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(ABSTRACT)

An instrument (differential flow water meter) to measure
the water vapor concentration in stack gases was developed.
This is intended for use as a standard reference as well as
a practical method for the determination of the moisture
content of stack gases from wood stoves. The accuracy of the
instrument was tested by generating gas mixtures with known
water vapor content and comparing the measured concentrations
with the actual values.

Several tests were made under actual operating condi-
tions, i.e., testing the water wvapor concentration of stack
gases from a wood stove under different firing conditions.
The accuracy of the results was further checked by weighing
the condensed catch and comparing the measured and predicted
values. For each of the tests a wet and dry bulb technique
was also used to measure the stack gas moisture content. A
comparison of the results obtained using these two methods
and the WHA (Wood Heating Alliance) standard method was also

done. The results show that the wet and dry bulb method



overpredicts the moisture content as compared to the differ-

ential flow water meter.
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Nomenclature

A = area of cross section of nozzle, ng
o] = constant of proportionality for LEWM
CD = discharge coefficient for orifice plate of DEWM
AH . = average pressure-drop, kPa
L = 1length, m
m = mass, kg
N = viscosity, kg/m-s
ﬁGl = wet flow rate, kmol/min
ﬁGz = dry flow rate, kmol/min
n = number of chemical species in a mixture
Pbar = barometric pressure,abs, kPa
AP = pressure-drop, kPa
Q = volume flow rate, cc/min
Re = Reynolds number
R = radius, m
p = density, kg/m3
P = vacuum at inlet to nozzles, kPa
b4 = mole fraction of a species in a mixture
= mole fraction of water'vapor in a wet mixture
v = volumetric flow rate, m3/min
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1.0

1.1

DOE

INTRODUCTION

GENERAL

This development of a water vapor sensor was a part of a

sponsored project (contract DE-AS0O5-83CE23858) (1) to

develop technology for efficiency measurement of wood burning

and

other solid fuel appliances. Accurate measurement of the

water vapor concentration history of wood stove stack gases

is

necessary to

Estimate the heat losses from a wood stove accurately.
The sensible enthalpy of the flue gas sample depends on
the specific heat of the mixture and hence on its
moisture content. Traditional stack loss methods (1) de-
termine the moisture content assuming that all of the
hydrogen in the fuel is converted to water vapor and
methane. This assumption is incofrect however, as some

of the hydrogen is also converted to hydrocarbons other

. than methane. Since these hydrocarbons are not considered

in the estimation of the moisture content, there may be
some errors in the calculation. The preferential evolu-
tion of water vapor in the earlier part of the burn cycle
is also not considered and the water vapor is assumed to

be evolved uniformly throughout the burn cycle.



2. To convert dry basis gas concentrations to wet basis.
Wet basis concentrations are needed to estimate the flue
gas velocity by the tracer gas method (2). Since meas-
urement of wet basis concentrations is difficult, dry
basis measurements can be made and converted to wet ba-
sis, 1f the water vapor concentration is known accu-

rately.

1.2 EXISTING REFERENCE METHODS

Because of the numerous problems associated with the wood
stove stack gas, such as the presence of condensible
hydrocarbons, high temperatures, etc., a suitable reference
method has not been developed yet. In some wood stove ap-
plications, the 'Method 7 sampling train', developed by the
Oregon Department of Environmental Quality (3), has been used
for this purpose. The major drawback of this method is that
the method is not real time as it gives the average water
vapor concentration over the entire burn cycle. It is also
labor intensive. The wet and dry bulb method has also been

used as a practical method (4).

1.3 RESEARCH OBJECTIVE AND SCOPE

A letter survey of manufacturers of water vapor sensors

was done to find any available sensor which can be used to



measure the stack gas water vapor concentration.  However,
no suitable sensor was found. The objective of this research

was therefore to :

1. Develop a water vapor sensor to be used as a reference

and/or practical method.

2. Test the accuracy of the sensor by comparing its
readings when gases with known water vapor concentrations

are passed through it.

3. Test the sensor under actual operating conditions by
measuring the water vapor concentrations of stack gases
for a complete burn cycle. Simultaneously, the water
vapor concentration history is also measured by the wet
and dry bulb method. Thus the results obtained from these
two methods can be directly compared for the same opera-
tion cycle. Several test runs were made under different

firing conditions.

1.4 A BRIEF SUMMARY OF THE WORK DONE

A literature search for different techniques of measuring
water vapor concentrations was carried out. These methods
were analyzed for their possible use for measuring the

moisture content of stack gases.



Two types of water meters have been developed, both of
which measure wet and dry flow. These flow rates are measured
by creating a pressure-drop due to sample flow and then cal-
culating the flow rate by theoretical or empirical relations.
The main difference between the two instruments is the method
by which the pressure drop is created.

Initially a laminar flow water meter was developed. The
sample gas 1is passed through two coils of tubing and the
pressure drops due to the resistances of the two coils are
measured. A dryer between the two coils ensures wet gas flow
through one coil and dry flow through the other. The con-
centration of water vapor is then calculated as a function
of the pressure drops, the viscosities of the wet and dry
mixtures, and their densities. The major problem with this
method was in calculating the viscosity of the wet mixture.

Therefore a second instrument, named the differential
flow water meter, was developed. The instrument essentially
consists of a pair of sharp-edge orifices, with a moisture
trap in between. A constant dry gas flow rate is maintained,
by means of a pressure regulator an& a needie valve, and the
pressdre drops across the two orifices are measured. The wa-
ter vapor concentration in the sample gas is a function of
these pressure drops.

The condensation of organics or deposition of
particulates in the instruments could cause a drift in the

calibration constants of the instruments. This results in



errors in the calculation of the water vapor concentration.
A filtering system was designed to remove most of the
particulates.

The meter has been tested for a range of concentrations,
and has been proved to be quite accurate. An accuracy of 1.0

moley was desired. Tests show that this has been achieved.



2.0 LITERATURE REVIEW

Before the two water meters were developed, a literature
search was done to evaluate different methods of water meas-
urement. These methods were evaluated for their possible use
as a reference and/or practical method for measuring the
stack gas water concentrations. The following features were

desirable:

. Range of about O to 40 mole ¥%.

N Capability of operating at temperatures of at least 70°C.

. Resistance to contamination from organics and
particulates.

. electrical output.

. real-time measurement.

A brief description of some of the methods of water vapor
measurement is given below. The first subsection gives a
summary of three standard methods of [H,0] measurement in
flue gases. The next subsection examines different methods

of water vapor measurement available with emphasis on their



suitability for measurement of [H,0] in stack gases. A table
at the end of the discussion summarizes the different methods
with respect to their suitability. Several of the methods
surveyed seemed suitable for use but were not evaluated fur-
ther because of the development of the differential flow wa-
ter meter. A more detailed description of these methods can

be found in the ASHRAE brochure on psychrometry (5).

2.1 EXISTING METHODS FOR MEASURING THE [H,0] IN FLUE GASES

2.1.1 WHA STANDARD (1)

The theoretical water vapor concentration history is found
assuming uniform burning as shown below.
From chemical analysis, we know that the composition
of the dry wood sample by mass is approximately 49.3% C, 5.8%
H and balance O.
Assume the composition of wood to be CXH[yOz.(HaO)w

Then,

A Cx Hy Oz . (HZO)W + B(O2 + 3.76 N2) SO

D C02 + ECO + G 02 + H N2 +J H20 + K(CHA)

If we have 100 moles of dry products, then

D mole¥% CO, in stack gas

E mole% CO in stack gas

G = mole¥% O, in stack gas



Performing an atom balance,

Ax = D + E + K

Ay + 2Aw = 23 + 4K

Aw/2 + Az/2 + B = D + E/2 + G + J/2
B = H/3.76

D + E + G + H + K = 100

We have 5 linear equations and 5 unknowns A,B,J,H, K.
The molecular weight of Cvaoz is assumed to be 1000.
Solving this set of equations, we get
J = 31.45 - 0.3652*D - 1.4972*G + 0.2259*E
The concentration of [H,O0] in the stack gas assuming
uniform burning (ie. there is no preferential evolﬁtion of
water vapor) is

[H,0] = J/(100 + J)*100

The dry basis concentrations of 0, , CO, and CO and the ele-
mental composition of the fuel are known. The concentration

of H,O0 can then be calculated.
2.1.2 OREGON SOURCE SAMPLING METHOD 7 (2)
This is a gravimetric method for the measurement of the

water vapor concentration in the stack gas. The sample'gas

is withdrawn isokinetically from the stack and passed through



a series of impingers. The volume increase of the impingers
is noted. The moisture content is determined as follows:

Volume of gas sampled:

od = 17.65*Qm (Po + AH/13.6)/Tm
where
Qm = volume of gas through the meter, CF
Po = barometric pressure, abs., in Hg
AH = average pressure-drop across the orifice,
in H,0
Tm = average dry gas meter temperature, R

The moisture content

m, = Qv / (Qd + Qv)
Qv = 0.0474*Vv
where
Qv = volume occupied by water vapor, SCF
Vv = volume of water condensed in the

impinger, ml
Kowalczyk et.al. (7) have used this method for determining

the moisture content of wood stove stack gases.

2.1.3 OREGON SOURCE SAMPLING METHOD 4 (2)

This is a less accurate method for water vapor measure-
ment. It is recommended for use only to set the nomograph for
isokinetic sampling in the Oregon Method 7. The dry and wet

bulb temperatures are measured Dby thermocouples or



thermometers in the conventional way. The water vapor content
is then determined using high temperature psychrometric

charts. Tiegs (4) has used this method.
2.2 GENERAL METHODS OF WATER VAPOR MEASUREMENT

In general, the water measurement devices can be broadly

classified as
1. Relative humidity type
2. Absolute humidity type

A brief description of some of the sensors under each

category is given below.
2.2.1 RELATIVE HUMIDITY TYPE SENSORS

These sensors utilize materials having a property which
changes in a measurable way as a function of the relative
humidity in the environment. Some of the more common ones in

this category are:

1. ELECTRICAL RESISTANCE TYPE : The change in resistance
of a hygrometer base material is a function of the change

in relative humidity.

10



a.

DUNMORE TYPE (8,9,10) : This uses a polyvinyl
chloride and lithium chloride mixture as electrodes.
Its major disadvantages are that it is easily con-
taminated and the range for a single sensor is low.
Howewer, several sensors can be interconnected to

give a larger range.

POPE TYPE ION-EXCHANGE HYGROMETER (11,12,13) : The
reduction in resistance of a hydrophyllic substance,
due to the release of electrostatically held ions,
is a function of the change in relative humidity.
Range 1is 10-95 9% R.H., and the upper temperature

limit is about 25°C.

ALUMINUM OXIDE SENSOR (14,15) : The combined
changes in the resistance and capacitance of an
anodized Al,03; electrode can be related to the change
in humidity. Problems include hysteresis and errors
due to the presence of highly polar gases. Its range
is from -80°C to 30°C and the instrument is unaf-

fected by standard atmospheric pollutants.

