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Abstract

A Vaporiser is a device that delivers a requiredcemtration of vapour into a gas
stream. There are different types of vaporisersasd a range of methods for the
measurement of evaporation rate. The existing measnt techniques include

change in volume, mass and concentration.

This work is focused to measure the evaporation satvapours (ethanol) into a gas
stream (nitrogen) through a new developed expetiahenethod and also using the

theoretical method.

In this work, a diffusion cell is developed at aatihscale which would give a flow of
ethanol vapours in a controlled manner. A micropianalso developed in a twin
sided mode which consists of a differential presswansducer (DPT), resistance
tubing and empty tubing to measure extremely smoladéinges in flow rate. The
diffusion cell is then integrated with the micrapiaechnology in which case the
vapours (ethanol) are added from the diffusion c&lb the main stream of gas
(nitrogen). When vapours (ethanol) are added indinrstream of nitrogen gas this
resulted a step increase in the differential prestnansducer signal which is due to
an increase in the resulting flowrate. The evapamatate is then calculated from this
change in flowrate. These results are then compaittdthe results achieved from

theoretical method.

The results achieved from theoretical method irtd@tdhat the evaporation rate of
ethanol is 0.052ml/min which is 3.2 times greatant the experimental diffusion
rate (0.0163ml/min). This shows that diffusion ratethe experimental method is
extremely low this is due to the reason that a eanflask and small diameter
diffusion tube were used in the experimental sewpch was not producing

sufficient and continuous flow of vapours (ethanol)

The evaporation rate in the experimental method lanfurther increased by
applying design changes to the current diffusidretue. increasing its diameter and
reducing the distance from the liquid surface dredrmain stream of nitrogen gas.
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Chapter 1 Introduction

1.1 Theory of diffusion

Molecular diffusion can be defined as the transfiemolecules through a fluid by

means of random motion of individual moleculesgémeral, this diffusion occurs in

gas-gas, gas-liquid, liquid-liquid, gas-solid amglid-solid and may also take place
in solid-solid systems. In general, gases diffuseimfaster than liquids and liquids

much faster than solids. The rate at which diffast@curs depends on a number of
factors i.e. pressure, temperature and concenirgtiadients. For example, diffusion

iIs more frequent in gases at higher temperatureviich case the molecular

velocities are greater and also at low pressurehith case the average distance
between the molecules are greater and the numberoliiEions between the

molecules are less frequent.

1.2 Methodsfor adding vapoursinto gas stream

The general methods for adding vapours into a gasm are based on achieving
either saturation conditions or a known rate ofotapdiffusing into a diluent gas
stream (Miguel and Natusch 1975). The following tare different methods through

which vapours can be produced and added into atggam.

1. Anaesthetic vaporiser (saturated mixtures)

2. Evaporation of liquids in narrow tubes (dilute noirs)

1.2.1 Anaesthetic vaporiser

Vaporiser is a device that delivers a required eatration of vapours which is
usually an anaesthetic agent to a gas stream T&i€) vapour in a vaporiser is made
of molecules which have a high level of kinetic gyyethat has broken the bonds
between their counterparts and escaped to thallgwiface. These molecules are in
a state of random motion they leaves the liquidaser and also returns to it on a
random basis and finally approaches towards anliegqum at which point the

11



vapour is fully saturated. These molecules exezssure on the liquid surface and
also on the sides of the container which at equuirb is know as saturated vapour
pressure. These molecules achieve high level @tikienergy at higher temperature
as a result of which more molecules leaves theidigurface at which point the

saturated vapour pressure increases. However, thikemolecules having high level

of energy escape the liquid surface it resulteducing the temperature of the liquid
(Young et. al. 2010, Eales et. al. 2007, Gardnealel1996).

In general, vaporisers are divided into two tyg#enum and draw-over. There is a
third type of vaporiser which is called a gasnbier and applied specifically to

deliver desflurane.

1.2.1.1 Plenum vaporiser

This type of vaporiser is driven by positive pressun this type of vaporiser the
internal flow resistance is high therefore it reqdia pressurised source of gas to
provide a constant flow of gas. Since the inlespuee is constant plenum vaporiser
deliver a constant concentration of anaesthetiotageer a wide range of gas flow.

Figure 1.1shows the working principle of plenum vaporiser.

The flow of gas is split in two streams, in these a bypass stream (B) and the main
stream which passes through the vaporising cha(ivbeand saturates with vapours.
The two flows are then mixed to get a final concaidn of vapour in the gas stream

is a function of the saturated vapour pressuretlamdatio of M to B.

Figure 1.1shows that if valve V1 is closed the gas will fldlwough a bypass stream
in which case there will be zero concentration &aurs, conversely if valve V2 is
closed and all the gas flow is channelled throdghrhain stream then there will be
maximum concentration of vapours. The vaporisatiocamber wall is made of steel

to provide and maintain a good thermal contact betwthe liquid and surroundings.

12



Main flow (M) -7
— _— -

///
//
Valve (V1) %{ Vaporisation chamber

- > Bypass flowB) — »
Gas flow. D T

Valve (V2)

Figure 1.1 Working principle of plenum vaporiser

—

(‘\

Mixed flow

1.2.1.2 Draw-over vaporiser

This type of vaporiser is driven by negative pressand has a low resistance to flow
of gas. The working principle is shown in Figur@ Where the fresh gas is drawn by

either a patient or a ventilator.

In this case the volume of air passing throughviggorising chamber is determined
by the respiration rate of the patient. Figure §tdws that air enters into the
vaporising chamber because of the negative presseated by the patient and then
that air collects vapours from the vaporising chamand finally delivers to the

patient.

Air flow due to negative
pressure caused by patient )
Mixed flow

. —

0 [
T

Vaporisation chamber

Figure 1.2 Working principle of draw-over vaporiser
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1.2.1.3 Problemswith vaporizer design

The following are some of the problems which cambigced in above vaporizers.

1.2.1.3.1 Temperature control

The temperature of the liquid in the vaporizatibamber may fall due to the escape
of molecules having greater kinetic energy as alres$ which the saturated vapour
pressure may fall. It is therefore necessary toigdeogood thermal contact between
the liquid and surroundings which can be achievadugh the use of a metal
container having thick walls to ensure good theromadtact between the liquid and
surroundings. This would mean that heat is conduftten the surroundings through
the metal wall into the liquid container, howevarthis scenario the surrounding

temperature is likely to be a factor.

1.2.1.3.2 Changesin flow

It is required that the concentration of vapoutha outlet stream is not affected by
variation in gas flow rate. However, the vaporigatprocess is not likely to catch up
at higher flowrate of incoming fresh gas at whiabinp the amount of vaporised

anaesthetic agent is inadequate.

The design of vaporiser has had been developiraghaeve its ideal properties and
the future vaporisers are likely to be more depehdm computer technology
instead. The ideal properties of a vaporiser inelddw resistance to flow,
lightweight, hard-wearing economic, minimal sermgi corrosion resistance and
safe to use. In addition, the performance of a saposhould not be affected by the
following parameters: fresh gas flow, volume of @géemperature of both agent and
ambient, both ambient and back pressure (Youra.€2010, Eales et. al. 2007).

