae + a; + aoz E
T RBa E = N uw (2.12)
Where €, is the permittivity of free space .

€. is the dielectric constant of the material
N is the total number of molecules per unit volume

.= aE = is the dipole moment per. molecule

> P ai; a, ‘are the electronic, ionic and orientational
polarizabilities respectively. Out of these three types of
polarizations,lelectronic pelarization is the weakest but exists
in all types of materials. Orientational polarization
predominates in liquids and gases where permanent dipole moment
exists. Considering the main constituents of air, ﬁniy water
molecules have permanent dipole moment. This is due to the fact

that nitrogen, oxygen and carbondioxide molecules are bound by

symmetric covalent bonds. On the other hand, two hydrogen atoms

18



b

make an angle of 104° with each other in a water molecule making
it polar in nature. The permanent dipole moment in an isolated
water molecule is 6 x 1079 conl-m which is quite high [7].
Hence the effect of an electric field is much stronger on the
water molecules when compared with the other gas molecules in the

air.

19



C HAaFP T E KR =

DEVELOPMENT OF MOISTURE ENRICHMENT FORMULATION

3.1 lntrbduction

A rigorous theoretical analysis is presented in this chapter
to show that moisture extraction from air is possible using
nonuniform electric Ffield. The net force on the dipoles wunder
electric field is derived in section 3.2. If atmospheric
moisture is extracfed and accumulated in an extraction chambér,
humidity will gradually increase. When the humidity reaches 100%,
any Further attempt for moisture enrichment in the moisture
extraction chamber will result in the condensation of the water
molecules releasing the latent heat of condensation. This can be
a very attractive source for pollution free enerdy. A formulation
is developed to balculate the percentade of moisture extraction
considering all the thermodynamic limitations like diffusion and:

thermal agditation of the gas molecules in section 3.3.

3.2 Dipoles under electric field
5

If an electric dipole having a dipole moment i is placed in
a uvniform electric field, equal and opposite forces will act on

the positive and negative chargdes of the dipole to keep the

¢

20



Fig 4.1 Dipoie in sn electric Field.

21



resultant =zero. Hence nonuniform electric field , as shown in
Fig 3.1, is required for the movement of the dipoles. Let E(x)
be the applied electric field in the +x direction 'and the dipole
is made out of charges +q and -q seperated by a distance of "a”

If the dipole is aligned towards the elgctric field and forces on

the +q and -q charges are F, and F_ respectively, then

F -q E(x> L. e e e (3.1)

F, = q E(x + a) = g [ E(x) + (dE/dx) a ]  ........ (3.2)

Hence, net force on the dipole is

F=F, + F. =qga (dE/dx } =u dE/dx ............. (3.3)
Where dipole moment g = q a
3.3 Theoretical anlysis on moisture enrichment under

electrics field

The process of en;ichment of the water _molecules is a
complex one as the molecules will collide as they drift under the
influence of the applied electric field. These collisions
drasticaily reduce the actual drift velocity making the
enrichment process a weak one . The other natural forqe acting
against the enrichment is the diffusion which starts alongwith
the enrichment process. This is an inherent thermodynamic process
which can neither be-eliminated nor be reduced. The moisture
enrichment process will continue till the diffusion establishes

an equal and opposite flow of water molecules. Considering the
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electrical force on the water molecules the overall transfer
mechanism can be expressed as {[8]

-dN/dx + N F/KT = 0  ...... ... ..., (3.4)
assuming that 100 %X humidity is not achieved.
Putting tﬁé expressioﬁ for F from'eqn(3.3) and pn = aE, The

equation (3.4) becomes as

dN/dx = N F/(ET)
or, dN/dx = [N/(KT>] a E dE/dx  ....... (3.5)
where F = ndE/dx = a E dE/dx

Rearranging eqn.(3.0) and integrating between positions Xy and

xz: .