OTHER TYPES : Several other types of sensors have
been developed. The most promising for high temper-
ature applications are the ceramic based sensors

(16). Though these sensors have a number of favora-

11



ble properties, they are vulnerable to atmospheric
contamination. Protective systems developed to mini-

mize the contamination have not been very successful.

CAPACITIVE TYPE RH SENSOR (17) : The change in the
dielectric constant of a thin film condenser and the
changes in its physical dimensions cause variations in
the impedance of the condenser. The change in impedance
is a function of the moisture content of the condenser.

One of the sensors developed consists of evaporated
gold electrodes on the faces of a thin plastic film. Gold
has been used as it is conductive as well as porous.

Its range of operation is 10-100 % RH over a temper-
ature range of -35°C to 80°C. Hysteresis is low and there
is little effect due to contamination from common con-

taminants.

DIMENSIONAL CHANGE HYGROMETERS (18,19) : Substances
like human hair, nylon and certain other fibres have the
property that their dimension changes with a change in
the ambient humidity. These changes are measurable and
can be correlated with the moisture content.

However the accuracy of the human hair and nylon base
sensors is not very good. Using Dacron improves the ac-

curacy to within % 2% R.H. and the range to 0 to 100 7,

12



In a carbon element sensor (20) ,the dimensional
change in a cellulose-carbon mixture, due to absorption
of moisture, causes an increase in the electrical re-
sistance. Its advantages are fast response times, low
hysteresis and high resistance to the presence of free
moisture. A major problem is that ionic impurities tend

to cause significant errors.

WEIGHT CHANGE HYGROMETERS : These sensors are based on
the known relationship between the amount of moisture
present and the weight of a sorbing substance. Inter-
ferences are mainly due to the absorption of condensible

organics.

PIEZOELECTRIC CRYSTAL (21,22) : These sensors use a
piezoelectric crystal with a coating of a hydrophillic
substance. The change in resonant frequency is a function
of the change in moisture content in the environment. The
effect of contaminants can be reduced by selecting suit-
able coatings. The sensor has a very fast response and
high accuracy with a resolution of about 0.1 ppm. But its

range is limited to about 3 mole ¥%. H,O.

13



2.2.2 ABSOLUTE HUMIDITY SENSORS

While the previous types of sensors measured the change

in moisture content, these sensors measure the total moisture

content at a given instant, or the average moisture content

over a period of time.

1.

DEW POINT SENSORS (23,24,25) : These instruments de-
termine the dew point i.e. the temperature at which
condensation starts to occur.

They can be either manual or automatic depending on
the type of control used to monitor the temperature. The
presence of condensate is usually detected by optical
means.

Accuracy is between * 0.2°C to 2°C and possible range
of operation is from -70°C to 80°C. The response time
is between a few seconds and a minute. The major limi-
tation of the sensor is that the presence of other

condensible gases causes erroneous results.

ADIABATIC EXPANSION TYPE : When a gas 1is expanded
suddenly, its temperature drops. Therefore,. for a gas-
vapor mixture, if the temperature drop is just sufficient
to cause condensation to begin, then the dew point of the
entire mixture can be found from the perfect gas re-

lation. The initial temperature, final pressure and ra-

14



tio of specific heats of the gas are known. The initial
pressure required to produce condensation is found by
trial and error. From this the final temperature (dew-

point) is calculated.

SURFACE CONDUCTIVITY (26) : The surface conductivity
of an electrical insulator increases as its temperature
approaches the dew point temperature. The conductivity
is maintained constant by varying the temperature. The
dew point temperature is derived empirically from this

temperature.

LITHIUM CHLORIDE SENSORS (27,28,29) : A lithium
chloride solution on a base material such as glass fibre
is wused as an electrode. This solution has a
characterstic vapor pressure which is a function of its
temperature. When a salt crystal 1is exposed to water
vapor at a relative humidity below that of its phase
transition, the electrical resistance of its surface is
very high. As the RH increases to that corresponding to
the initiation of a liquid phase on the surface of the
crystal, the electrical resistance will decrease rapidly.
The decrease in electrical resistance 1is reversed by
heating to reduce the ambient RH. In one version, AC
electrical current is furnished to the salt so that it

can be brought into phase-transition with the surrounding

15



air by resistive heating and can be maintained there by
a self-regulatory mechanism. The temperature attained
is related to the dew-point.

Range and accuracy are about the same as for the dew
point sensors. The operation of the sensor is affected

because of contamination from salts, ammonia, etc.

WYLIE SALT CRYSTAL (30,31) : The sensor consists of a
potassium chloride crystal with a thin film of its satu-
rated solution, on an electrode. The thickness of the
film and the electrical resistance varies with changes
in the relative humidity of the sample gas with respect
to the equilibrium relative humidity of the salt. The
sensor adjusts the ambient temperature so as to maintain

a constant film thickness.

GRAVIMETRIC HYGROMETER (32) : A measured sample of gas
is passed through a drying train (either anhydrous
magnesium perchlorate, or anhydrous phosphorus
pentoxide). The drying train is weighed before and after
the test to find the amount of moisture collected. If
the drying train is weighed at discrete time intervals,
then it is possible to generate average water concen-
trations for all the time intervals. There may be errors
due to the absorption of condensible organics in the

drying train.

16



7.

COULOMETRIC HYGROMETER (33,34) : A fixed flow rate of
the sample gas through an electrolyte cell is maintained.
The cell extracts moisture from the gas and electrolyses
it. The electrolysing current is proportional to the
water vapor concentration. The range is small (approx. 2
moley, H,0) due to the limitations of the cell in ex-

tracting moisture from the sample and electrolysing it.

CHEMICAL REACTANT (35) : The sample gas 1is passed
continously over heated calcium carbide which converts
the water-vapor present to acetylene. The quantity of
acetylene produced is an empirical function of the re-
sultant temperature on burning the gas. The amount of
moisture present is then determined from the
stoichiometric equation. The range is 0°C to -50°C dew
point. Accuracy and response time depend on the purity
of the chemical used and the accuracy of calibration. The
presence of CO or other combustible products would affect

the final temperature.

CRITICAL FLOW NOZZLES (36,37,38,39,40) : The principle
applied here is that the water vapor present in a wet
sample is a function of the change in pressure when the
moisture present is removed. A pneumatic bridge consist-
ing of four critical flow nozzles is used. The sample gas

flows through two parallel arms. In one arm, the sample

17



10.

is dried out and the change in pressure determined by

comparing with the other arm.

WET AND DRY BULB PSYCHROMETER (1,41) : The dry bulb
thermocouple measures the temperature of the sample gas,
while the wet bulb thermocouple measures the wet bulb
temperature of the gas. The water content is related to
these temperatures.

R.W.Worrall (42) has shown thét the wet and dry bulb
psychrometer can be used for high temperature applica-
tions. Possible errors due to incorrect measurements have
been tabulated (42). The following conditions should be

maintained to minimize errors:

a. Continuous supply of distilled water at temperature

slightly below that of the wet bulb.
b. Radiation shielding on the wet bulb.

c. The proper high temperature psychrometric charts

used to convert the data.

d. The Lewis number is approximately 1. A Lewis number
of 1 indicates adiabatic saturation, and the
psychrometric equations based on adiabatic satu-

ration can be used directly. However, if it is not

18



11.

12.

13.

equal to 1 then the error due to this should be com-
pensated for by the errors due to radiation (41). If
the Lewis number is less than 1, the psychrometric
equations tend to overpredict the moisture present.
Since the effect of radiation is to underestimate the
moisture content, these two effects tend to neutral-

ize each other.

HEAT OF ADSORPTION SENSORS (43) : A Wheatstone bridge
with thermistors imbedded in two small driers is used as
the sensor. The heats of adsorption and desorption are
used to drive the sensor, the output being electrical.
Wet and dry samples are alternately passed through the
dryers. The amplitude of the resulting signal is empir-
ically related to the water vapor concentration.

Range of operation is small ( upto 1 moley H,O0).

HEAT OF CONDENSATION SENSORS (44) : The heat given out
when the vapor in a fixed sémple of gas is condensed out
is a function of the water vapor content of the gas. This
principle is wused 1in constructing the heat-of-

condensation type sensors.

GAS CHROMATOGRAPHY (45,46) The change in thermal
conductivity of the sample gas is a function of its com-

position. This principle is wutilized in the thermal

19



14.

conductivity detectors in gas chromatography for water
measurement, among others. A balanced resistance bridge
is used.

The sample gas is passed through an adsorbing column
which adsorbs the components of interest. When carrier
gas is passed through the column, the various components
are selectively eluted. The eluted sample is passed over
the Wheatstone bridge, and the peaks due to the different
components are recorded. The retention time in the column
is a property of the particular element and the peak

height (or area) indicates its concentration.

INFRA RED SENSORS (47,48,49) : Certain wavelengths of
IR radiation are selectively absorbed by water vapor.
Using the proper windows to isolate this bandwidth, the
resulting attenuation in intensity can be related empir-
ically to the water wvapor concentration. Usually, a dry
reference gas is used as a comparison. The relative
amounts of heating caused by the attenuated and the un-
attenuated beams is a measure of the moisture content of
the sample gas. An alternate method is to use a second
beam of a nearby wavelength which is not significantly
absorbed as the reference, instead of the dry gas cell.

The range of the sensor is at least 40 mole%. Com-
mercially available instruments have a claimed accuracy

of about 1 mole%. Interferences are possible due to other

20



gases which could absorb in the same wavelength regions.

The cost of commercially available instruments is also

quite high ($8000 and higher).

2.3 ANALYSIS OF THE SURVEYED METHODS

Of all the methods described above, the following table

lists those not suitable for measuring the water-vapor con-

centration in stack gases and the reasons.

Dunmore type - Small range, easily
contaminated

Pope type ion-exchange - upper temperature limit is

hygrometers 25°C which is too low

Carbon element sensor - errors due to ionic impurities

Dimensional change type poor accuracy

Ceramic based sensor - vulnerable to

Gravimetric hygrometer absorption of

organics

Piezoelectric ' - range is very

contamination

condensible

small (3 moleY)

21



Dew point sensors - errors due to the presence of

condensible organics
Adiabatic expansion - error in the measurement of

dew point due to the presence

of condensible hydrocarbons
Lithium chloride sensors - contamination from organics

Coulometric hygrometer - small range of operation

Heat of adsorption sensors - small range ( 1 mole¥%)

The following types of sensors in particular looked prom-

ising:

1.

2.

4.

Wet and dry bulb technique

Infrared sensors

Gas chromatography

Gravimetric method

22



5.

Critical flow nozzles

23



3.0 LAMINAR FLOW WATER METER

A laminar flow water meter was first developed for meas-

uring the water vapor concentrations in the stack gases.

3.1 APPARATUS

The apparatus is shown in Fig.l. The sample line is a 5mm
i.d. copper tube of length 1 m approximately. The sample gas
is drawn in through a filtering system which contains a pair
of 15 cm diameter filters maintained at 74°C. The filters
remove the particulates and some of the condensible organics
present in the sample.