1.2.2 Evaporation of liquidsin narrow tubes

In this method the gas is passed over the top efdiffusion tube containing the

volatile liquid. The temperature of tube and ligisdmaintained constant and gas is
passed over at the top of the tube at a rate teeptdurbulence (at the top of the

tube). The following Figure 1.3 shows a very sirfigdl diagram of such system

14



where Liquid (A) is vaporising into a gas strean). (Bhis method can be used to
produce extremely dilute gas mixtures e.g. 0.1a0ppm (Mckelvey and Hoelscher
1957).

Gas stream (B)———» ——— Diluted gas stream

Vapours

Liquid (A)

‘. Diffusion tube

Figure 1.3 Evaporation rate through simplified aiibn tube

1.3 Measurement of evaporation rate

The evaporation rate can be measured by the falpttiree different methods:

1.3.1 Changein volume

In this method, a known volume (initial) of liquisl taken and the gas is passed over
the surface of the liquid. The liquid level fallsial to evaporation of volatile
components and doesn’'t remain constant. The firumve of liquid is then
measured and the difference between initial ana folume is divided by the total
time of experiment which would then give the ratieevaporation in terms of

volumetric flowrate.

1.3.2 Changein mass

The diffusion rate can also be determined by weighihe diffusion cell on an
analytical balance before and after a run. Thisld/dloen give the diffusion rate in

terms of mass flowrate.

1.3.3 Changein concentration

The concentration of trace gases in the atmosplagyefrom few ppt to several ppb.
The technique used to measure the concentratiothesfe traces gases (volatile

organic compounds) in the atmosphere is gas chogragihy combined with

15



different detectors. These detectors produce apubsignal which is a function of

the concentration or mass of the sample being sedlyGautrois and Koppmann
(1999) developed a diffusion device which produaeient air samples where the
concentration of the trace component is betweewrrakppt (v/v) and ppb (v/v).

They analyzed the gas mixture samples with a gesn@itography combined with

FID and ECD system in series which is used fomtleasurement of air samples.

1.4 Objectivesof current research

The overall aim of current research is to desigt develop a vaporiser that could
give a constant and continuous flow of vapours iatagas stream at normal
temperature and atmospheric pressure. This vapanise other words diffusion cell
would be then integrated with MT to measure thepevation rate through change in

flowrate.

The aim here is to measure the evaporation rat@@burs into a gas stream using
the experimental method and also the theoreticalhode using the modelling

equation for diffusion rate. The main motivationhimel this research is that it

provides an opportunity to extend our measuremeahniques to vapour/liquid

system. Secondly, it would enable us to achievewepat a very low concentration
(at around 100ppm level) in a fresh gas stream amal temperature and

atmospheric pressure. In the current applicatitimrel is selected (due to its high
vapour pressure) as a volatile liquid which isubfhg into a nitrogen gas stream.

In future, this method could be further explored aefined and an alternative
moisture measurement device could be developedgd@bearrying vapours stream
could be passed through a solid desiccant whichalgorb the vapours from the gas
stream and as result would reduce the gas/vapotreans flowrate. The
concentration of vapours in the gas stream is taculated from this reduction in

flowrate.

16



Chapter 2 Literature Review

2.1 Introduction

In this chapter the background behind the diffusoeaporation rate and its

determination using the theoretical and experimlem@thods are discussed. The
importance of moisture measurement and the vateazimiques used in the industry
along with its limitations and operating ranges alg® discussed. The important
psychrometric properties and its relevant matherakformulations are mentioned.

Some of the important properties of ethanol whiah be useful in the current work
are also listed. To remove the moisture conteiat gas stream the different types of
solid desiccants and its selection criteria are ascussed. At the end of this
chapter, the concept and application of MT is esgadoand its scope in the current

research is also discussed.

2.2 Diffusion rate

This research is mainly focused on the gas-liqygtesns where a volatile liquid is
evaporating into a gas stream. The diffusion rdta 6quid vaporising into a gas
stream can be determined either experimentallyd®ping the diffusion tube/cell on

a micro balance measuring the loss in weight atgreriod of time. The second
method is theoretical which involves using the daling modelling equation for
diffusion rate for the steady state diffusion obagas through a second stagnant gas
(Sherwood et. al. 1952).

For example, if a diffusion tube is partially fillevith volatile liquid A and which is

surrounded by an insoluble gas B then liquid A vegas and diffuses into gas B.
This evaporation or diffusion rate is describedRigk’s first law which represents
the mass transfer rate as a linear function ofrtbkr concentration gradient.

Assume that in the below Figure 21s the mean distance a molecule travels in Z

direction across plane PQ (Sherwood et. al. 1952).
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The total moles of component A cross plane PQ filefh to right is equal to

i{c-2%)
2 207

Plane

P
1 I
I |
I 1
: Mean Distance| Mean Distance:
I K A I
¢ Ple g
| I
1 I
I I
I I
| I

Q

> 7

Figure 2.1 Explanation of Ficks Law

Here, S is the area of the plane PQ and C is theerration of gas A at plane PQ.

The mean distance travelledAisrequiring a total timé/u where u is the velocity.

The net rate of transfer of A is given by:

oC
L WSCC)  usac
Nas = - - -

lu 2 0Z

Nais the rate of diffusion of component A expressedndles per unit time per unit

2.1

area.
According to gas laws, the mole concentration vegiby:

c=Pa 2.2
RT

Wherepa is the partial pressure of gas A.

Equation 2.1 becomes

18



__uap,

N 2.3
2RT 0Z

Now handling only the case of equal molal diffusiohcomponents A and B in
opposite directions at constahtndAu thenNa= -Ng andpa + ps= P where P is the

total pressure.

For small element of volume of gas mixture, inputisinequal to output plus
accumulation.

aC, , N,
0 oz

=0 2.4

Where 0 is the time. Equations 2.3 and 2.4 can be combanedthe simplified form

is given below:

0& = _/l_u_az Pa 25

a0 2 0z?
A andu are functions of the properties of the gas midwaed the productu/2 may
be replaced by D, which is termed as the diffusivity or diffusionefticient for the
pair of gases.

%Pa — p, P 2.6
09 "oz’

This Equation is for equal molal diffusion of twasgs in opposite directions and not

for the diffusion of one gas through a second staggas.
The steady state diffusion can be described aswsl|

The total bulk flow of gas in the Z directionN&+Ng, the net transfer of component

A is the rate of diffusion plus the transfer of Aedto the bulk flow

dC p
NA:—DVd—ZA+(NA+NB)FA 2.7

(By puttingC = p/RTand then integrating the above equation)

19



2.8
1-(1+ Ng/N, ) B2

The steady state diffusion of one gas through argkstagnant gas,

Here,Ng = 0 the above equation can be simplified as follows:

N =_D.PdC, __ D, dp, _ D,P dp ’g
A p. dZ RTp, dZ RTp dZ '

Integrating between the limi& andZ; in the direction of diffusion:
— DVP n pBZ
A=
RT(Zz - Zl) Pe1

2.10

The logarithmic mean of the valups, andpg: is given by:
(psz B pBl)

Pey = 2.11
(P )
Pg:1

From Equation 2.10 and 2.11:

= DvP (psz B pBl) DvP Par ~ Paz

2.12
RTZ  pgy RTZ  pgy

It is further simplified to give the below Equation

N, = DP

Inz

RTZ

2.13
Here,Na = n/(Axt) = m/(MxtxA)

In Equation 2.13 the value ™4 is putted and then simplified to give the below
Equation:

20



Inz 2.14

m_ D,PMA
t RTZ

(Letr = m/t) then Equation 2.14 can be written as follows:
(= D,PMA
RTZ

Wherer is the diffusion rate (g/sec).