a/(KT) ] E (8E/6x) dx

[ ]
[u®
=
.
=
It

N]. . Kl
Ep
or, in (N2/N1) = a /(KT) J E dE
Ey
_ 2 2 :
or, No /Ny = exp[ a( E2 - El)/ZKT] , N
N 2 2
NZ S N1 [1 + a(E2 - El)/ZKT] .......... (3.6)
AR = N - N = N; a (E2 - Ezj/sz (3.7)
- 2 1 - 1 2 1 - v oo -
Here Ni and Ei are the number of water molecules and the
electric field respectivély at position xi(i=1,2,3,...)
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This means that enrichment of moisture bgtueen two peints
depends on - the difference of the electric field squared
indicating that no moisture enrichmént is possible if the applied
electric field is uniform. If E; is taken to be 0 and E, is taken
to be 3 x 10%/m, AN/N; turns out to be 3.2 x 1075 using €, = 87
for normal water at room temperature [7). This is an extremely
low value of élH/Nl to have any practical application. However,
the situation can be improved significantly if the applied
electric field can be increased further. If E5, can be increased
to 107 v/m then the situation will improve by about 10 times. But
there is a practical limitation on the maximum value of the
applied electric field. A high field phenomena called corona can
cause flash over if the electric field is increased beyond
3 x 10° v/m in air at 1 atm. pressure [9]. Hence, it appears that
there is an upper limit of A N/Ny which is approximately

3.2 x 10°° for a pair of electrodes.

Force on the water molebuleslcan be in;reased by 1increasing
dE/dx keeping the maximum value of E within the maximum limit
(egn. 3.3). However, it may appear that any change in dE/dx does
not have any effect on the enrichment value as dE/dx term is
absent in egn.(3.7). Let us consider an electric field which has
a step distribution as shown in fig. (3.2). Such a distribution
is possible when porous parallel plate electrode is used.

Although an exact step function can not be achieved, dE/dx can be
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Fig 3.2 A step electric field. Here, E is the amplitude of
the electric field and x is the distance after which the
electric field is ndtiated. .
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made very high. Such a field distribution Hill apply extremely
iarge force over a very small distance. As the distance over
which the Fforce applies is small, very few or no collision of
molecules take place resulting in higher drift velocities. Let a
dipole moment of p have point charges of magnitude g separated

by &a distance "a", then the force will act on the dipole for a

distance "a". Hence
dv, /dt = gqE/m
dvV, = (qE/m) dt
= (qE/m).(dt/dx).dx
= (qE/m).(1/V, ) .dx
Ve dVy = (QE/m).dx ...l (3.8)

Where vV, is the x-component of velocity and m is the mwmoleculer

mass. Integrating equation (3.8)

v

X a .
I Vx dx = I {(q E)/m dx
on o
or, % (V,° V) = (a aEym
= (u E)/m
= (a E2)/nm
Where U = qga = aE

a is the polarizability.

Vt - V2 = @aEhHym (3.9)



Ve = HEVE 4 @aEhHymy (3.10)

6V1 = Vx - on

V2 + 2aBy/m] - v

H

M2 + 0% - v,

Hherg vV, and onare the velocities gfter and before acceleration
and let 02= (2aE2)/m. Dipolar molecules-having same velocity v
can be incident at X = O from different directions making an
angle ® and (6+d0) with the X-axis. By putting ¥, = V Cos 8, it
is possible to find out the average value of 6V1 for the water

molecules incident with a velocity of V.

Fig 3.3- Obtaining'average change in velocity by taking elemental
ghgpge Ep velocity over angle d6 and by integrating along 6 and
irection.

Here the porous plate is considered to be X-Y plane.
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Average change in velocity of the water molecules incident with a

velecity V,

2n wm/2
8V = 1/(2mr?) f f (r Sin @) [8V] r d6 d@
(o] 0
n/2
8V = 1/(2nrd) [ 2nr? (Sin 6) [8V,] d8©
| [
w/2 .
v = 1/(2w) [ 2w Sin 8 [4( V,2 + o% ) -V Cos 8 1dse
[0}
n/2
= [ Sin 0 (4 (V2 Cos%8 + g2) - V Cos 8] de
[
/2 ln/2 :
= - [ V Sin 0.Cos.6 dO + l (v2 Cos? @ + 021% Sin @ de
o . o
n/2
Let I = [ [V2 Cos?@ + 021% Sin @ de

0

Putting V Cos 8 = Z
- ¥V 8in 6 d0 = dZ
Sin © d9 = - 1/V.dZ
at 6 = 0, | Z =V
at 0 = /2, Z =20
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0
- 1/v. [ 7022 + 0?7 dz
v

(o |
]