The gas 1is then passed through two coils of 5mm i.d.
teflon tubing. A drying trap is present between the two
coils, which removes all of the moisture from the sample gas.
Thus we have dry flow through one coil and wet flow through
the other. The two coils are in a box, maintained at 80°C.
Since the [H,0] in the flue gas is less than 40% max., the
dew-point of the sample gas is also less than 80°C. So, at
this temperature there should be no condensation of water
vapor. This should also prevent the condensation of some
condensible organics i.e. those with dew point less than

80°cC.
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The dry sample gas is then passed through a Horiba MPA-21
oxygen analyzer and an Infrared Industries IR 702 CO/CO, an-

alyzer. From this, the dry basis concentrations of 02, CO,

CO,; in moley, are determined. The balance is assumed to be
nitrogen. The dry sample gas flow rate is kept constant at
500 cc/min.

The entry length is calculated as shown below.
Assuming a dry flow rate of 540 cc/min and 0.5 cm i.d.
teflon coil of length 1 m,
| Reynolds number = 600
Therefore,
Entry length = 0.05 Re D

15 cm

]

3.2 BASIC EQUATIONS OF THE LFWM

The assumptions made are laminar flow, symmetrical dis-
tribution of velocity with maximum velocity at the center and
no velocity (no slip condition) at the walls. The tube is
assumed to be long enough for end effects to be negligible.

Then from the Hagen-Poiseuille law (50),

4
« _mw (AP) R 1
Q= 8 pL '()
where Q = volume flow rate, 63/5
AP = pressure-drop, kPa
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R = radius of tube in m
U = viscosity of the fluid, kg/m-s
L = length, m

Eq. 1 can also be written as

° AP
=C—,
Q ©
4
_ TR
where C = 8L °

“c1 - “c2 e
[H,0] = - x 100 = (1 - ) x 100
n n
G 6

where ﬁG s ﬁG are the wet and dry molar flow rates, respectively.

1 2

The molar flow rate is given by the relation




Therefore, [HZO] = (1 - - ) x 100
Q0
AP, u, p
- (- c2 =L « 100 2)
1 ¥ )

The density, p, 1is calculated from the ideal gas law as

given below
p= (P - 6P - AP/2)*M/RT

The following parameters are measured:

1. AP,,AP,: The pressure drops across the two resistances

respectively, in. H;O0.

2. §68P,,6P,: Vacuum at inlet to the resistances, in. H,0

vacuum.

3. The concentrations of 0,, CO, CO, in the sample gas

4. Dry sample gas flow rate, cc/min.

The viscosities of the dry and wet samples are calculated

and the constant C is known from calibration data. The ef-
fects of curvature on the Hagen-Poiseuille law are accounted

for by the constant C.
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3.3 VISCOSITY CALCULATION

The viscosity of either the wet or dry gas mixture is

calculated from the equation (50)

_ ; i Wy
Hoi x n ’
i=1 T x
121 %5 %5
where constant ¢ is given by
B _1 b1, Mo
% 5 - a+d /2[1+(u—1) /2(3;1) 412
Y 8 j h| i

and n = number of chemical species in the mixture

X = mole fraction

4 = viscosity at the system temperature
and pressure, kg/m-s

B = viscosity of the gas mixture kg/m-s

and the i and j subscripts indicate different

species.

The equation is useful for computing viscosities of non-
polar gas mixtures. For polar gases such as H,0, because of
highly angle-dependent force fields between molecules, this
equation may be incorrect (49).

The components of the stack gas are assumed to be 0,, Nj,

H,0, CO, and CO only. Table 1 shows how the values of ¢
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can be determined. A sample calculation for ¢ .,i=1,j=1..5
is shown in Table 2.

The viscosity of the dry mixture p can be calculated di-
rectly as all of the dry basis concentrations and the
viscosities are known. However, the mole fraction of water
being unknown, the viscosity of the wet mixture cannot be
directly calculated. Therefore, for calculating the water
vapor concentration, a trial and error method is used. An
initial value for [H,0] is assumed and the new concentration
calculated. If the difference between the assumed and the
calculated concentrations is less than 0.1 moleY%, the process
is stopped and the assumed concentration is the required wa-
ter vapor concentration.

A FORTRAN (Appendix B) program has been written, which
does all of these calculations. The constants are read in

from an external file.

3.4 CALIBRATION

Calibration is necessary in order to determine the con-
stant C in egn.[1l]. The constant depends on the internal ra-
dius and the effective length of the tube. C is determined
by passing dry air through the instrument. The values of
AP,, AP,, 6P; and 6P, are measured. The temperature T in the

two resistances is the same. Since the concentration of wa-
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ter vapor is zero, the value of C can be determined as shown

below.

From Egn.1l, with [H,0] = O,

AP, u, p
0= (-5 =20
1 H2 o)
1
Since ul Hy
AP
and =P_=32_5P_2
P=RT RT

where P, = barometric pressure.

The constant C is then

APl

. C=AP1 (P, - & -
. . APZ AP2
(B = 8 =)

31



Table 1. Constants used for determination of the viscosity
of a gas mixture

species dry basis wet basis Mol. wt viscosity

mole fraction mole fraction M u

kg/kmol Kkg/m-s

@350K

CO» X4 X3 (1-vy) 44 17.205

0, X2 X2(1-y) 32 23.16
Nz X3 Xs(l'y) 28 20.0
co X4 X4 (1-y) 28 20.1

H,0 y 18 11.615

mole fraction of H,0 = vy

The dry basis mole fractions of all the components in the
sample and the wet basis mole fraction of H,O are known.
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Table 2. Sample calculation for constant ¢ used for calculation of
viscosity of a gas mixture.

1 1 1.000 1.000 1.000
2 1.375 0.743 0.740
3 1.571 0.860 0.737
4 1.571 0.856 0.735
5 2.444 1.482 0.742
Mi/Mj - ratio of molecular weights
ui/uj - ratio of viscosities, i and j indicate

different species
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3.5. TESTING AND EVALUATION

The accuracy of the system was tested by passing gas
mixtures with known water vapor concentrations through the
system. Measured volumes of propane and bottled air were
passed through a catalyst heated to about 500°C. The volume
flow rates of propane and air were measured by a bubble
flowmeter. Since complete combustion was achieved, the con-
centrations of the components in the product, can be esti-
mated theoretically from stoichiometric considerations.

For complete combustion,
CBH8¥ x(02+ 3.76N2) -—> 3002+ 4H20 + (x-S)HZO + 3.76xN2
where x = (air/propane)/4.76
= oxygen/propane volumetric ratio
Therefore,

[CO, ]

3/(4.76x - 2)
[H;O] = 4/(4.76x + 2)

Table 3 gives the calibration data taken before and after
the test, with dry air. Table 4 gives the values of the
various parameters measured. Table 5 gives the comparison
between the theoretical and experimental values for CO, and

H,0.
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Table 3. Data used for calibration of LFWM.

TIME AP, APy §P1 §Py
in.HZO in.Hao in.HZO in.HZO

Beginning 0.590 0.980 1.2 3.9

End 0.560 0.920 1.2 4.7

The pressure drops were measured using a water manometer.
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Table 4. Test data for checking the accuracy of the LEWM

Air flow C3Hg CO, Co, AP; AP, 6P, 6P2
cc/min cc/min moley) mole¥% 1in. in. in. in.
H,O H,0 H,0 H,0
IR 702 calc
2400 44 .37 3.6 3.4 0.600 0.960 1.3 4.0
0.605 0.965
57.36 4.7 4.4 0.595 0.600 1.3 4.0
0.600 0.940
72.03 6.1 5.6 0.595 0.920 1.3 4.0
0.600 0.925
97.08 7.9 7.7 0.610 0.920 1.3 4.0
0.610 0.910
106.56 9.1 8.4 0.605 0.900 1.3 4.1
0.610 0.910
123.59 10.7 10.03 '0.620 0.910 1.3 4.3
135.71 11.7 10.92 0.620 0.900 1.4 4.7
0.615 0.890
164.79 14.2 13.47 0.640 0.900 1.4 4.8
0.630 0.890
Air flow is kept nearly constant at about 2400 cc/min

for the test.
and is also calculated from theoretical considerations.

[CO,] is estimated by an IR 702 CO, analyzer
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Table 5. Comparison of the measured and calculated [H,O0]
(using the LFWM)

(H0] [H20]

mole pred mole %measured
4. .34 4.23
4.77
5.58 7.19
7.66
6.95 9.66
10.10
9.26 13.22
14.79
10.12 15.15
14.76
11.80 16.88
12.71 18.37
18.76
15.22 22.08
21.55

[H,O0] is from stoichiometric considerations.
pred



3.5.1 EXPERIMENTAL SET-UP

The experimental set-up for testing the accuracy of the
instrument is shown in Fig.2. Measured volumes of propane and
air are passed through the catalyst . The catalyst is in a
catalyst holder, electrically heated to 500°C and controlled
by a temperature controller. A part of the product mixture
is drawn through the instrument by a pump. The dry sample
gas from the instrument is then passed through an IR702
CO/CO, analyzer. A zero CO reading'indicates complete com-
bustion.

Before each test a leak test is done to ensure that there
is no leakage of room air into the system when it is under a

vacuum of about 4.4 kPa.
3.6 DISCUSSION

The measured value of the water vapor concentration is
higher than the stoichiometric value as shown in Fig.3. The
difference ranges from 1 mole¥% at the lower end to 6 mole)%
at the upper end. Figure 4 shows a plot of the theoretical
concentration of CO, versus the experimental values.

A comparison of ﬁhe CO, concentrations from the IR702 ana-
lyzer and from stoichiometric considerations shows good
agreement within the accuracy limits of the IR702 analyzer.

The main reason for the inaccuracies in the measured [H,O]
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could be the equation used for calculating the viscosity of
the wet mixture. This equation is suitable only for non po-
lar gases (50). The presence of water vapor, a highly polar
gas, may have caused the calculated viscosity to be lower
than the actual value (Fig.5). The actual value is estimated
from egn.[1l], the [H,0] being the stoichiometric values from
the calibration experiment.

Figure 6 shows the relation between the viscosity of a wet
mixture and the [H,0]. The viscosity of the mixture is cal-
culated for different [H,0], assuming that the dry basis
concentrations of O0,, CO, CO, and N, remain the same.

The flow is laminar and the entry length is 15 cm for the
coil which is of length 1 meter. The end effects can be ig-
nored however, as the constant C takes care of this.

An alternate method is to plot of the viscosity of the
wet mixture against the theoretical [H,0] (Fig.11). The
theoretical concentration is derived from stoichiometry and
the viscosity is calculated from egn.[1l]. Then a curve fit
can be used to give an empirical relation between the
viscosity of the wet mixture and the actual concentration of
water vapor. This relation can be used instead of egn.[1]
for calculating the viscosity of the wet sample gas. This
should give more accurate water vapor concentrations as the
errors due to incorrect calculation of the viscosity can be

eliminated.
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4.0 DIFFERENTIAL FLOW WATER METER

4.1 INTRODUCTION

Because of the problems associated with calculating the
viscosity of the wet mixture in the LFWM, the differential
flow water meter was developed. In this sensor there is

negligible effect due to viscosity.
4.2 APPARATUS

Figure 7 shows the schematic for this instrument. The
filtering system is the same as in the LFWM. The two resist-
ances in the LFWM are replaced by a pair of sharp-edge
orifices.