Inz 2.15

2.3 Diffusion tube/cdl design

The idea of diffusion tube/cell has had been usedhe past for a variety of
applications. The literature study indicates that¢ is no work done on the diffusion
cell/tube specifically for ethanol vaporising imdtrogen gas stream. However, the
work done on other systems is discussed to getdaa of diffusion cell more
specifically the dimensions of the diffusion tuli&erefore, in this section in most of
the cases emphasis will be given on the desighefiffusion tube rather than the

ultimate objective of the work done in the past.

Lee and Wilke (1954) developed an experimentahgeeent to measure the vapour
diffusion coefficient. Interestingly they also detened the diffusion coefficient for
air-ethanol system which is 0.135%sec. Though the experimental arrangement is
complex in nature and consists of many units, havéwe diffusion tube used in this
setup has dimensions of 1.75cm diameter and 17agthe In this experimental
arrangement the diffusion tube dimensions are s&lean a random basis, however
it is useful to have reasonably large diametersnsure the weighable evaporation
loss in a rational time period without the extreimrruption by the gas flow inside
the tube.

Mckelvey and Hoelscher (1957) designed the diffasiell for preparation of dilute
mixture of toluene in air. The design consists sing two 50ml round bottomed
flasks connected by a straight glass diffusion whe&h has diameter of 0.49cm and

length of 10cm.
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Altshuller and Cohen (1960) applied the conceptddfusion tube/cell for the

production of known concentrations of gaseous hgahtmons. They developed two
cells where the diffusion tube diameters are inrdrgge of 11.07 to 11.08mm and
lengths of the tube are between 12 to 14cm. They mcommended that the cross

sectional area of the diffusion tube should bearmt

Miguel and Natusch (1975) developed a diffusion fmel the preparation of dilute
vapour concentration where the vapour concentrataorging from few ppm to
several thousand ppm can be obtained. In this @gpn the diffusion tube having

diameter of 1.1cm and length 8cm is used.

Gautrois and Koppmann (1999) used the diffusiorhogtfor the production of gas
standards for the calibration of gas chromatog@pheasurements ambient air
samples. The experimental setup consists of asiiffuvial (4ml) and a stainless
steel diffusion tube of 1mm diameter and lengthtsvben 10-100mm which depends

on the diffusion coefficient and vapour pressuréhefcompound.

The above study doesn’t provide any informationditranol vaporising into nitrogen
gas stream, however it provides confidence in usime diffusion cell for such
systems. In addition, it also gives an idea in geohthe diffusion tube dimensions

for the current application.

24 Ethanol properties

Ethanol also called ethyl alcohol is a volatil@niimable and colourless liquid. The
following are the main properties of interest inreat work. Some of the important
properties considered during this work are listedrable 2.1 (Wikipedia, Lee and
Wilke, 1954).
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Table 2.1 Properties of ethanol

Molecular formula GHgO
Molar mass 46.07g/mo
Denstty (liquid) 0.789g/cth
Boiling point 78C
Melting point -114C
Saturated Vapour pressure (@20°C 43.5mmHg
Viscosity

(@25°C) 1.074cp
(@20°C) 1.773cp
Vapour Diffusivity (Ethanol-Air system) 0.1356éfsec

2.5 Humidity sensors

Humidity is very familiar term in the literature @uwwan be defined and recognised as
the presence of water vapour in air or any othex. ¢fa detection and control is
becoming more and more important not only for indakprocesses but also for

human comfort.

This concept of humidity and its measurement teqes are reviewed here because
the ultimate objective of this research would befitad the possibility of an
alternative method for measuring moisture conterd gas stream by measuring the
change in flowrate using the chemical engineermgcept of flowrate measurement

and material balances.

In 1986 Yamazoe and Shimizu classified the humidapsitive materials into the
following three main groups

1. Electrolytes

2. Organic Polymers

3. Porous Ceramics
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The humidity sensor that can be used for a rangeppliications should keep
combination of the following properties: good sémgy in wide range of humidity,
quick response, good reproducibility, no hysteresithess to circuitry, tough
durability and reliability, resistance to contammits insignificant dependence on

temperature, simple structure and Low cost.

2.5.1 Techniquesfor humidity detection

There are several methods to measure humidity gasastream. Some of the important

detection techniques, their applications, limitati@nd dew point ranges are discussed here.

2.5.1.1 Mechanical hygrometer

This is one of the oldest techniques for humidiggedtion which is based on the use
of a material which expands and contracts with geam humidity. The most
common materials used in this technique are huna@gmamd synthetic fibres. This
method is very simple and also inexpensive, howavesrvery slow and gives non-
linearity and hysteresis issues which makes it waske for applications where
environmental conditions change rapidly (Vissc2@d0, Car-Brion 1986).

2.5.1.2 Chilled mirror hygrometer

This device is also known as condensation dew pgoigtometer which is based on
the optical technique to determine the dew poimhperature. This type of
hygrometer contains a temperature controlled reflecondensation mirror and an
optoelectronic module. In operation, a sample o @gausually passed through
mirror, the mirror is cooled in a controlled manmstil dew or frost is detected at
which point the optical signal is reflected whichmonitored by the optoelectronic
module. The overall range of this type of hygromete80°C to +100°C dew point.
The highest accuracy is expected to be 0.03°C &0&FO in the range of -20°C to
+40°C (Visscher, 2000). The accuracy of chilledrorihygrometer is quoted to be
as high as £0.1°C (Wiederhold, 1997). The advarstaf¢his method are wide range

of dew points and also provide accurate and raiableasurements. The
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disadvantage of this method is that it requiresuleagmaintenance due to the

susceptibility of the mirror to contaminants.

2.5.1.3 Wet and dry bulb psychrometer

This method consist of two thermometers, one otthig covered with a damp wick
to determine the wet bulb temperature and the otheasures the dry bulb
temperature of the sampled gas. Once the wet gndullb temperatures are known
then the humidity can be found through psychrormoetharts and equations. This
type of technique using thermometers with a tenipegaaccuracy of £0.2°C offers
humidity accuracy of +3%RH when operating over mgerature range of 5°C to
80°C (Wiederhold, 1997).

This is a simple and low cost method, however ther@a chance of error in
measurement because of the large number of vasidiide can affect the results and

should be controlled for accurate measurements.

2.5.1.4 Electrolytic hygrometer

The electrolytic sensors works on the principles-afaday’s laws of electrolysis to
determine the moisture content in the gas streavergtlow PPM range. The cell of
electrolytic sensor is coated with a thin film dfgsphorous pentaoxide,®%) which

iIs an extremely hygroscopic material that absorlbsewfrom the sampled gas at
which point the hydrated pentaoxide becomes conuyeind electrolyzes the water
molecule into H and Q due to the voltage difference between electrodée T
amount of current consumed in this process to digs® the water molecule is

proportional to the amount of water content ingsaepled gas stream.