O N .
- o/vV. I 01+ 22,627 4z
v

after integrating it will become,

I =- (a/V).( % { Z 1(142%/0%) + o In( Z/0 + {(1+22/02))}]3
= 0/(2V). [VA(1 + V%/0%) + o In{ V/o + (1 + VZ/02)}]
=% 4L V¥ + 021 + 0%/(2V) Inf V/o + (1 + V202 )]
8Y = % [4 (V2 + 0%y - v] + 02/(2V) In[ V/o + ¢ 1 + V202 y]

X [ 02/¢(2V)] + 02/(2V) 1n(2V/0)

i

% 02/(2V) + a2/(2V) 1n 2 + 02/(4V) 1In( V2/02 )

a?/V [ % + % 1n 21+ a2/(4V) [ V2/02 ]

The average change in velocity 6V is due to the water molecules

having a velocity of V.

Now using Hﬁxwell—Boltzmann distribution considerihg all the

velocities,

Mean drift velocity <&8V> will become,

I
o

taking V2

2V dVv dY



<6Y> = 1/N qunu'm:w)/(nm)f’/? (% +% ln 2} 0% + ¥ 02 1n VZ/02

9]
X exp.[(“nvz)/(sz)] vV dV

@
= [({Zumafz)/(nKT)sz L +% 1n 2 ) 02 }.% exp[(-mY¥)/(2KT)].dY
. |
® .
+ { (12em3/2) (kY32 | 02/8. In(¥/02). exp[(-nK)/(2KT)].dY
0O
:[({ans/z)/(nKT)a/z.{(K +% In 2)a? - 6%/8 1n 0%} .exp[-mY/2KT].dY
9]

+ ]({2nm3/2)/(nxT)3/2.02/8.(1n Y).exp[-mY/2KT].dY
o
= (12mm3/ 2y /(aRT)3/2 (% + % 1n 2)0® - 02/8'1in 0%} [1].(2KT/m)
+ (20 2y s (ax1)3/2 . 0%/8 {(2KT/m).{0.5772 + In (m/2KT)]
=2 x (2o/nKT) Y2 ((% + % 1n 2)02 - 02/8.1n o2 }
+ ( 2m/7kT)*% .2.02/8.[-0.5772 - in(m/2KT)]

For Hy0 at T = 300°K.

(2m/nKTY/2 = [(2x18x1.660x10727)/(nx1.380x10 27 )11/2
= 2.1 x 1073
and In (m/2KT) = - 12.56

BV> = 2 x 2.1 x 1073 [0%(0.596 - 0.125 1n 02)}

+ 2.1 x 1073 x 2 x(0%/8) [11.29]
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- 4.2 x 1073 62 (0.596 - .25 1n o) + 6.2 x 1072 o2 .. (3.11)

Dielectric constant of water at room temperature is 87 and
number of water molecules/m3 is 3.47 x 1028. Putting these values
in egn(2.12), the average value of a is calculated to be

2.2 x 10738 This gives
g2 = 10.49 x 10713 B2 L .(3.12)

For the water molecules incident from x<0 and x>0 regions,
their average velocity changes by <8V¥> and -~-<8V> respectively.
Let N and H + AN be the density of molecules for x>0 and x<0
regions respectively. At equilibrium, drift due to the electric

field is compensated by diffusion in the opposite direction.

N/2 («<V, > + <BV>) = (K +AN)Y/2 (<V,> - <BV>)
AN/N = 2(<8V)/<V, > Lo (3.13)

Percentage moisture enrichment per 100 electric plates is
calculated using equation (3.13) as a function of electric field.
This results show that percentage enrichment has increased

considerably making the scheme practically viable.