The diameters of the two orifices are 0.0813 cm and 0.0940
cm respectively. The pressure-drops across these orifices are
measured by Schaevitz P3061 pressure transducers. A water
manometer is used to measure the pressure at the inlet to
either orifice, using a valve to switch the manometer between
the two. The nbisture trap consists of an ice bath followed
by a column of drierite (CaSO,;). The two orifices are main-

tained at 80°C
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4.3

The

The sample gas is drawn in through the instrument by

ns of a pump. A pressure regulator and a needle valve are

d to maintain a nearly constant dry flow.

BASIC EQUATIONS OF THE DFWM

The following parameters are measured by the instrument:

AP,, AP,; ie. the pressure drops across the two orifices

(in. HZ0);

8P;, 6P,; ie. vacuum at inlet to the orifices (in. H,;O0).

following values are also known:

Discharge coefficients from calibration data

(see section 4.4)

Dry sample gas flow rate (maintained constant throughout

the test) , cc/min

Dry basis concentrations of O,, CO, CO, in the sample

gas, mole %

The concentration of water vapor is
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G G
[1,0] = ———2 x 100
'n
Gl
nG2
= (1 - —) x 100
n
€
where ﬁG = molar dry gas flow rate, kmol/min,
2
and
&G = molar wet gas flow rate, kmol/min.
1

The molar flow rate is

. _ oV
where
3
p = density, kg/m
V = volumetric flow rate, m3/min
M=

molecular weight, kg/kmol.

The volumetric flow rate is

vV = CD /'—E— A

N

where A is the cross-sectional area of the orifice and density

_P _M
P=RT ° ®T



" [8,0] = [1-—=+¢(

4.4 CALIBRATION

CD and Cp are determined by running dry air through the
1 2

system. The general procedure is as follows:

1.

The dry gas flow rate is adjusted so that AP, reads 3.93
Volts (0.39 kPa). The 3.93 Volts corresponds to a dry
flow rate of 550 cc/min. The data acquisition system used
has an upper limit of 4.095 Volts. Therefore 3.93 Volts
would ensure a high flow rate and simultaneously allow
for some fluctuation. The response time of the instrument
is better at higher flow rates. The values of AP, 6P,,
8P, are noted. The dry gas flow rate is determined at the

outlet using a bubble flowmeter, corrected for wet flow.

The dry gas flow is then increased to give values of AP,
from 2.00 to 3.90 volts, in steps of 0.5 volts (i.e. 0.2
kPa to 0.39 kPa), and the values of 6P, and the dry flow

rate are noted.

The discharge coefficients are then calculated as fol-

lows:
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C =
D b
A 2AP
Pinlet
where
A
A= 2
; Ay
1 - ;E- and Pinlet density at inlet to orfice.
1
If 6 = dry flow rate, cc/min
o!
and Q = wet flow rate, cc/min,
3 ( )
. Q (p - P
then § = amb sat .
P
amb

The volumetric flow rate is therefore,

v - 10-6 6 Ei box Pamb
60 s Tamb Pinlet
= PM_ M

Pintet =~ RT - Pamb ~ 1) 77T

10-6 d Tbox Pamb

. 60 Tamb Pinlet

. . C.D = (3)

A 2 AP RT

(Pamb - 8P M

The discharge coefficient for each orifice can be determined from (3).

50



The molecular weight of the dry mixture is given by
M, = 32.0x, + 28.0x, + 44.0x5; + 28.0x,
where X, X,, X3z, X4 are dry basis concentrations of O,,
CO, CO, and N, respectively.
For the wet mixture,
My = Mp*(1l-y) + 18.0*y

where Yy = wet basis mole fraction of H,O

4.5 TESTING AND EVALUATION

Testing of the instrument was needed to check its accu-
racy, especially as no calibration gases containing H,O are
used to get the instrument ready to measure. Gas mixtures
with known water vapor concentrations are generated by burn-
ing different mixtures df hydrogen and air. The product gas
is then passed through the system. The measured water vapor
concentration is then compared withvthe theoretical concen-
tration.

The experimental set up is similar to the one used for

testing the LEWM. Measured volumes of H, and air are mixed
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and passed through a heated catalyst, maintained at 500°C (H,
is used instead of propane as higher water vapor concen-
trations can be generated with H,). Complete combustion oc-
curs and the H, is converted to H,0. The products are then
passed through a heated line (at approx.72°C) to the instru-
ment. The dry flow rate is maintained constant such that AP,
is 3.93 volts (0.39 kPa). The vaiues of AP,, 6Py, 6P, are
noted. The process is repeated for different concentrations
of water vapor.

The theoretical [H,0] and [0,] are computed from
stoichiometry as shown below:

Assuming complete combustion, the chemical reaction

is

H, + x (O2 + 3.76 NZ) > H

1
2 0+ (x - 59 02 + 3.76 x N

2 2

where X = (Air/Hz)/4.76

1
[Hzoltheoretical T 4,76 x + 0.5

(x - 0.5)

(0] d4ry basis = %.76 % - 0.5

Figure 8 shows a graph of CD vs the pressure-drop AP;.
1
The discharge coefficient CD is a function of the Reynolds

number. However, the dimensions of the tube remain the same
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and viscosity and density are nearly constant at a particular
flow rate (assuming that any differences are negligible).
Therefore, Cp, 1is proportional to the flow rate and hence to
the pressure-drop. For more accurate results, it 1is recom-
mended that Cpas a function of Re be used. The values used
for determining the discharge coefficients Cy, and the curve
fit used are tabulated in Table 6.

Table 7 shows the data from the test, while Table 8 gives
the results as compared with the theoretical values. A graph
of [H,0] vs [H»0] is shown in Fig.9.

As seen from Fig.9, there is good agreement between the
experimental and theoretical values of [H,0]. The difference
ranged from 0.2 moley to 0.6 moleY. This was well within the

desired accuracy range of 1 mole¥.
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Table 6. DEFWM calibration data taken on 1/1/1985

AP, AP, SPy SP, wet flow Cp Co
: rate 1 2
volts volts in.H,0 in.H,0 cc/min
2.012 3.938 1.6 2.6 540.1 0.7056 0.6766
2.488 1.8 603.5 0.7119
2.974 2.0 661.3 0.7136
3.947 2.5 762.9 0.7152
T = 301K
p ™2 54 96 kpa

Dr?agir, M = 29 kg/kmol

Since the dry flow rate in the DFWM is maintained constant,
c is to be calculated for this flow rate only. Therefore
AP, and 8P, are measured only once.

Curve fit used was : for AP, < 3.0 V
(Figure 8) Cp; = 0.00939734*AP; + 0.66498243

for AP, > 3.0 V

GD1= 0.6390
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Table 7. Test data for checking the accuracy of DEWM (1,/1/1985)

# APy AP, SP; 8Py air flow H flow
rate rate

volts volts in. HO in. HO cc/min cc/min

1 2.018 3.930 1.7 2.7 543.8 ~->(dry air)

2 2.167 3.916 1.7 2.7 1465.6 77.3

3 2.367 3.934 1.9 2.9 1465.6 153.9

4 2.503 3.933 1.9 2.9 1497.4 213.9

5 2.732 3.936 2.3 3.3 1497.4 295.7

6 3.195 3.976 2.3 3.5 1460.7 401.5

Room temperature = 301K
Barometric pressure = 94.96 kPa

Note : Data for reading 6 was taken on 1/2/1985 at
T 5 300 K
Pbé? 94.96 kPa
Pressure-drop in volts can be converted to kPa by
multiplying with 0.6229.



Table 8. Results of the test done on 1/1/1985

# (Hz0] predicted [H,0] measured
mole % mole %
1 0.0 0.33
2 5.14 4.92
3 9.98 9.78
4 13.33 12.94
5 17.97 17.53
6 24.17 24.76

Comparison of measured [H,0] from DEWM and predicted
[H,0] from stoichiometry.



Since the results of this test confirmed the accuracy of
the differential flow water meter, it was decided to do some
testing on a wood stove. A total of 5 tests under different
firing conditions were run. After 3 tests, the accuracy of
the sensor was checked again by passing gases with known wa-
ter vapor concentrations through the instrument. Calibration
was also done and the C calculated were found to be different
from the previous value. This may have been because of depo-

sition of organics in the tube. A new correlation between C

D

and AP; was thus needed. 1

Figure 10 is a plot of the new discharge coefficient CD
vs AP, . 1
The calibration data used to determine the discharge coeffi-
cients is shown in Table 9. The data from the accuracy test
are shown in Table 10 and the corresponding results are in
Table 1l1. The results again show excellent agreement between
the measured and predicted values of [H,;O], the difference
being 0.5 mole% at the worst case. Fig.1ll is a plot of the
measured [H,0] versus the predicted concentration.

(In Table 10, #3 is for a methane-air mixture heated to

500°C, the methane being 2.83% of the mixture).
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Table 9. DFWM calibration data taken on 3/26/1985
AP APy 6P 6Py Rate of Cp Cp
wet flow
volts volts in.H,0 1in.H,0 cc/min

1 2

2.045 3.926 0] 0.8 517.8 0.6842 0.6611
2.544 0 581.1 0.6887
3.024 0 637.9 0.6934
3.507 0] 686.3 0.6928
3.833 0 719.3 0.6947

Room temperature = 298 K
Barometric pressure = 95.26 kPa
Dry air, M = 29 kg/kmol is used

Cp, has to be measured only once as dry flow rate is constant.
6P, is O because of a slight back pressure from the gas

cylinder.
Curve fit : For AP; < 3.0 Volts
(Figure 10) Cp, = 0.00831601*AP; + 0.68886819
else for AP; > 3.0 Volts
CD1= 0.7150
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Table 10. Data for checking accuracy of the DEFWM
(taken on 4/2/1985)

# APy AP, SPy SPy air flow fuel flow
volts volts in.H,0 ___ in.H,0 cc/min .ce/min

1 2.016 3.922 0.4 1.4 (dry air)

2 3.000 3.939 0.4 1.4 1678.3 433.4

3 2.193 3.950 0.4 1.4

#3 is for a methane-air mixture, heated to 500C, the methane
being 2.83% of the mixture.