The range of this type of sensor is 1 to 2000 ppitlr £5% measurement accuracy
(Wiederhold, 1997). The range and accuracy is gutatde as high as 0-3000 ppmv
and +2% respectively (Carr-Brion, 1986). These sypksensors have low limits of
detection and also don’t require any calibrationHowever, some of the

disadvantages includes constant gas flow rate, reghtivity of pentaoxide which
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limits the range of gases, cell is destroyed bydertal water immersion and also

regular regeneration of cg{Carr-Brion, 1986).

2.5.1.5Lithium Chloride (LiCl) hygrometers

This type of hygrometer consists of two metal etmbts coated and separated by
LiCl and the leads of the electrodes are conneieah alternating voltage source.
The moisture in the gas stream is absorbed by wi@ith makes it a conductor that
allows the flow of current through it. The flow errent heats up the sensing
element at which point water evaporates from thHe asad its conductivity drops.
This process continues to point where equilibrisraghieved and it neither takes nor
gives off water. This equilibrium temperature isasered using platinum resistance
thermometer and which is proportional to the watgpour pressure or dew point.
The humidity range is between 10 and 100% at 2@/@, a dew point range of -
40°C to 90°C and the accuracy is £0.5°C (Carr-Brik986).

These sensors are simple, low cost, durable andpatvides measurements of both
dew point and relative humidity. However, its resp® is very slow and can’t
measure very low moisture concentrations which timit use for variety of
applications more specifically for applications wdevery low moisture

measurements is required.

2.5.1.6 Aluminium oxide hygrometers

This is a capacitance type humidity sensor whictoisied by depositing a layer of
porous aluminium oxide on a conductive substratethen coating the oxide layer
with a water permeable but conductive thin golcetayrhe substrate and thin gold
layer are the first and second electrodes of tpadtor with the aluminium oxide as
a dielectric. The water penetrates through the fihmof gold layer and is absorbed
by the porous aluminium oxide layer. The amountwaiter absorbed is sensed
electrically by measuring the change in capacitavitieh is then proportional to the

water vapour pressure.

26



The standard sensors cover dew point between -1288C+20°C which means a
range of around 0.001ppm to 0.2% by volume. Thair@aotes range from £1°C to
+2°C at higher dew points and £2°C to +3°C at -1DQCarr-Brion, 1986).

These sensors operate over a wide range of temapertd pressure and have high
selectivity for moisture, however the main disadege involved is that these
sensors required frequent recalibration to acconatgodgeing effect, contamination

and hysteresis.

2.5.1.7 Silicon hygrometers

This is also a capacitance type humidity sensorsamdewhat similar to aluminium
oxide sensors but using silicon as a sensor mhtasgead. Its application range is
broader than that of aluminium oxide sensors andldvde preferred for most

applications due to its enhanced characterisations.

The dew point range is between -80°C to above +801@se sensors also has a
wide range from below 1.0 ppm to saturation, howelrey are not absolute sensors

and required recalibration (Carr-Brion, 1986).

2.5.1.8 Polymer humidity sensors

Polymer based humidity sensors are classifiedtimtomain categories i.e. resistive
type and capacitive type (Sakai et. al., 1996). fséstive type respond to moisture
variation by changing its conductivity and the capee type respond to water
vapour by changing its dielectric constant. Therafyeg temperatures range is
between -50°C and 125°C and relative humidity ranigetween 0.5% to 100%,
accuracy depends on the humidity excursions e.gceauaracy of around 1% can be

achieved with maximum excursions of 10-20% (Caipir1986).
These are simple, low cost and give a rapid regptmsneasure relative humidity,

however they measure a limited range of moisturdesd and gives hysteresis and

drift issues at high humidities.
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2.5.1.9 Ceramic humidity sensors

These are similar to polymer type sensors in agfiin and performance, however it
shows enhanced performance at high temperatur@alaadffers good resistance to
some inorganic vapours. A porous ceramic sensobéas developed to measure the

concentration of moisture in gases in the rangg0ei00 ppmv (Basu et. al., 2001).

However, these type of sensors show very limitespoase at very low moisture
concentrations and also sensitive to surface deposi

2.5.1.10 Infra-Red (IR) moistur e sensor

It works on the principle of dual wavelength absiamp technique where one
measures the amount of IR radiation at primary wawgth at which point strong
optical radiation absorption is observed and tieoat reference wave length where
no or very little absorption takes place. Humidgythen measured in the form of
transmission ratios at primary and reference wanghes. The range of concentration
that can be measured is between few ppm up to Mi@8wverall accuracy of +1%,
however this is based on the gases used in operatid also chosen wavelengths
(Carr-Brion, 1986).

This method provides direct measurements of wabspr@tion and also covers a
wide range of concentrations; however it is vergensive method and also requires

adequate calibration to get accuracy of +1% (CaiosB 1986).

2.5.1.11 Crystal oscillator sensor

In this method the relative measurement of moistoetent is done directly by
measuring the changes in resonance frequency afosggpically coated quartz
crystals. The change in humidity of the gas resaltshange in the resonance
frequency of the quartz crystals which absorbsesodos water vapour because of
the hygroscopic coating. The range of this measentrdevice is from below 0.02
ppmv up to 100,000 ppmv with accuracy of 1ppm or &arr-Brion, 1986). This
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method covers a wide working range, however it wxgensive and bulky and can’t

be used in-stream.

2.5.1.12 Fiber-optic techniques for humidity detection

The introduction of optical fibre technology hasmpelled the researchers to focus
on fibre optic based techniques for humidity detect These sensors show
additional features like small size, immunity toealomagnetic interference,

multiplexing and remote sensing capabilities as mamed to electronic or

mechanical hygrometers. The techniques includecdispectroscopic, evanescent
wave, in-fibre grating and interferometric methods extensive review on these

methods and their RH ranges has been conducteotiyebg Yeo et al. 2008.

The fibre-optic sensing technology provides anotBpproach to measure the
moisture content, however the operating rangesaandracy are some of the factors

that limit its use in a range of applications (Yatoal. 2008).

This shows that there is variety of techniques tasure the humidity or moisture
content in a gas stream but none of these can afberfect solution to meet with the
ever changing demand in the industry. The litemgtudy indicates that capacitive
and resistive based sensors are commonly usedferedit applications, however
around 75% of the humidity sensors in the curreatket are based on capacitive
techniques (Yeo et. al., 2008, Rittersma, 2002p8¢H1992).

2.6  Psychrometric properties

Psychrometry deals with the determination of thepprties of gas vapour mixtures.
In this section, the general definitions and equegtiused to find the psychrometric
properties from any two independent psychrometaperties of an air-water vapour
mixture along with the atmospheric pressure aregired (Singh et. al. 2002).

Please refer to Figure 7.1 in the Appendix for plsgchrometric chart of air-water

vapour system (Perry’'s Chemical Engineering).
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2.6.1 ldeal gaslaw

It represents the equation of state of a hypothktdeal gas and which provides a

good approximation to the behaviour of many gaseeumany conditions.
PV =nRT 2.16

2.6.2 Saturation vapour pressure
The saturation vapour pressure is an importantnpetex in calculating other

psychrometric properties.