A rough calculation shows that one pound of moisture
condensate at B0CF releases 1048 BTU of latent heatf10]. OCne
cubic feet of 100 ¥ humid air at 80°F contains 156 grains (7000

grains = 1 1b) of moisture [see psychrometric chart in



appendex A]. If 10 ¥ of this moisture content i.e. 1.56 grains
are condensed, then the heat released from 1.58 grains of
moisture is equivalent to 0.2336 Btu of heat perlft3 of air and

it is equivalent to 2.08 KCal per meter cube of air.
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CHAPTER 4

EXPERIMENTAL SET UP AND RESULTS

4.1 Introduction

A simple experiment was performed to verify the theory
developed in chapter 3. Specially designed electrodes were made
and placed in an array with an average spacing one millimeter (2
nm for the plastic plates) in between two plaes. The arrangement
of the plates were made in a manner such that moisture would flow
from one end of the array to the others. Detailed description of
the electrodes and their costruction procedure are section 4.2.
Two identical chambers ﬁere constructed, as described in
section 4.3, and placed at the ends of the array of the
electrodes. High voltage was generated using six small sized
transformers in series and then adding a dopbler circuit in
cascade as given in section 4.4, was capable of producing a
maximum of 3896 volts. The overall set up are described in
section 4.5. Operating principle of the system is briefly

explained in section 4.8. Results were presented in section 4.7.

4.2 Electric Plates

Two types of electric plates were designed for the

experimental set up. One of which is the Porous plate and the
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other is the Non-Porous plate.

Porous plate

The first type of electric plate , shown is fig 4.1, is
the porous plate. The 5"x5" plates were made from hard paper of
approximately 1 mm (2 mm for the plastic plates) thick. & 2 x2°
window was cut at the middle of the plate. A very fine porous
conducting nedia was made of commercially available kitchen foil
which was cut to shape to cover the window. Extreme care had been
taken during the manual pricking of the foil so that pores did
not become large. This was necessary to make the eléctfic field
distribution 1like a step function. This was done by insertingd a
large number of pins in a solid sheet of rubber with the sharp
ends of the pins projectiné out from the other side. The rubber
sheet was then pressed delicately on the kitchen foil a number of
times to attain the fine pores. The fine pored foil paper was
then glued on the 2 x2 window. A conducting wire was connected
with the foil paper to apply voltage on the porous plate. Thus - a
porous plate had been manufactured. The photograph of a porous
plate was shown in fig 4.2. A special hand made tool was used
for making perforation of the kitchen foil paper as shown in

fig 4.5.
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Fig 4.2 Photograph of 3. porous plate.
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Non-Porous Platm

The non-porous plate is also made from the hard card paper.
The size of the plate is 5"x5". Four windows of size anx K" were
cut Ku away from the edges of the plate.as‘shown 'in fig 4.3.
Alluminium foil paper of size 2"x2h was pasted at the centre of
the plate. A éonducting wire was also connected with the ESil

paper to supply_voltage to the non-porous plate. A photograph of

& non porous plhte is shown in fig 4.4.

Again a few experiments were also carried out using Porous
and Non Porous plastic plates. The sizes of the plates were same

except they were of 2 mm thick.

4.3 Moisture Extraction Chnnbnr:

Two extraction chambers having dimension 12“x12"x9" were
constructed as depicted in fig 4.6 . A 5"x 5" opening was cut
on one of the sides . A hole of 1 diameter was punched at the
centre of the top surface so that a thermometer can be inserted
easily. The extraction chambers were made from 24 SHWHG G.1.
Sheet. The chambers were then made thermally insulated by
covering them with a layer of cotton. This ensures a resonable
adiabatic condition inside the chambers and making them

insensitive to any change in ambient temperature. A wooden tray
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Fig 4.3 Photograph of - @  non porous plate.
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Fig 4.4 A non porous plate.



Fig 4.5 Photograph of the tool for making perforation.
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Side View

Front View

Fig 4.6 Molisture extraction chamber.
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having dimension of 36"x6"x5§" was made to place the array of

electric plates as shown in fig 4.7

4.4 Elactronic Circuit to SGenerate High Voltage

Six transformers of rating 24-220 volts were connected 1in
series to generste a high voltage of 1320 volts at the outpuf.
Primary sides of the treansformer were connected in series and
the secondsary sides of the transformers were also connected in
series so that the output voltages were in phase. The required
input primary voltages of the transforme: is 24x6 vqlt to
develop 1320 volts at the transfprner outéut. The input 24x6
volits was obtained by using an aunto-transformer. The voltage
doubler circuit doubles the ﬁutput voltage to 3686 volts

d.c. {15] [17]. The circﬂit diagram 1is shown in fig 4.8

4.5 Experimental Set Up

The complete set up for the experiment is shown in fig
4.12. The electric plates, as described in section 4.2, were
placed in an array of a wooden tray. The plates were placed very
close to each other and about one milimeter (two millimeters for
plastic plates) was wmaintained to ensure the flow of water
moleﬁules. In this experiment two types of connections for the