Room temperature = 299 K
Barometric pressure = 94.9 kPa

63



Table 11. Comparison of measured and predicted [H,O]

# [Hzolpred [H20] peasured
1 0 0.5

2 22.87 23.2

3 5.66 5.68

[H,O0]measured ----
[H,Olpred ————

from DEFWM
from stoichiometry
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5.0 TESTS, RESULTS AND DISCUSSION

5.1 INTRODUCTION

The moisture concentration of the stack gases during a
complete wood stove burn cycle was measured in 5 tests using
the DEWM. The wood stove used has primary and secondary air
inlets, the primary air entering through a thermostatically
controlled damper mounted on the door. The damper is preset
by the manufacturer, so that primary air flow will never be
completely stopped. The top half of the doof has two 1.3 cm
diameter holes which act as the secondary inlet. A manually
adjustable plate is used to control the air flow through this
inlet. The stove has a false bottom with a grate in the
center. Air enters through the damper and comes up through
the grate and past the fuel. The secondary air is intended
to facilitate the combustion of volatiles by providing extra

oxygen to the region above the charge.
5.2 EXPERIMENTAL SET-UP

A schematic of the experimental set-up using the DEWM is
shown in Fig.1l2.
The sample gas is drawn from the stack through a probe, at a

height of about 1.3 m above the floor, at a rate of about 540
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cc/min. A heated line at approx. 72°C connects the instru-
ment to the stack.

A second line feeds the gas analyzers. The sample gas in
each of the two 1lines 1is first filtered to remove the
particulates present. Any condensible organics present are
removed using an ice bath. The dry gas sample is then passed
through the Horiba MPA-21 O, analyzer and the Horiba PIR 2000
CO and CO, analyzers, all of which are in parallel.

A data acquisition system reads the output from the two
pressure transducers and the three gas analyzers. The data
acquisition system is driven by a TRS80 Model III microcom-
puter. A BASIC program takes digital outputs from the A/D
card every 30 seconds and converts the voltage signals from
the gas analyzers to mole percent concentrations on a dry
basis. The results are stored on a floppy disk.

A wet and dry bulb sensor was also set up, to compare the
results obtained from the DFWM to that of the Oregon Source
Sampling Method 4 (2), which is a wet and dry bulb type
method. The wet and dry bulb readings were taken at a height
of about 6 m to reduce the dry bulb temperature and hence the
radiation errors.

The dry and wet bulb temperatures are measured by two Type
K Chromel-Alumél thermocouples. A sock wetted with water is
tied around the junction of the wet bulb thermocouple. The

sock was kept wet for the entire test.
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5.

3

TEST PROCEDURE

The procedure followed for each test is:

The filters in the DFWM and in the gas analysis part are

replaced before each test.

Using dry air as the zero gas, the discharge coefficients

are checked. (see section 4.4)

The coil and trap in the ice bath and the drierite tube

are weighed.

A fuel sample (cut and split cordwood) of weight about
10-12 kgs is prepared. The moisture content of this sam-
ple is determined by taking small pieces and drying them
in an oven. The difference in weight before and after

drying determines the moisture content of the wood sam-

ple.

The gas analyzers are zeroed and spanned, and the pres-

sure transducers zeroed.

The DEWM is allowed to warm up at least 30 minutes before

the test is started.

68



10.

11.

12.

13.

14.

The thermostat is set for the desired firing condition

before the test and is not adjusted during the test.

About 5-6 kgs of kindling are used to start the fire and

to build a good coal bed.

The pumps are switched on and the valves adjusted to
maintain the required dry gas flow rate in both the in-
strument and the gas analysis sections. The data acqui-

sition system is also turned on.

Once the weight of the kindling is down to about 20% of

the main charge, the main load is added.
The readings of AP; and AP, are taken every 30 seconds.

The wet and dry bulb readings are also taken at 10-15

minute intervals.

The test continues till the weight of the charge comes

down to about 20% of the main load.

After the test, the instrument is allowed to cool down.
Then the trap,coil and the drierite tube are weighed
again to determine the amount of moisture collected dur-

ing the test.
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Five tests were run under different firing conditions. The
above procedure was essentially repeated for each of the
tests. Table 12 shows the mass of kindling and the main load

used for each test.
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Table 12. Weight of fuel used per test

Test # Mpain load M kindling Burn rate
kg kg kg/hr
1 12.08 2.40 2.90
2 12.62 2.52 2.50
3 12.14 2.43 2.95
4 12.40 2.48 2.81
5 10.58 2.15 3.10



5.4 RESULTS AND DISCUSSION

The data was transferred from the floppy disk to the
mainframe computer (IBM 3084). Using a Fortran program (Ap-
pendix B), the water vapor concentrations were generated.
The data and results for Test 1 are given in Appendix B.

The water vapor concentrations from the wet bulb-dry bulb
technique are generated from the test data, using high tem-
perature psychrometric charts (1). The water vapor concen-
trations from thé DEFWM, the wet and dry bulb methods, and
theoretical considerations (WHA standard) are all drawn on
the same graph. Figures 13,14,15,16,17 show these plots.

A further check on the accuracy of the DFWM was made by
comparing the measured condensate catch in the moisture trap
with the predicted catch from the DEWM readings. A sample

calculation for test#l is given below

Measured catch = 16.2 gms
To find the predicted catch,
5,0

Let R = ——— = 0.1495

ngas wb

The number of moles of water vapor present is given by

. R
0.0 ~ "gas db1 - R

De
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The mass of water vapor present is

Ty 0 © My qgp 18 8ms

2 2
= 0 R _kg g
"gas b T -R % Tmor 1000 %7,

250 minutes.

where dry gas flow rate = 540 cc/min and t

The molar dry gas flow rate is

3
_ . -6 m
ngas P 540 cc/min x 10 o X

ol

= 540 x 10_6 X 2. 1.99 x 10—5 kmol/min

RT
o = 1.9 x 107> x 293+ 250 x 18 x 1000 gns
= 15.77 gms
p = 1822 DT7y 100 = 4 2.71.

where D is the difference between measured and predicted
values.

The difference is probably due to the condensation of
hydrocarbons and other organics. The molecular weight of
these organics being much higher than that of water, the
weight of the measured catch is also higher. The same pro-

cedure was repeated for the other tests. The results are
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shown in Table 13. The difference in predicted and measured
values is less than 5% for tests 1,2,4 and 5. Howewer, the
agreement is not very good for test 3. This could be because
the discharge coefficients (Table 6) used may have become
inaccurate because of deposition of particulates or other

organics in the tube or orifice plate.
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Table 13. Comparison of the predicted and measured H,O catch

Test # Thermal energy diffy Average [CO]
Btu/hr (m - p)/p*100 mole Y
1 35000 +2.7% 1.90
2 21000 +4.1% 2.14
3 35000 +14Y 1.99
4 24000 +0.4y 2.42
5 17000 +1.5% 1.47

The predicted catch (p) is calculated from the average
[H,O0] from the DEWM. The measured catch is denoted

by m.

The thermal energy released is calculated assuming that
the heating value of fuel is 7500 Btus/lb and efficiency
of 50%. (The thermal energy released is used to classify

the firing condition as hi or low fire).

80



From the figures (Fig.1l3 etc) it can be seen that the
WB/DB method overpredicts the water vapor concentration as
compared to the DEFWM for the most part. The difference
varies from 1 to 3 mole Y generally. However, the shape of
these two curves are similar. This means that for the condi-
tions of these tests, a constant correction factor can be
applied to the WB/DB readings so as to get more accurate re-
sults from the WB/DB data. |

The theoretical method underpredicts the water vapor con-
centration in the first part of the burn cycle and overpre-
dicts in the second part. This can be expected as the
composition of the fuel is not the same for the entire burn

cycle.
5.5 CONCLUSIONS
Two methods of water vapor measurement were developed

1. LAMINAR FLOW WATER METER: This was a simple, easy to
construct instrument. However, the lack of a suitably
accurate equation for calculating the viscosity of the
wet gas sample caused inaccuracies in the measured value
of [H,O0]. An empirical curve fit for the viscosity could
have been used, but the development of the DFWM elimi-

nated the need for viscosity calculations. Therefore
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further work on the LFWM was postponed and the DFWM was

used instead.

DIFFERENTIAL FLOW WATER METER: In this sensor, there is
negligible effect due to viscosity. Calibration tests
showed that the accuracy of the instrument is within 1
mole¥%. The measured [H,0] is sensitive to the correct
calculation of the discharge coefficient and hence ex-
treme care is needed while finding a curve fit for the
variation of CDlvs AP, .

The following measurements are required for the DEWM:

d The pressure-drops across the two orifice plates and

the pressure at the inlet to the orifices

. The dry basis concentrations of 0,, CO, and CO.

Using a single pressure transducer and a valve to
switch between the two orifice plates, we can measure the
inlet pressure to both orifice plates. If the filter
system works, then the inlet pressure does not change
much over a burn cycle. So the pressure need only be
measured once during the test. However to ensure safe
operation, the inlet pressure readings should be moni-
tored continuosly. A decrease in the inlet pressure (by

about 5 kPa) indicates that the filter system has failed.
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(This is because there is a vacuum in the system caused
by the clogged filters.)

Thus at least three pressure transducers are required
including two needed for measuring the pressure-drops
across the orifices. The instrument gives real-time
[H,0] as the time interval between two consecutive
readings depends only on the rate at which the data ac-
quisition system samples data.

The major problem in maintenance is that after a few
tests, the system may have particulate deposition in the
sample lines and the orifices, which must be cleaned out.
The presence of particulates in the nozzle may cause the
discharge'coefficient to drift and the instrument may
have to be recalibrated.

The instrument has an accuracy of 0.5 mole 9. A com-
parison with the dry and wet bulb method showed that the
latter overpredicted the water vapor concentration by
about 1 to 3 mole¥. The WHA method underpredicted the
[H,0] in the early part of the burn cycle and overpre-

dicted in the latter part as compared to the DFWM.

Based on the results of the tests performed on the wood

stove, and the calibration tests, we can use this instrument

both as a reference and as a practical method for measuring

the [H,0] in stack gases. The dry and wet bulb method can be

used to get a rough estimate of the [H,0] in the stack gases.
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It can be used to give more accurate results,

against the DEWM.

if calibrated
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APPENDIX A. SENSITIVITY ANALYSIS OF LEWM AND DEFWM

A complete sensitivity analysis was performed to analyze
the effect of errors in the various parameters involved in
the measured water vapor concentration. These parameters are
measured directly or calculated from measured quantities. The
approach used was to consider each parameter separately and
to vary it by a fixed percentage each time. The correspond-
ing change in the [H,0] is then noted. Tables 14 and 15 show
the initial values aqd the results for the LFWM.

From the results, we can see that the calculated [H,0] is
very sensitive to errors in the measurement of the pressure-
drops AP,;, AP, and the calculation of viscosity of the wet
mixture. The errors in AP; and AP, being in opposite di-
rections, (one being positive and the other negative) tend
to compensate for each other. Since the transducers are ze-
roed before each test, and the errors are mainly due to noise
the two errors are likely to occur together. However, the
semi-empirical equation used for calculating the viscosity
of the wet mixture is wvalid only for non-polar gases. This
error would cause significant errors in the measured [H,O0].