The following equations can be used for calculathmgsaturation vapour pressure at
the mentioned specific temperature range:

P =610.78exp1 29T 2.17
' 237.3+T

(0'C <T < 630°C)and 61078Pa< P,_, or P, < 2287052Pa)

The above equation can be used to calculate saturspour pressure as a function
of temperature and also it can be used the other reand for calculating
temperature as a function of saturation vapourspireswithin the mentioned limits

for temperature and pressure.

2.6.3 Humidity ratio

It is the weight of the water vapour in kg/kg oféir and can be determined by the

following equations.

W= Mass of weer vapour(m,) _

Mass of dy air (m,) (P%T)a " PR,

(The values of V and T are same for water vapodrdag air)

062199,
P-P,

(P%T)W _RR _ (%)PW 2.18

, 4 >

w

W = 2.19
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Where,(%) is the ratio of mole masses of air and water (0982

Equation 2.19 can be rewritten for actual vapoesgpure:

b PW
Y 0.6219¢+W

2.20
2.6.5 Relative humidity
It is the ratio of actual vapour pressure to saéwravapour pressure at the same

temperature and mathematically can be represestéallaws:

w 2.21
P,.T

ws " a

y:

2.6.6 Dew point temperature

The dew point can be defined as the temperatureenthe water vapour in a volume
of humid air at constant barometric pressure walhadense into liquid water. The
dew point temperature can be calculated by usingra#on vapour pressure

Equation (2.17) and putting the value of actualowappressure R,) or saturation

vapour pressure at dew point temperature.

2.7 Solid desiccant dehydrator

Solid desiccant is an adsorption process in whadedhe water molecules are taken
out from the gas stream and held on the solid sarféhis is a physical phenomenon
and doesn’t involve any chemical reaction unlikeabtion process. The adsorption
process depends on the operating temperature asbyve of the system, for
example increasing the system pressure and decgedbie temperature the
adsorption is likely to increase and vice versdrfieum Extension Service,1972).
One of the main advantages of using solid desicsathtat lower dew points and be
achieved over a wide range of operating conditidmssides, there is no risk of

corrosion or foaming in the system.
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2.7.1 Propertiesof solid desiccants

There are some of the important properties thatlia slesiccant should posses to
achieve its desired target in the economical wagh{kand Nielsen 1997).

= Large surface area for high capacity and high nrassfer rate

» High bulk density and activity for the componertse removed

» Must be easily and economically regenerated

= There should be little resistance to gas flow tedbthe pressure drop

= Must have high mechanical strength to resist cngshind dust formation

= Must be economical, non-corrosive, non-toxic aneneically inert

» Must retain strength when get wet

2.7.2 Typesof solid desiccants
The most commonly used desiccants for gas dehgdrais follows (Campbell,
1984., Aitani, 1993):

2.7.2.1 Alumina-based adsor bents
These type of adsorbents include impure naturaiguoing materials such as

bauxite and purity activated aluminas derived figais/crystalline materials.

2.7.2.2 Molecular sieves

This type includes synthetic zeolites with extregnatiform pore dimensions.

2.7.2.3 Silica-based adsor bents
This includes activated silica gel and special falations which contains a small
fraction of other components.

2.7.3 Selection criteria

In general the selection of adsorbent for a pddrcwperation is an economic
exercise (Gandhidasan et. al. 2001). However, tineeiot work looks at an adsorbent
which can remove moisture content at a very lowceotration in a gas stream.

Therefore, based on the operating conditions, ab#ity and requirement of the
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current work silica gel and molecular sieves &elyi to be the competent adsorbents

which can remove the moisture content at a veryléms|.

The effectiveness of adsorbent is described hesetqushow its suitability for the
removal of water vapours from humid air. The carlboolecular sieves can adsorb
substantial amount of water from the air streaminghe range of 400-450mg per
gram of adsorbent (F.Patrycja et. al 2005).

2.8 Application of microplant technology (M T)

Microplant technology (MT) is defined as the apgtion of a DPT, resistance tubing
and empty tubing to measure extremely small chaimglew rate. This technology
has already been applied to a number of applicstioreasurement of the adsorption
of binary gas mixtures on molecular sieves, measen¢ of reaction rates and
conversions, measurement of viscosity of gas mestand measurement of volume
of mixing (Heslop et. al. 2008, Heslop et. al. 20B@slop et. al. 1997, Mason et. al.
1998).

In this section, the concept of MT is introduced dsfining the work of Mason,
Buffham, Heslop and Zhang. They developed a Mi@opto measure the changes
in viscosity and flowrate. The following Figure ZBows a very simplified diagram
of their experimental setup. It consists of fivenpmnents the main gas flow enters
the upstream capillary choke A at constant prestuseis the point where most of
the pressure drop occurs. The gas then passegthualve B and enters the delay
line C where very little pressure drop occurs. Afiassing through the delay line the
gas then passes through the downstream capillaskeck at which point only 1%
pressure drop occurs and after which the gas tkeapes to the atmosphere. The
pressure transducer D measures pressure just apstethe downstream choke E.
The operating philosophy is such that initiallytiate zero gas is passed through the
system and valve B is closed. When the pressudg at © stabilizes as shown in
Figure2.3then valve B is switched to add small flow of pepation gas (around 1%
of the main flowrate) into the main stream at whptint the pressure sensed at D

increases which is represented by p (1) in the
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Figure2.3 which in other words is the increase in flow. Thev composition of gas
when reaches the downstream choke E the pressudechtinges again at which

point it represents the increase/decrease in \tycas shown in

Figure2.3 (Mason et. al. 1998).

_, A B
Main Flow /\/\, m
Sma flow of

perturbation gas

Figure 2.2Simplified Microplant for flowrate and viscosity m&urements

Viscosity inaeases

P(2)
p(1)

s~.
-

P(2)™

I Viscosity decreases

Pressure

p(0)

Add perturbation

—_—
Time

Figure 2.3 Response of pressure transducer withtiar in flowrate and viscosity
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2.8.1 Analysis

In Figure 2.2 initially when the capillary choketa@as a flowmeter then;ipo is
proportional to the increase in the flowrate anterleon when it behaves as a

viscometer thenjp; is proportional to the change in viscosity.

The mathematical representation of the above felksvs:

4~ k0 2.22

dz

Where, Q is the volumetric flowrate,u is the viscosity andKc is a constant

depending on the characteristics of the tube.

For Ideal gas:
0= MRT 2.23
P,
Where,M is the molar flowrate of gag; is the pressure at disctangel absolute

temperature anR is the gas constant.

Combining the above Equations, the longitudinalspuee can be expressed as

follows:

P, ddpiz = -K MMRT 2.24
Z

Integrating Equation 2.24 gives:
p®> - P2, = 2KUMRT 2.25

Where K=KL, hereL is the length of the tube ampds the pressure at the inlet of the
downstream capillary chokePgpr is the outlet pressure of the downstream of

capillary choke.