porous &nd non porous plates were provided. HMode of electrical
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conﬁections are shown in fig 4.9 and fig 4.10. In type-1
connection first porous plate, nearest to the extraction chamber,
was supplied from the positive terminal of the source. Then
adjacentl to this plate, non porous_plate connectéd with the
negative polarity of the source was placed. Then again porous
plate connected to the negatiye polarity of the source was
plﬁced. Finally a non porous plate , connected to the‘ positive
polarity of the source, was set close to them and this process
of connection was repeated in this type of cofiguration as shown
in fig 4.9 . In this configuration the polarity of porous plate
may be either positive or negative. All porous plates were
maintained positive in the second type of connection as shown in

fig 4.10 . - _ .

The electric connections shown in fig 4.10 require less
number of porous plates compared to the electric connections shown
in fig 4.9. So the second type of electric connections i.e type-2
is economicallyl feasible. That is why the second +type of

electric connections has been used freguently.

Two identical chambers were placed at the ends of the array
of the wooden tray containing porous and non porous plates and
care was taken to make the set up reasonably air tight. The
chambers were externally covered by cotton wool to keep them

adiabatic. The wooden tray was covered with a meter long
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Fig 4.11 Photograph of the experimental Set Up.
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polythene paper to make it fully air tight so that no water
molecule can be able to move out from the wooden tray except

through the prescribed path.

The high voltage was supplied to the porous and non porous
plates with an appropriate polarity from the high volfage section
as described in art.4.4. Proper insulations were provided to

prohibit the electric short circuit.

Two rubber corks of about one inch diameter were placed at
the top surface of the moisture extraction chamber so that
adiabetic atmosphere inside the chambers can easily be
maintained. DPuring experiment high sensitive thermocouple
thermomer was inserted through the hole of the top surface of the
extraction chamber and the rubber corks were placed into the hole
to ensure the chambers fully air tight. The thermometer has an
accuracy of measuring * 0.1°F. Photograph of the complete set ﬁp

was shown in the fig 4.11.

4.6 Blochk Diagram of the 8Set up and the Operating
Principle
The block diagram of the set up is shown in the fig 4.13 to
describe the operating principle of the system. Initially the
moisture contents of the two extraction chambers were the same as

they were in contact with the atmosphere. During the
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experiment the wooden tray was tightly attached with the
identical moisture extraction chambers so that the set up was air
tight. When 2500 volts was applied in the plates, an electric
field of 2.5 x 105 volts/m was estaﬁlished in between the
positi#e and negative plates and moisture was extracted from one
chambgr to the other chamber. The extration procedure is
different for the two types of fhe configuration.

In type;l connection, porous and non porous plates were
connected as shown in fig 4.9 . After applying high electric
field across the porous and the non porous plates, the water
"molecules of the chamber (1) were attracted by the porous plate
A. The negatively charged Oxygen ion of HZO molecules were
found to be attracted by the porous plate 'so that the H20
molecules were passed through the tiny gsp of the porous plate.
~The non porous plate B, which isl connerted to the neg#tive
terminal of the source, allures the hydrogen ion of the water
molecules, so the water moiecules were accumulated across the non
porous plate B and enriches the water molecules in between the
plates A and B. This enrichment 6f moisture diffuses through
the windows of plate B to the equipotential surface 1in between
the plates B and C. As the pléte C is porous it attracts the
water molecules. The enrichment process goes on at each porous
_plate of the array of the electric plates. These water molecules

pass through the fine gap of the porous plate and sattracted by



the negative charged of the non porous plate. The water
molecules are then accumulated and enriched and passed through
the window of the non porous plate D. This process is repeated

and the ernrichment process occurs at each porous plate.

In type-2 connection, all porous piﬁtes were supplied from
the positive ‘polarity of the source as shown in fig 4.10 . In
this type'of cofiguration first porous plate attracts the water
molecules and enriches in between the blates A and B and pass
~through the window cof B. The positive peclarity of non porous
plate allures the ﬁater molecules to move to the equipotential
surface betwéen.thg plates C and Al. Sinée plate Al is porous, so
it enriches the water molecules: This process is repeated for the

next stages.