A similar analysis was carried out for the DEFWM. The in-
itial wvalues used are in Table 16, while the results are
shown in Table 17. The accuracy of the measured [H,0] is

highly dependent on the errors in measuring AP,, AP, and the
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calculated values of the discharge coefficients. Since the
pressure transducers are zeroed before each test, the errors
in AP,, AP, are‘small and compensate for each other. The
correct calculation of the discharge coefficient is thus
critical for the accuracy of the measured values of [H,0] and

proper care must be taken while finding a curve-fit for Cj
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Table 14. Base values used for sensitivity analysis of LEWM

H)ar AP]_ AP2 5Pl GPZ
in in. in. in. in.
H,0 H,0 H,0 H,0 H,0

Calibration 382.0 0.590 0.980 1.2 3.9
Test 0.620 0.900 1.3 4.7

Calibration refers to the initial (base) values used
to find the sensitivity of the constant C to changes
in PB,,.,AP1, AP, &6P; and &P,

Test refers to the initial values used to find the
sensitivity of [H,;0] to changes in the various AP and C.
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Table 15. Variation in [H,0] with changes in the parameters
of interest (LEFWM)

Percent change in given parameters

Variable +10 +5 +1 -5
AP, 8.2 4.1 0.87 -4.7
AP, -8.8 -4.4 -0.86 +4.4
§P, 0 0 0 0
§P, 0.1 0 0 0
[CO, ] -0.17 -0.09 0 0.09
[05] 0.13 0.06 O -0.06

-8.84 -4.42 -0.89 +4.4

Base value of [H,0] is 18.4 mole ¥%.
Sensitivity is expressed as a percentage of the
base value.
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Table 16. Initial values used for sensitivity analysis of DFWM.

Parameter Value

P 94.9 KkPa
T 299 K

CO, 10 moley
0, 11 mole%
(ele} 0 moley
AP, 0.51 kPa
AP, 0.98 kPa
8P, 0.10 kPa
6P, 0.35 kPa

Base case is [H,O0] 4.5 moleY%
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Table 17. Percent variation in [H,0] due to errors in various
parameters (for DFWM)

+10Y% +5Y +1Y% -5Y
c +9.5 +5 +1.1 -5.6
c -10.8 -5.3 -1.1 +5.3
AP, +5.1 +2.6 +0.55 -2.9
AP, -5.2 -2.6 -0.53 -2.7
5P, -0.01 0 0 0
§P, +0.02 0 0 0
0, +0.01 0 0 0
CO, 0 0 0 0

Variation in [H,0] is expressed as a percent of the base case.
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APPENDIX B. PROGRAM LISTINGS FOR THE LEWM AND DEWM.

PROGRAM USED BY THE LFWM

INTEGER CTR
DIMENSION S(10),X(10),2(10),P(40),PHI(8,8)
CTR=0

CS(1) ETC ARE THE VISCOSITIES OF C02,02,N2,CO RESPECTIVELY IN KG/M-SE

S(1)=17.205E-06
S(2)=23.160E-06
S(3)=20.0E-06
S14)=20.1E-06
S(5)=11.3E-06
c
CTHE VALUES OF PHI READ IN ARE USED IN CALCULATING THE VISCOSITY OF TH
C MIXTURE LATER.
c
READ(S5,% )( (PHI(I,J),J=1,5),I=1,5)
READ(4,») PO,P1,P2,CP1,CP2
c
C=P1/P2%(PO-CP1)/(PO-CP2)
C THE CONCS OF C02,02,N2,CO,THE AMBIENT PRESSURE PO, AND THE CONSTANT
CFOR ALL THE DATA SETS ARE READ IN.(ONE COMMON VALUE FOR ALL DATA SETS
WRITE (6,200)C

[
C READ THE DATA
Cc
10 READ (9,%,END=100) P1,P2,CP1,CP2
READ (7,%) (X(I),I=1,4)
c
C CONVERT MOLE PERCENT TO MOLE FRACTIONS.
c
c
C INITIALIZE Y
c
X(5)=3.00
c
c
Cc
[
C CALCULATE THE MOLAR DENSITIES R1 & R2 OF THE MIXTURE.
c

R2=(P0-CP2)/2851.82%0.2483
R1=(PO-CP1)/2851.82%0.2983

THE NEXT SECTION CALCULATES THE VISCOSITY OF THE MIXTURE.
(REF : TRANSPORT PHENOMENA BY BIRD,STEWART AND LIGHTFOOT.)

THE FIRST SUBSECTION CALCULATES THE VISCOSITY OF THE MIXTURE IN
RESISTANCE 2 3(THE DRY MIXTURE)

0O00OOOOO0O

SWR12=0.0
00 30 I=1,4
T=X(I)»S(1)
SUM1=0.0

DO 20 J=1,4
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T2=zX(J IPHI(I,J)
SUM1=SUM1+T2
20 CONTINUE
T3=T/5UNM1
SUM2=SUM2+T3
30 CONTINUE
VIS2=suM2
N=0

(2]

DO 80 L=1,1000

INITIALIZE THE VALUES OF SUM2,SUM3,T,T2,T3 WHERE
SUM2 = VISCOSITY IN RESISTANCE 2
SUM3 = VISCOSITY IN RESISTANCE 1
T»T2,T3 ARE TEMPORARY LOCATIONS FOR STORING INTERMEDIATE
CALCULATIONS.

o000 OO0O

SUM3=0.0
1=0.0
T2=0.0
T3=0.0

THIS SUBSECTION CALCULATES THE VISCOSITY IN THE WET SAMPLE.
Z(I) = MOLE FRACTIONS ON WET BASIS.

s N NeNel

Do 35 J=1,4
Z1J)=X1J )%(1-X15)/100. )
35 CONTINUE
2(5)=X(5)
DO 60 I=1,5
T=Z(1)%S(1)
SUM1=0.0
DO 45 J=1,5
T2=Z(J IPHI(T,J)
SUM1=SUM1+T2
45 CONTINUE
T3=T/SUM1
SUM3=SUM3+T3
60 CONTINUE
VIS1=SUM3
c
CHE CALCULATE THE VALUE OF Y1 AND COMPARE WITH Y. IF THE DIFFERENCE I
C LESS THAN 17 THIS VALUE OF Y IS CORRECTJELSE INCREMENT Y AND REPEAT
c Mol -~
Y=X(8)
VIS1=(-0.06408706%Y+20.33540508 )*1E~06
Y1=(1=~(FZ/F i 1®(R2/R1 )nCxVIS1/VIS2 )»100
N=N+1
V=ABS(Y1-X:i5)}i»10
IF(V.LE.1IGO TO 70
c X(5)=Y1
V=(Y1-X15))%10
IF(V.GT.2) v=2.
IF (V.LT.-2) Vv=-2.
X(5)=X(5)eV/10
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o060

o000 000 000 000

o0

[s Ny Nq)

70

90

IF (P1.LE.3) THEN
CD1=0.00436590%P1+0.5475158

CD2=0.5323
P1=P1x2/5
P2=P2»2/5

Input constants

A2=6.6064E-07
Al1=8.8322E-07

Initialize Y to start calculations

¥=0.03

Calculate the concentration of N2
X(4)31-(X(1)eX(2)+X(3))

Calculate the molecular weight of the dry mixture
M2=32.0%X(1)428.0%X( 2)+44 . 0%X(3)+28.0%X(4)

Find the water concentration and the molecular weight of the wet
mixture, by trial and error

00 80 I=1,5000

M1=(1-Y )%(M24Y/(1-Y }¥18.0)

H20=(1-CD2/CD1%A2/A1#SQRT( P2/P1#( PBAR-DELP2 )/( PBAR-DELP1)
1 MLM2))

Compare the difference between the assumed and calculated values

V=(H20-Y )%*1000

V= ABS(V)

IF (V.LE.1)GO TO 70
Y=Y+0.0001

Y=H20

CONTINUE

Convert concentration to mole percent and print

H20=H20%100.0
WRITE(6,90) TIME,H20
FORMAT (F6.1,3X,F5.2)
GO TO 10

100 CONTINUE

STOP
END
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Lo Lo e T
c

C This program calculates the water concentration from the data

[ genarated by the DIFFERENTIAL FLOW WATER METER .

c

C I HHHHHEH HEHEHHHHHEHHOHEHHHHHHHEHHHEHHHHHHHHEHHAHHHEHEE

The first READ statement gets the barometric pressure,and the
values for deltaPl,deltaP2 for the test.

The second READ statement inputs the data from the test,one
line for each set.

(s N NN NaNeNel

The following variables have been declared :
PBAR : barometric pressure
Pl :pressure drop across the first nozzle
P2 :pressure drop across the second nozzle
DELP1 :drop in pressure at inlet to nozzle 1 from pbar
DELP2 :drop in pressure at inlet to nozzle 2
X(1),X(2),X(3),X{4) are respectively the concentrations of
02,C0,C02,N2
H20 :The concentration of water

CD1,CD2 are the discharge coefficients respectively
Ml is the molecular weight of the wet mixture
M2 is the molecular weight of the dry mixture

SHHHHHHEHEHHHRE

The units of the different variables read in are :
PBAR :inches of water :
Pl :volts
P2 :volts
DELP1,DELP2 :inches of water
X(1) etc : mole percent

REAL P1,P2,DELP1,DELP2,PBAR,H20,CD1,CD2,X(6),M1,M2,Y
$ »TIME

(2]

READ(5,#)PBAR,DELP1,DELP2
10 READ(5,%,END=100)CNT,X(1),X(2),X(3),P1,P2

Convert counter to time in minutes

o000

TIME = CNT » 0.5

[
C Convert to mole fractions
c

DO 12 I=1,4
X(I)=X(1)/100.0
12 CONTINUE

IO

Convert volts to pressure

Al,A2 are respectively the areas of the two nozzles (larger)

94



80

9%
100
200
240
230

220
250

CONTINUE

WRITE(6,90)Y1

FORMAT(1F8.4)

CTR =CTR+1

GO TO 10

CONTINUE

FORMAT ( ‘WATER CONCENTRATION IN % *,//)
HRITE (6,2%0)

FORMAT (' THE CORRECT OUTPUT 1S *',//)
DO 220 I=1,CTR

READ (8,%,END=250) W

WRITE (6,230) W

FORMAT (1X,F6.2)

CONTINUE

STOP

END
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APPENDIX C. DATA AND RESULTS FROM THE WOODSTOVE TESTS ON DEWM

Count O2
mole
1 12.575%
2 1.65
3 1.725
. 1.325
5 .95
6 .8
7 . 975
8 1.3
’ 1.28
10 1.15
11 1.228
12 1.675
13 1.825
16 2.1
15 2.3
16 2.6
17 2.85
18 3.15
19 3.328
20 3.875
21 4.45
22 4.95
23 5.1
2% 5.65
25 5.828
26 6.1
27 6.45
28 6.675
29 7.075
30 7.325
3 7.525
32 7.875
33 8.125
34 8.35
35 8.675
36 8.975
37 9.4
38 9.55
39 .7
40 9.928
4l 10.125
42 10.15
43 10.4
2 10.57%
45 10.9
“6 11.1
@7 11.125
“8 11.375
“9 13.2
so 11.65
51 11.65
52 11.8
53 11.975%
54 12.15

Barometric Pressure was 379.5 in. HZO

TEST#1 DATA

cp
% mole 7

. 0408405
2.47079
4.93812
6.68416
7.50934
7.98752
7.67595
7.11429
6.87538
6.52412
5.90618
6.05238
5.37491
4.66809
4.34671
4.726%
4.12295
3.64172
3.28732
3.40461
3.00835
2.67384
2.47079
2.41327
2.3399
2.23009
2.15006
2.05145
1.88228
1.89198
1.86778
1.73567
1.64023
1.58703
1.51326
1.43295
1.3467
1.31052
1.26732
1.23952 -
1.19317
1.19317
1.20084
1.16269
1.13629
1.02595
1.00085
1.00085
« 745949
. 919975
89242
.888577
861766
831474

TIME (minutes) = count/2.