The inlet pressure changes due change in flownate véscosity and this can be
represented as follows:
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If the inlet pressure is raised ip due to change in flowratéM and viscosityodu

then Equation 2.25 can be represented as follows:

(p+0p)* — P?err = 2K(u + du)(M + SM)RT 2.26

Subtracting Equation 2.25 from Equation 2.26:
2pop + (60p° = 2K(uK( + Mdd + oMI)RT 2.27

This is a second order Equation where the secoddr derms are small for small

changes, therefore it is simplified further:

2mp oM ou 2.28
(P"—Par) M H

Using Equation 2.28 for first step change in Fig2u& (6u = 0)

2p0(p1 B po) - oM 2 29
(pg - PBZPR) M

Using Equation 2.28 for second step change in Eigus: (oM =0)

2p,(p, — Py) — 5_/1 230
(p12 - PBZPR) Hu

The ratio of Equation 2.29 and 2.30 results inftillowing Equation:

PP, ~ P1) (P — Papr) _ M 0 a1
PP = Po) (P = Pég) 1 M

If the capillary and pressurepo( pi, p2) step sizes are selected such that

P, =P, = p,and p02 - P|32PR = p12 - PI32PR'
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(P2~ Py) _ M du 2.32
(pl - po) u oM

Please refer to Reference Mason.G et. al. (1998h&very detailed description.

2.8.2 Scopeof MT in current research

In this project, an effort is made to investigateether the same Microplant could be
modified and then integrated with a diffusion dellmeasure the evaporation rate of
ethanol into nitrogen gas stream. This researchdcba then further extended to
develop an alternative detector for moisture caniera gas stream which could be
achieved by developing an arrangement in which tagsis added to a dry gas
stream, then passed through a suitable solid degicand measure the reduction in

flow rate - this reduction should then give the statie content.
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Chapter 3 Methodology

3.1 Introduction
In this chapter the methodology behind developihg Microplant for steady

baseline and then modifying it and adding a strera small flow of perturbation
gas and also integrating it with the diffusion cate discussed. The process flow
diagrams and operating philosophy of experimergtls for baseline line, adding a

small flow of perturbation gas (Nitrogen) and dgifon cell are also discussed.

3.2 Experimental arrangement for baseline

The following Figure 3.1 shows the experimentabagement for the baseline. It
consists of nitrogen cylinder which provides theinmidow of nitrogen gas, Porter

Mass Flow Controller (MFC, Type VCD1000), Porteegsure Regulator (PR, range
0-60psi), Porter Back Pressure Regulator (BPR, @ad@0psi), High Resistance
Block, Furness Control DPT (types: £1000 mO) Low Resistance Block and a
second Porter Back Pressure Regulator (BPR, rai3gp$).

The system is arranged in a twin sided mode as showigure 3.1, the main reason
for which is to maintain a steady baseline from ahhto measure the changes in
flow. The experimental setup consist of allowing thitrogen gas to flow through at
pressure regulator at which point the pressuretisos40psi and then allowed to pass
through a mass flow controller which controls thass flow of nitrogen and can
deliver a range of flow rates. This first downstreback pressure regulator maintains
a constant upstream pressure and the excess feomass flow controller is directed
to vent through a rotameter. The flow is then elgudivided and flows through brass
block containing large flow resistances to setfibs and the purpose of block is to
act as a thermal mass. The DPT measures the predifierence between the main
and reference side. Further downstream is the lrlas& small a flow resistance to
measure the flows and the purpose of the block &t as a thermal mass. The back

pressure regulator at the end maintains a conisti@h{pressure.
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The connecting tubing is made of nylon (1/8inchgl #me whole experimental setup
is enclosed in a metal box to ensure that the sys&ehermally insulated.

The experimental data is measured using DPT ( Bp@332) supplied by Furness
Controls with a range of £1000mm@. The experimental data is recorded using a
Pico ADC-24 (24bit) data acquisition system.

Back Pressure Regulator (BPR1) maintains a constant
upstream pressur®y(): excess from MFC is directed to
vent through rotameter.

Downstream Back Pressure

Regulator (BPR2).
Brass block containing “large” ﬁrass bl_ock containing “small”
flow resistances to SET the flows. ow resistances to MEASURE

|mm ) jmm . the flows. jm——————— |

| . | | |

| | I Pg I — | |

I | I I N eeenl

i i T i P
I

I

— L e o

| I A | |

: : | | | - > | :

| | | ay | | — |

i i : : [

I | | Pa | | |

[ | [, I |, I

Mass flow controller® Differential pressure transducer
(MFC) delivering a (DPT)Pgmeasures difference
constant value.
betweerP, and Pg. il

Vent to atmosphere
Main Flow of Nitrogen from gas

cylinder — the pressure is maintained at
40psi through Pressure Regulator (PR).

Figure 3.1 Experimental arrangement for baseline

3.3 Experimental arrangement for adding perturbation gas

The system described in Section 3.2 for the basetirmodified (Figure 3.2) to add
small flow of nitrogen gas which has flowrate oband 1% of the main flowrate.
This system is developed by making a connectiom filee main flow of nitrogen gas
and then fitting a mass flow controller and disgeavalve on the stream carrying
this perturbation gas. When the valve is openéittaty that the DPT signal would
change because of an increase in theafd when the valve is closed the system
would approach towards its baseline. This expertalesetup is not the ultimate
objective of the current research project, howatgrovides an understanding in
terms of the expected response from adding ethaaqmburs into the main flow of

nitrogen gas.
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Back Pressure Regulator (BPR1) maintains a constant
upstream pressur®(): excess from MFC is directed to
vent through rotameter.

Downstream Back Pressure

Regulator (BPR2).
Brass block containing “large” ﬁésfiezlgfgngggt?én":]A?E;ssn&??llé
flow resistances to SET the flows.
|mm ) R . theflows.  ________ '
| o | |
: : | PB | _— I
| | i | |
i i e i o

I

— | | | | |
! ! ! DPT ! i D
| | | . b
! ! 5 ! o7
| | I I
| | Pa | | |
A A | e 1

Mass-flow controller ® [ Differential pressure transducer
MFC - 1) deliveri i
( const)anf\:\glatzgg a Mass-flow controller (DP'IB PBmeerguresd glfference
' (MFC - 2) delivering a etweerP, andPs.
constant value.
® Vent to atmosphere
3-Way valve R
is fitted here. ONJOEF Valve

Main Flow of Nitrogen from gas
cylinder — the pressure is maintained at
40psi through Pressure Regulator (PR).

Figure 3.2 Adding small flow of perturbation gasi main stream

3.4 Integration of Microplant and diffusion cell

The experimental set-up described in Section 3igtegrated with the diffusion cell
(Figure 3.3) to add a vapour flow of ethanol irtte main flow of nitrogen gas. This
is achieved with a T-piece fitting which connea thbing carrying the main flow of
nitrogen and the outlet diffusion tubing of the aethl container. The container
volume is 150ml which is filled 75% of its total mone with ethanol (95% pure), the
ethanol vapours flows through a 12.7cm (5inch)udibn tube having 3.175mm
(1/8inch) diameter. At the middle of the diffusitube there is on-off valve which
could be opened to admit the vapours flow and daserevent the vapours flow.