In this experiment both types of tﬁe configuration systems
weré used to evalute and compare the efficiency of moisture
exrtraction. Each of the configurafion was set on the wooden tray
and care was_téke to make the setup resonably air tight. When
high voltage about several killovolts were applied in the plates,
an electric field was established in between the positive and

negative plates and moisture was extracted from chamber (1) and

push it into chamber (2). Highly sensitive thermocouple
thermonometer was used to measure the temperatures. Percentage
of enrichment of moisture on chamber (2) from chamber (1) was
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obtained by using the Psychrometric chart with the experimental

'

data of the dry and wet bulb temperatures,

4.7 Results and Discussion

The readings of the experiment are tabulated in table 4.1.
The percentage increasée in humidity both for the practical and
the theoretical cases are given in table 4.2. In this experiment
two qualities of plates were used, one of which were wmade from
hard paper and the other from plastic. Temperatures were recorded
at a regular time interval to learn how the dry and the wet bulb
temperatures were varied. When there is no change in the
temperature readings i.e. at steady state the tenpératures Wvere

recorded for the calculation of the humidity.

Ten set of tests were taken to compare the percentage
increase in humidity in chamber (2) between the measured value
and the theoretical value. Absolute humidities in grains/1b
( 7000 grains = 1 lb) of air for the both chambers were
obtained from the Psychrometric chart, given in Appendix-A. The
increase in humidity with respect to that of chamber (1) is given
in table 4.2. Theoretical percentage of incrEase in humidity in
chamber (2) i.e. AN/N is calculated From the theory developed
in chapter 3 by using the egquations (3.11),(3.12) and (3.13) and

also given in Table 4.2. A sample calculation for Test-1 is
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TABLE 4.l

Dry and Wet bulb temperatures for different

experimental conditions.,

~ Room Chamber Chamber | Temp. Types |No. of |Quanty|
Test | Applied | Temperature (1) (2) recorded | %%, |Porous | of
‘ : after Plates (Flates
No. Voltage | o,y buis| wet buip | ory bute | wet buts | ary butn| wer buts connec-
temp. temp. temp. temp. temp. temp. tions
Kv/mm °F *F| °F °F °F °F minutes
1 2.00 83.4 | 80.7 | 838 | 8168 | 84.2 | 83.1 30 1 92
2 2,20 g4a.8 | 82.9 | 84.8 g2.5 | 85.0 | 83.4 30 1 92
3 2.30 83.1 | 79.5 | 84.0 81.1 | 84.0 | 81.6 30 2 92
: g Paper
4 2.50 84.8 | 82.3 84.7 82.4 84.7 { 83.4 35 2 92 Plates
5 2.50 86.5 | 81.3 | 86.3 83.1 | 8e.7 | 838 70 2 52
8 2.30 85.1 | 80.2 84.9 81.3 | 85.4 | 81.8 80 2 52
7 2.20 84.7 | 80.2 84.9 81.6 85.3 | 820 30 2 52
8 2.50 g5.2 | 80.6 | 86.1 81.8 | 88.1 | 82.4 80 2 50
- Plastic
g 2.90 86.1 | 82.4 86.1 81.8 | 88.1 | 82.2 35 2 50 Plates
10 '2.85 85.5 | 825 | 858 | 818 | 858 | B2.4 45 2 60




TABLE 42

Comparison between Measured and Theoretical

percetage Increase in humidity.

Moasured Theoreiical
Chamber Chumber A wrn
Test Appllad (1) (2) Percontage Paroaniage
No. Witage increane in inoraanss in
hamidity
Absoigis Absoiunile humidity In
in
homidity hooidity
chambor oshamber
Groine/tb Grons /b 2} {2)
Kv/mm ot oir of mr
1 2.00 188.0 171.4 1.42 2.03
2 2.20 186.8 172.4 3,36 2.43
3 2.30 167.0 181.0 2.56 -. 2.83
4 2.50 166.4 172.7 4.41 3.10
5 2.50 168.0 172.0 2.40 1.74
8 2.30 157.8 160.0 1.30 1,48
7 2.20 150.8 181.8 1.26 1.87
B 2.50 168.7 162.5 2.38 1.50
[+ 2.00 1650.2 183.5 2.70 2.16 ‘
10 2.85 160.0 181.8 1.76 1.80
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presented in Appendix-B.