AP is

CO2
mole 7%

6.63757
17.947

18.2233
18.609%
18.8588
18.9667
18.5386
18.1885
17.7421
17.573

17.6405
16.813

16.8454
16.7483
16.39%61
15.8642
15.5581
15.5581
15.4673
14.6402
16.4106
13.8769
13.7665
13.0%22
13.1717
12.908

12.4687
12.3923
12.0157
11.8182
11.5746
11.2158
11.0509
10.7722
10.4982
10.2287
9.789%4
9.659%
9.3829%
9.3408

9.06928
8.98666

8.84311 -

8.6201¢
8.34084
8.20303
8.06641
7.96956
5.64193
7.62576
7.64466
7.51281
7.45664
7.19718

APl ]
mole 7

2.482
3.169
3.145
3.072
3.145
2.992
3.166
3.148
3.053
3.102
3.067
3.006
2.98

2.929
2.829
2.789
2.719
2.688
2.805
2.56

2.595
2.541
2.53

2.488
2.63

2.519
2.484
2.466
2.449
2.434
2.416
2.423
2.406
2.364
2.345
2.33

2.316
2.29%6
2.2%
2.2764
2.261
2.255
2.357
2.266
2.35

2.349
2.271
2.267
2.175
2.262
2.327
2.284
2.305
2.268

in volts, 1 volt = 0.63 kPa.

AP2
mole?

3.9%81
3.963
3.985
3.978
3.997
3.769
3.973
3.995
3.978
3.98

3.986
3.99%
3.989
3.983
3.919
3.912
3.904
3.902
4.095
3.804
3.92¢
3.919
3.903
3.8%
4.095
3.951

*3.935

3.93
3.933
3.917
3.901
3.9
3.905
3.889

o o o o o

. .

e o o o o

$EEECRCOORRRRGNEE

HUHWUHUWHUWUWHISIWIUWWHNWUWUWWW
.
o 0
[
-~

§8

SPl, SPZ remains constant for entire test.

6Pl’

GPZ are 0.7 and 2.0 1in. HZO’ respectivelv,
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TEST#1 DATA (Continued)

Count O2 co CO2 APl AP2
mole 7% mole 7 mole % mole % mole %

55 12.3 821456 7.16046 2.277 3.963
56 12.45 < 771954 6.9600S 2.275 3.962
57 12.728 .758917 6.79797 2.263 3.955
58 12.975 . 76217 6.53155 2.251 3.946
59 15.085 . 733048 6.37386 2.238 3.93
60 13.025 .73949 6.49637 2.262 3.942
61 13.1 . 720215 6.40877 2.257 3.943
62 13.28 .710634 6.33904 2.257 3.949
63 13.325 .717017 6.18329 2.246 3.95
(13 13.425 « 707449 6.04616 2.231 3.944%
65 13.575 +« 707649 6.01206 2.237 3.947
66 13.625 .68527 5.89333 2.232 3.9%6
67 13.75 .591586 5.84272 2.233 3.932
68 - 13.875 ) . 688426 5.742 2.233 3.9
69 13.95 . 68527 5.62532 2.216 3.922
70 14.125 .697919 5.4766 2.22 3.934
71 14.175 .691586 5.36192 2.218 3.931
72 14.25 .682118 5.36192 2.208 3.93
73 14.375 .688426 5.23191 2.21 3.933
74 14.625 .710636 4.92753 2.2 3.922
75 14.8 . 73949 4.81692 2.201 3.919
76 14.725 . 762717 4.78546 2.191 3.907
77 16.728 . 733048 4.88002 2.202 3.906
78 14.45 .672688 5.16732 2.217 3.921
79 14.578% . 644618 5.02299 2.201 3.919
a0 15.028 .710634 4.62918 2.198 3.918
81 15.45 +75242% 4.15493 2.168 3.915
82 15.65 « 794933 3.96055 2.156 3.911
a3 18.75 .80816 3.84223 2.16 3.897
84 15.775 794933 3.7395 2.147 3.8%
-1 158.9 .811677 3.72489 2.163 3.8%
86 15.95 + 794933 3.62301 2.144 3.883
87 16.05 . 785059 3.56512 2.143 3.891
88 16.075 .811477 3.52186 2.137 3.883
89 16.07% . 788346 3.42146 2.136 3.883
90 16.175 .791638 3.40717 2.163 3.953
91 17.528 423371 1.92587 2.11 3.954
922 14.95 .675827 %.27586 2.246 3.928
93 13.3 .993718 5.79227 2.378 3.928
9% 12.275% 1.36293 7.08728 2.492 3.9%3
95 11.875 1.47917 7.51281 2.545 3.97
96 11.375 1.55643 7.91173 2.625 3.969
97 10.928 1.69%4% 8.60002 2.7 3.99
98 10.375 1.72185 9.11075 2.758 3.992
929 10.425 1.83422 9.23581 2.806 4.002
100 9.9 1.97071 9.63848 2.876 %.024
101 9.18 2.1448 10.2065 2.974 4.009
102 9.4 2.17652 10.5209 3.022 4.032
103 9.775% 2.0719% 10.0296 2.981 4.047
104 9.125 2.1925 10.5209 3.04 4.05
105 8.85 2.17121 10.9342 3.038 4.063
106 9.178 2.15534 10.589 3.043 4.043
107 9.428 2.1186 10.3854 3.025 4.046
108 9.6 2.06169 10.0957 3.045 4.059
109 9.65 2.07711 10.1399 3.019 4.043



TEST#1 DATA (Continued)

Count O2 Cco CO2 APl AP2
mole % mole 7% mole % mole 7% mole %
110 9.45 1.98069 10.453 3.039 4.052
111 9.575 1.9558 10.251 3.005 4.04
112 9.675 2.01082 10.1621 3.002 4.049
113 9.7 2.00578 10.0736 2.989 4.044
114 9.775 2.01082 10.0957 2.965 3
118 9.778 2.05657 10.1399 2.973 4.005
116 9.9 2.026 9.89814 2.915 3.953
117 9.675 1.96573 10.0736 2.971 3.986
118 9 1.99572 10.8415 2.977 3.969
119 9.275 2.12382 10.7262 2.981 3.974
120 9.35 2.1448 10.6804 3.016 3.976
121 9.225% 2.16448 10.6118 3.018 3.97
122 9.2 2.22469 10.8878 3.022 3.97
123 9.15 2.16591 10.8415 3.016 3.981
124 9.225 2.15534 10.7033 3.027 3.975
125 9.45 2.1186 10.4304 3.018 3.978
126 9.425 2.10298 10.453 3.004 3.986
127 9.375 2.05145 10.5436 3.005 3.977
128 9.1 2.0719%6 10.7722 2.998 3.978%
129 9 2.12905 10.911 3.012 3.979
130 8.528 2.08227 11.1921 3.046 3.988
131 8.45 2.10817 11.5263 3.081 3.978
132 8.3 2.13954 11.5504 3.08 3.988
133 8.225 2.08227 11.5504 3.063 3.988
134 8.05 2.11338 11.7692 . 3.068 4
135 8.175 2.07196 11.6959 3.051 4.003
136 7.925 2.12382 12.0157 3.065 4%.011
137 8 2.07711 11.9909 3.062 3.99%
138 7.9 2.08743 12.0903 3.104 4.008
139 7.778% 2.07196 12.1403 3.089 3.998
140 7.528 2.0926 12.3416 3.089 4.00S
141 7.4 2.1186 12.4178 2.986 3.869
142 7.225 2.15006 12.6482 3.079 3.947
143 7.275% 2.13429 12.4942 3.033 3.926
144 6.625 2.27358 13.1187 3.08 3.946
148 6.275 2.25721 13.5208 3.108 3.936
146 6.5 2.17121 13.4666 3.09% 3.947
147 6.6 2.15534 13.2784 3.063 3.953
148 6.85 2.08743 13.013 3.031 3.953
149 6.625 2.16591 13.1983 3.048 3.956
150 6.15 2.35109 13.79%41 3.126 3.957
151 6.325 2.30106 13.6842 3.086 3.95
152 6.325 2.23009 13.6842 3.082 3.952
153 6.7 2.1186 13.1717 3.074 3.94%
154 6.925 2.04634 13.0922 3.047 3.953
155 7.18 1.9907 12.8036 3.038 3.957
156 7.4 1.94589 12.5967 2.99 3.937
157 7.5 1.92127 12.4687 3.008 3.951
158 7.7 1.92618 12.1403 2.972 3.933
159 7.8 1.91148 12.1653 2.982 3.9%6
160 7.9 1.90172 11.9661 2.972 3.933
161 8.15 1.91637. 11.8427 2.952 3.931
162 8.275 1.8485é 11.623 2.934 3.929
163 8.5 1.87744 11.3822 2.913 3.919
164 8.825 1.84856 11.1449 2.914 3.937



Count

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
1858
186
187
188
189
190
191
192
193
1%
195

197
198
199
200
201
202
203
204
208
206
207
208
209
210
211
212
213
214
215
216
217
218
219

0,

mole 7%

8.875
9.025
9.175
9.128
9.15

9.175
9.325
9.35

TEST#1 DATA

co

mole %

1.864377
1.82945
1.82945
1.80576¢
1.8247

1.7963

1.791¢6

1.82945
1.7822

1.80102
1.77284
1.76817
1.75888
1.7542

1.74492
1.72645
1.73567
1.71726
1.74956
1.75885
1.73567
1.73567
1.71267
1.75642

1.74029
1.70809
1.72645
1.70809
1.77284
1.69%%

1.71726
1.71726
1.6853

1.72185
1.67171
1.6853

1.71267
1.68076
1.73567
1.69%%

1.70809
1.68985
1.66268
1.68985
1.69%4%

1.69%4

1.67623
1.67623
1.69%%

1.71726
1.70352
1.72188
1.64919
1.66719
1.6313

CO2

mole %

10. 9808
10.911

10.7492
10.7722
10.7492
10.6344
10.6118
10.589
10.4304
10.4304
10.2957
'10.5663
10.5663
10.6118
10.6804
10.5436
10.4756
10.2733
10.0296
9.94183
9.703

9.63848
9.483%
9.46769
9.40412
9.31974
9.40412
9.36187
9.51022
9.38298
9.40412
9.40412
9.38298
9.53153
9.42528
9.57422
9.488%
9.42528
9.488%
9.40412
9.46769
9.29872
9.17316
9.27772
9.29872
9.27772
9.38298
9.29872
9.55286
9.57422
9.55286
9.36187
9.488%
9.29872
9.23581