The main purpose is to see a step change in thedizff@l when the valve is opened.
When vapours flow through the diffusion tube anthoangle with the main flow of
nitrogen gas it results in an increase ip. Hhere are many potential design
parameters that are likely to affect the DPT respdior example surface area of the
ethanol container, distance from the liquid surfasethe main flow of gas and

volume of vapour space.
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Back Pressure Regulator (BPR1) maintains a constant
upstream pressur®(): excess from MFC is directed to
vent through rotameter.

Downstream Back Pressure

Regulator (BPR2).
Brass block containing “large” ﬁrass block contannn&%;ssrrtﬂl;’z
flow resistances to SET the flows. ow resistances to
m——————— ) fm | the flows. O — |
| . | | |
: : | PB | ——— | I
| | | | 1!
! ! Y T
— L e o
| I ! DPT ! | | »)
I : | I | —» | I
| | | PN | | |
(R i T
| | | Pa | I |
| I | | ., 1
Mass-flow controller Differential pressure transducer
(MFC) delivering a@ (DPT) Pgmeasures difference ONJOFE Valve
constant value. betweerP, and Pg.
v

Vent to atmosphere
Main Flow of Nitrogen from gas

cylinder — the pressure is maintained at

40psi through Pressure Regulator (PR). Ethanol container

(Diffusion cell)

Figure 3.3 An integration of Microplant and diffasicell

3.5 Maodified arrangement of microplant and diffusion cell

The system described in Section 3.4 is furtheryseal and then modified to increase
the flow of vapours from ethanol container. To awki this ethanol container is
placed in a water bath (Figure 3.4) the temperadfinghich is maintained at 70°C
throughout the experiment. This system seems taigga constant and an increased
flow of ethanol vapours, however when the ethampours leaves the container it is
likely that vapours will condense when the tempeetdrops in the diffusion tube
and/or in the nylon tubing. Therefore, this expemtal arrangement is not followed
for current study and the main focus is on therayement described in Section 3.4
which is carried out at room temperature and likelygive the required results of

current research.
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Back Pressure Regulator (BPR1) maintains a constant
upstream pressur®(): excess from MFC is directed to
vent through rotameter.

Downstream Back Pressure

Regulator (BPR2).
Brass block containing “large” ﬁrass blpck containing “small”
flow resistances to SET the flows. ow resistances to MEASURE

| ———— | m T the flows. jmmm |
| | | | |
| i Pe — |
| 1 e
i T —
. ! | ]

| I | DPT | | | S

| | |
I | | Em—— :
! o) !
T
| | [ EE— |
| Pa i |
| A S, ! . 1
Mass-flow controller Differential pressure transducer
(MFC) delivering a 029 (DPT)Pgmeasures difference ON/OFE Valve
constant value. betweerP, and Pg.

. Vent to atmosphere
Ethanol container

(Diffusion cell)

Main Flow of Nitrogen from gas
cylinder — the pressure is maintained at
40psi through Pressure Regulator (PR).

Constant temperature b:

Figure 3.4 Modified system of integrated Micropland diffusion cell

3.6 Determination of vapour concentration
The experimental system was first calibrated byiragleshitrogen perturbation flow
(~1% of the main nitrogen stream flowrate) into thain stream of nitrogen gas
which resulted a step change in the DPT signals Thiange in DPT signal was
recorded and compared against the change in DRfalsgaused by adding the
ethanol vapours into the main stream of nitroges1 ga

The ethanol vapour concentration in the nitrogensieeam is calculated as follows:

Ethanokvaporatio rate= Y x [Flowrateof Nitogenga§
X

Where,
xis the change in DPT signal due to adding smal fd nitrogen perturbation gas.
y is thechange in DPT signal due to the addition of etharagour to the nitrogen

stream.
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Chapter 4 Results and Discussion

4.1 Introduction

In this chapter the theoretical and experimentathods to determine the typical

evaporation rate of ethanol into nitrogen streamdiscussed. The results achieved
from running different experiments on the experitaé@arrangements described in
Chapter 3 for baseline, adding small flow of nigoggas into the main stream and
adding ethanol vapours into the main stream ofogén gas are analysed and
discussed.

4.2 Theoretical method

The typical evaporation rate of ethanol is caladabased on the theoretical method

described in Section 2.2 of Chapter 2.

Diffusion tube lengthl() = 5inch = 12.7cm
Diameter of diffusion tubed = 1/8inch = 0.3175cm
System Pressur®) = 760mmHg =

101.3*10Pa
System temperaturd) = 24°C
Cross sectional area of tub@/4 (cf)) = 0.0791
cn?
Gas constantR) = 8314.472*19
Pa.cni/mol.K
Saturated vapour pressure of ethanol @2#¢£ 43.5mmHg = 5798Pa

Diffusion Coefficient (Lee and Wilke, 1954p) =
0.135cri/sec

Molecular weight of ethanoM)
46.07g/mol

Diffusion rate =r =?
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Diffusion rate equation:

_ DPMA
RTL

Inm7 4.1

Where, n= Pressure ternP{(P-R.))

By putting the value of pressure term Equationdedomes:

r= IDPMAIn P 4.2
RTL ((P-P)

Using the above date and Equation 4.2
r = 9.36975*1Fg/sec

This is the evaporation rate of ethanol based ossrflaw. The volumetric flowrate

can be calculated as follows:
The ideal gas equation is given as:
PV =nRT 4.3

(Wheren = m/M, and density is the mass per unit volume)

PM
PM = pRTor p=—— 4.4
p =

Based on the above data the density of ethanoluwragam be calculated as follows:

5798Pax (46.07g/md)
(8314x10°Pa.cni/mol.K) x (297.16K)

= is 0.181x1Gg/ml.
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Volumetricflowrate= W 45
Density

Using Equation 4.5 the theoretical evaporation @teethanol is predicted to be
0.052ml/min.

4.3 Experimental method

In this section the results achieved from runninguage of experiments on the MT

alone and its integration with the diffusion cek @iscussed and analysed.

4.3.1 Basdine

A number of experiments are run using the expertalenrangement for baseline as
described in Chapter 3. The followirkigure 4.5hows the result achieved for the
baseline. It can be seen thaFigure 4.1that all points are in the range of 0.02mV.

29.280

M
BN Ll R

29.255 : 1

29.275

29.270

DPT signal (mV)

29.250
0 100 200 300 400 500 600 700 800

Time (seconds)

Figure 4.1 Standard baseline using DPT (+1000n@)H
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4.3.2 Adding a small flow of perturbation gasinto main stream

As explained in Section 3.8 adding a small flowpefturbation gas would cause an
increase in flowrate which as a result would inseedhe pressure. Our study
indicates that the perturbation flow is normallyflatv rate of around 1% to that of
the main flowrate. In the current experimental agement, adding a small flow of
perturbation gas (nitrogen) into the main streamniifogen gas increases the

pressure and this can be noticed as a step indreés® DPT signal.

In Figure 4.2 it can be seen very clearly that when valve is opened there is a
sudden step change (increase) in the DPT signattendystem approaches toward
baseline when the valve is closed.. The spikes shiowthe below Figure 4.2 are
caused by the noise level that has been recordedeblPT and can be minimised

by reducing the noise level.