The results are also shown in fig 4.14 for different types

of plates.

By comparing the theoretical and measured values of the
percentage increase 1in hunidity‘in chamber (2), it c¢an be
concluded _that the percentage increase in humidity is fully
dependent on the appiied electric field and number of the porous
plates. From fig 4.14 , it is seen that the measured data were
close to the theoretical data for the paper type plates. In tests
2,4,5 measured values are slightly greater than the theoretical
data. It is also seen from the table for the first seven tests
data that the percentage of humidity increases with the higher
electric field as in test-4 and also increases with the number of

electrodes as compared with the test-2 and test-7.

Last three tests were done with the plastic plates. The
performance of these tests were appreciable. Because the plastic
plates were not hygroscopic as the paper plates and also due to
the hardness which always making the plates in perfect parallel

position.



CHAFPTER : =

CONCLUDINS RENARKS

8.1 Conclusions

In this work an alytical relation has been developed for the
calculation of enrichment of the atmospheric moisture. The
enrichment of the atmospheric moisture, AN is a function of
applied electric field E and the number of porous plates. AN has
a parabolic relation with E and a linear relation with the

number of porous plates.

The experimental results showed dood sagreement with the
computed values using the analytical equations, some deviations
in the experimental results have been observed. This was due to

the non-parallel alignment of the plates.

In the experimental set up it was possible only to extract
moisture molecules due to physical limitations the experiment
could not be extended to study the latent heat extraction from

the condensed atmospheric moisture.
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“8.2 Limitations of the System

The theoretical analysis given in chapter 3 and the
experimentation in chapter 4 summerized the following

limitations of this project.

From the theoretical analysis and the experimental data, it
has been found that woisture extraction increases with electric
field E. But for practical reason voltage could not be applied
beyond 3000 volts/mm because corona effect occurs above 3000

volts/mm

In this experiment, it was only possible to extract the
water noleculeé from one chamber to the others.But latent heat
could not be ‘extracted because of the Fact that it was not

possible to achieve heat as 100 X humidity could not be achieved.

Hard paper plates which was used in the first phase of the
experiment were found to be hydroscopic. For this reason, it was
necessary to dry the plates everytin& before taking readingds.
This disadvantage was eleminated by the use of plastic plates.
The thickness of the hard_ paper plate used in the first
experimental set up was 1 mm but in the experiment 2 mm thickness
of plastic plates were used. This was done to achieved better

performance of the system.
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A more accurate and convenient humidity measurement system

4

needs to be developed in order to get better result.

From the theoretical analysis and experimental data, it can
be concluded that this type of system can be readily used for the

extraction of moisture.

5.3 Further Ressarch

‘From the experience and the the limitations of this study

the. following points may be noted for the further research,

This study can be extended with much bigger size so that the

feasibility of its practical application can be studied.

The future experiment can be extended for its application
such as air conditioning system, dehumidifier, Uranium enrichment

project etc.
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Appendix B



Sample Calculation

Theoretical value of percentage increase in  humidity in
chamber (2) was calculated as below,
From the egquation no. (3.12)

o® = 10.48 x 10713 £
Iﬁ this experiment the variable guantites were the electric field
E and the number of the porous plates.
For the first test i.e. Test-1,
electric field E = 2 kv/mn = 2 x 109 kv/um.

92

1l

and number of porous plates

o = 10.49 x 10713 x (2 x 10° x 103)=
= 4.196
G = 2.048

From the equation no. (3.11),

<8Y> = 4.2 x 1073 o2 (0.596 - 0.25 In o) + 6.2 x 1073 g®

b

4.2 x 1073x4.198 x(0.598 - 0.25 1n 2.048) + 6.2 x10"3x4.196
0.0334 m/s.

mean drift vélocity in the x direction <V, > = 605/2 = 302.5 n/s.
From the equation no. (3.13),

AN/N = 2 x <BV>/<V,> = (2 x 0.0334)/302.5 = 2.2083 x 107%
Percentage of increase in humidity for one boroué plate

2.2.83 x 1074 x 100

0.02208 %

i

Percentage increase in humidity for 92 porous pl

0.02208 x 92

2.03 %

.87
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