29.00
28.80
28.60
28.40
28.20
28.00
27.80
27.60
27.40
27.20
27.00
26.80
26.60
26.40
26.20
26.00 I

25.80
25.60
25.40

25.20 :

DPT Signal (mV)

25.00
24.80
24.60

0 100 200 300 400 500 600 700 800 900 1000
Time(Sec)

Figure 4.2 Adding perturbation flow (0.5ml/min) entmain stream (52ml/min) - DPT
(x1000mmHO)
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4.3.3 Microplant and diffusion cell
In this section more or less the same responsepecéed as noticed in Section 4.3.2.

The below Figure 4.3 shows a typical response whenvalve is opened. In this
experiment the valve is opened at around 40sedleerdleft opened until 400sec at
which point the valve is closed. It can be seentiere is a sharp step change in the
DPT signal as the valve is opened and the systean #pproaches towards it
baseline. The noise band in this case is in thgeaf 0.5mV.

29.50 i i

29.00 T T T T T T T T 1
0 100 200 300 400 500 600 700 800

Time(Sec)

Figure 4.3 Effect of opening the valve on DPT Signa

4.3.4 Calculating experimental ethanol evaporation rate

To find out the rate of evaporation of ethanol whiee valve is opened sensitivity

analysis is carried out. In this analysis the rdedrdata of Figure 4.3 is analysed and
compared with the results achieved from addingti@gen perturbation gas into the

main stream of nitrogen gas in which case the f&d&vof nitrogen perturbation gas is

known (0.5ml/min). This comparison would help tdetenine the evaporation rate of

ethanol from the current diffusion cell into theimatream of nitrogen gas.

First taking Figure 4.2into consideration where the perturbation gas flate is

0.5ml/min. In this case when the valve is opened-HiOsec the DPT signal is
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increased from 24.64mV to 25.25mV. This indicatest twhen perturbation gas is
added at a flowrate of 0.5ml/min the step changthéDPT signal increases by a
value of 0.61mV.

Similarly, in Figure 4.3 in which case ethanol vapoare added into the main stream
of nitrogen gas. In this case, when the valve isned at 40sec the step change in
DPT signal increases from 29.88mV to 29.90mV aral glistem then approaches
towards it baseline value. This indicates thatehsrstep change of 0.02mV in DPT
signal which happened because of adding ethana@uwapnto the main stream of

nitrogen gas.

However, the ethanol evaporation rate is not knatihis stage which resulted a
step change of 0.02mV in the DPT signal. Thereftings rate is calculated by
making a comparison between the dataFigire 4.2and Figure 4.3. This can be

achieved through a simple mathematical equatiateasribed in Section 3.6.

Ethanol evaporation rate = (0.5x0.02/0.61) = 0.04a3in

This value of 0.0163ml/min indicates the typicalapweration/diffusion rate of

ethanol from the current diffusion cell.

4.3.4 Comparison of theoretical and experimental results

Analysing the results achieved from both theorétca experimental methods it can
be seen that the evaporation rate by theoretic#fhodels 3.2 times greater than the
evaporation rate through experimental method. He@wethis discrepancy can be
reduced by refining the data and also applying mimn design changes to the
current diffusion cell more specifically changirgetdimensions of diffusion tube i.e.
increasing the diameter of diffusion tube and akstucing the length from liquid

surface to the main stream of nitrogen gas.
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Chapter 5 Conclusions and Future Work

51 Conclusons

A vaporiser (diffusion cell) is designed and deyeld that gives a flow of vapours
(ethanol) into a gas stream (nitrogen) at normahperature and atmospheric
pressure. This diffusion cell is then integratethwinicroplant technology to measure
the evaporation rate through change in flowratee €waporation rate of vapours
(ethanol) into nitrogen gas stream is also predi¢keough theoretical method and

compared against the results achieved from expatahsethod.

In terms of experimental arrangement, a microplardeveloped and a number of
experiments are run for the baseline which indt@aoise band of around 0.02mV
(0.2Pa) using Furness Control DPT (x1000my@H The microplant is then

modified to add a small flow of perturbation gagr@gen) into the main stream of
nitrogen gas. This is just to see and make surethiese is a step change in DPT
signal due to increase in pressure when a sma¥l &operturbation gas (nitrogen) is
added into the main stream of nitrogen gas. Tordwte the evaporation rate of
ethanol the microplant is then integrated withdifeusion cell in which case ethanol

vapours from the diffusion cell are added intoriesin stream of nitrogen gas.

The results indicated that when the valve restricthe perturbation gas (nitrogen) is
opened and a small flow of perturbation gas (0.Bnm) is added into the main
stream of nitrogen gas (52ml/min) then there ise@ shange in the DPT signal i.e.
the pressure increases when the perturbation gaddiesd. However, when the valve
is closed there is sharp decrease in the DPT seymalthe system then approaches

towards the baseline.

Similarly, when ethanol vapours are added intorttaén stream of nitrogen gas the
step change of 0.02mV was noticed in the DPT sigdased on the step changes in
DPT signal from adding perturbation gas and adeéitmgnol vapours the calculated

ethanol evaporation rate is 0.0163ml/min.
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In light of the results achieved from theoreticabéthod it was found that the
evaporation rate of ethanol is 0.052ml/min. Howeft®m experimental method the
diffusion rate of ethanol into the main stream @fagen gas is only 0.0163ml/min.
Comparing both results the evaporation rate predithirough theoretical method is
3.2 times greater than the evaporation rate byraxpatal method. This discrepancy
is large and can be reduced by applying designgd®sto the current diffusion tube
I.e. increasing its diameter and reducing the ditafrom the liquid surface and the

main stream of nitrogen gas.

It should be noted that in the current experimémése was noise impact even when
the valve was closed. This noise impact was inegagen the valve was opened to
add the ethanol/perturbation gas to the main strefanitrogen gas. This noisy data
makes the reproducibility of the experiments diffic Based on this the valve

closure experiments are preferred because it avi@pressure spikes.

5.2 Futurework and recommendations

In the current work diffusion tube having dimensmil/8inch (3.175mm) diameter
and length 5inch are used, however in future aeladiameter should be selected
which can allow a smooth flow of ethanol vapour® ithe main stream of nitrogen

gas.

Secondly, the distance between the liquid surfamethe main stream of nitrogen
gas should be reduced which could be achieved Hycreg the length of the
diffusion tube. The ethanol container used in therent work isn’t uniform in

dimension, however in future a container shouldsbkected which is uniform in
dimension and also provides sufficient surface ateghich point there is possibility

of more evaporation from the liquid surface.

In the current integration of microplant and diffus cell a suitable adsorbent should

be fitted downstream which would remove the moestontent in the gas stream and
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then the remaining moisture content would be measuwising the chemical
engineering concepts of flowrate measurements aaermal balances. This would

give an alternative method of moisture measurerateatvery low level.

In the current work there is a noise impact andabse of that noisy data is recorded
which in most of the cases misleading an obseiMegre should be an option in the
Pico software which only records the actual dat#éhefexperiment and ignores the
noisy data. Filtering the data would be an optlwwever this option only considers
a range of data rather than taking the actual @xjgetal data into consideration and
ignoring the noisy data. In future, an effort slibbke made to further minimise the

impact of noisy data.
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