(Continued)

APl

mole %

2.88

2.891
2.874
2.876
2.872
2.833
2.871
2.85

o
*

FEFFEFEERFEEE

...................
e N [ X X 3 NN NN
RS2 EURIRIGRNE ert

NANNNNNNRNNNRANNNNNRNNRNNNNRNNRNRNNNANNNNN

AP2

mole

3.918
3.923
3.907
3.92

3.913
3.907
3.923
3.911
3.904
3.898
3.89%
3.91

3.91

3.913
3.907
3.902
3.911
3.905
3.903
3.911
3.892
3.991
3.918
3.903
3.924
3.929
3.916
3.8%
3.913
3.905
3.897
3.917
3.918
3.908
3.923
3.92

3.915
3.919
3.913
3.907
3.917
3.929
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TEST#1 DATA (Continued)

Count 02 co 002 APl AP2
mole 7 mole 7 mole 7 mole 7 mole 7

220 10.1 1.74029 9.59561 2.681 3.9%07
221 9.875 1.7963 9.87634 2.689 3.923
222 9.85 1.7822 9.99183 2.738 3.938
223 9.6 1.8152 10.2287 2.708 5.918
226 9.175 1.80102 10.3629 2.7n18 3.92
225 9.2 1.85335 10.6118 2.745 3.929
226 9.225 1.83899 10.5209 2.761 3.943
227 9 1.84856 10.5663 2.743 3.926
228 8.825 1.83422 10.3184 2.782 3.939
229 8.5 1.89685 11.1685 2.76 3.928
230 8.425 1.87261 11.3583 2.758 3.943
231 8.125 1.89685 11.4781 2.777 3.946
232 7.9 1.93602 11.7937 2.801 3.949
233 7.925 1.92618 11.9661 2.812 3.956
234 7.675 1.94589 12.0405 2.801 3.%7
235 7.625 1.91148 12.2155 2.829 3.9%69
23 7.325 1.94589 12.2658 2.822 3.952
237 7.275 1.98569 12.4687 2.836 3.957
238 7.175 1.9558 12.4942 2.844 3.9
239 7.125 1.96076 12.6482 2.851 3.982
240 7 2.00075 12.7516 2.845 3.98
261 6.9 1.98069 12.82% 2.861 3.97
262 6.8 2.01082 13.013 2.872 3.975
243 6.8 2.01587 13.03% 2.87 3.987
264 6.55 2.10817 13.0922 2.861 3.975%
245 6.525 2.16062 13.225 2.902 3.996
266 5.475 2.35669 13.8769 2.912 3.979
247 5.925 2.625 13.6842 2.901 3.9%
248 5.6 2.85665 13.62% 2.936 3.987
249 5.425 2.95489 13.8769 2.938 3.975
250 5.1 3.08311 14.2686 2.962 3.98
251 5.025 3.16633 14.3253 2.98 3.976
252 4.875 3.20862 14.4677 2.975 3.984
253 5 3.20862 14.5828 3.004 3.995
254 4.925 3.15933 14.4106 3.007 4.018
255 4.7 3.1314% 14.9901 2.955 3.942
256 4.3 3.22281 15.1082 2.966 3.9%46
257 4.1 3.20862 15.3468 2.98 3.951
258 4.15 3.15933 15.4673 2.988 3.965
259 3.65 3.2729 15.8333 2.985 3.958
260 3.828 3.36024 15.6189 2.976 3.959
261 3.7 3.2729 15.76411 2.97 3.954
262 3.85 3.3018 15.6799 3.016 3.972
263 3.775 3.15933 15.76411 3.023 3.985
264 3.8 3.15933 15.6799 2.988 3.969
265 3.8 3.1245 15,6496 3.004 3.972
266 3.85 3.01509 15.649% 2.984 3.981
267 %.15 2.89564 15.6189 2.969 3.969
268 %.025 2.91529 15.6799 2.991 3.982
269 4.2 2.83089 15.3769 2.968 3.978
270 4.15 2.84375 15.5581 2.95 3.973
2Nl 4.175 2.71713 15.4673 2.951 3.968
272 4.3 2.73584 15.257 2.9% 3.974
273 4.28 2.59481 15.257 2.927 3.976
274 4.425 2.4766 15.3769 2.9%5 3.976
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Count

275
276
277

279

303

306
307
308
309
310
311
nz
313
31¢
315
316
317
318
319
320
321
322
323
32¢
328
326
327
328
329
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7.875
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TEST#1 DATA

co

mole %

2.50578
2.290064
2.39%619
2.29554
2.28455
2.26633
2.21931
2.21931
2.29554
2.45921
2.54112
2.45343
2.55298
2.47079
2.51164
2.48242
2.43616
2.37921
2.39619
2.345649
2.36231
2.30106
2.27906
2.26811
2.24633
2.20856
2.21931
2.19788
2.20856
2.136429
2.12382
2.08743
2.07711
2.026
2.01082
1.99572
2.00578
1.98569
1.88228
1.91637
1.819%
1.94095
1.89685
1.90659
1.83899
1.94589
1.90659
2.00075
1.89198
1.88228
1.85335
1.83422
1.84856
1.7822
1.83899

CO2

mole 7

15.3448
15.0491
15.1676
16.7852
14.8727
14.7852
14.5828
14.5825
14.2403
14.3253
164.3537
14.2686
14.1839
14.0437
14.0997
13.8492
13.8216
13.6569
13.4937
13.278
13.1187
12.82%
12.8557
12.7257
12.6224
12.5198
12.1653
12.3163
12.2658
12.1403
11.8%2

11.9413
11.892

11.6959
11.6473
11.6959
11.5022
11.6716
11.3583
11.23%
11.2631
11.4301
11.3107
11.1685
11.23%
11.4062
11.4062
11.7447
11.574¢
11.5746
11.4062
11.2869
11.4541
11.3107
11.3345

(Continued)
APl AP2
mole 7 mole
2.918 3,977
2.89% 3.979
2.904 3.968
2.877 3.966
2.911 3.967
2.876 3.966
2.878 3.967
2.849 3.966
2.817 3.945
2.823 3.963
2.816 3.9%6
2.851 3.962
2.832 3.951
2.802 3.938
2.821 3.953
2.798 3.934
2.822 3.958
2.804 3.947
2.789 3,936
2.769 3.938
2.756 3.935
2.75 3.919
2.714 3.92¢
2.755 3.917
2.7 3.916
2.706 3.918
2.678 3.916
2.693 3,917
2.718 3.917
2.668 3.908
2.673 3,913
2.656 3.916
2.645 3.908
2.666 3.912
2. 644 3.91
2.644 3.916
2.627 3.895
2.628 3.905
2.619 3.905
2.621 3.899
2.569 3.882
2.601 3.905
2.58 3.8%
2.566 3.9
2.58 3.899
2.553 3.888
2.581 3.885
2.607 3.902
2.559 3.898
2.598 3.903
2.589 3.906
2.578 3.901
2.593 3.907
2.543 3.899
2.55 3.907
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TEST#1 DATA (Continued)

Count O2 CO CO2 APl AP2
mole % mole 7% mole 7 mole 7 mole 7

330 8.1 1.7869 11.3583 2.561 3.902
33 8.475 1.76817 11.1449 2.563 3.903
332 8.275 1.6989%6 11.1449 2.546 3.899
333 8.6 1.689%85 11.0979 2.537 3.891
334 8.55 1.73106 11.1449 2.531 3.892
335 8.6 1.6313 10. 9808 2.531 3.903
336 8.78 1.65818 10.8415 2.518 3.898
337 8.9 1.58703 10.6118 2.503 3.89%
338 8.87% 1.60466 10.5436 2.588 3.989
339 8.8 1.59142 10.7722 2.565 3.983
340 8.85 1.58703 10.7262 2.577 3.976
341 8.875% 1.59142 10.7033 2.558 3.98
342 8.875 1.57387 10.5663 2.543 3.966
343 8.8 1.61351 10.8184 2.555 3.97%
344 8.775 1.4%16 10.6804 2.557 3.987
345 8.82S 1.87387 10.7033 2.568 3.981
346 8.625 1.58703 10.8646 2.569 3.981
347 8.35 1.55208 11.1449 2.559 3.989
348 8.325 1.55208 11.2869 2.527 3.917
349 7.975 1.547764 11.4541 2.528 3.913
350 7.92% 1.54341 11.5746 2.554 3.924
351 7.878 1.50897 11.7692 2.5 3.927
352 7.78 1.52614 11.6716 2.549 3.935
353 7.675 1.60908 11.8673 2.536 3.929
354 5.728 2.13954 13.3857 2.5% 3.931
355 6.025 1.91148 13.1187 2.578 3.935
356 6.025 1.77284 12.9604 2.57 3.938
357 6.65 1.85816 12.6482 2.612 3.973
358 6.675 1.88713 12.3416 2.54 3.955
359 6.725 1.97071 12.2407 2.557 3.935
360 6.9 1.89686  12.3163 2.576 3.942
361 7.08 1.8247 12.1153 2.523 3.927
362 7.175 1.77752 11,9661 2.545 3.9
363 7.2 1.70352 11.9166 2.557 3.941
364 7.35 1.66719 11.7692 2.528 3.927
365 7.4 1.64919 11.6959 2.52 3.926
366 7.5 1.76817 11.7692 2.526¢ 3.935
367 7.525 1.89198 11.623 2.496 3.931
368 7.225 1.91148 11.7937 2.52 3.935
369 7.275 1.86297 11.7203 2.509 3.929
370 7.3 1.90659 11.8182 2.535 3.928
371 7.075 1.96573 11.9909 2.526 3.937
372 6.75 1.99%07 12.2185 2.549 3.951
373 6.75 1.98569 12.2185 2.511 3.938
376 6.825 1.92618 12.1653 2.502 3.93
378 6.875 1.95084 12.2911 2.499 3.934
376 6.778% 1.94098 12.1403 2.518 3.9%
377 6.925 1.91148 12.0654 2.527 3.934
378 6.95 1.88713 12.2911 2.541 3.957
379 6.85 1.87261 12.1653 2.526 3.943
380 7.028 1.94095 12.1904 2.525 3.9%6
381 6.85 1.80102 12.1653 2.54 3.945
382 6.7 1.7869 12.4432 2.525 3.942
383 6.875 1.76492 12.4432 2.541 3.952
384 6.675 1.698% 12.3923 2.518 3.9%6
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TEST#1 DATA (Continued)

Count O2 CO CO2 APl AP2
mole % mole 7 mole % mole 7 mole 7%

385 6.725 1.74956 12.3923 2.542 3.95
386 6.928 1.73106 12.2155 2.513 3.948
387 6.9 1.66719 12.3416 2.53 3.9%8
388 6.95 1.6853 12.3923 2.536 3.955
389 7.1 1.60908 12.0903 2.4% 3.941
390 7.3 1.60%08 11.9909 2.523 3.941
391 7.275 1.55643 11.892 2.501 3.934
392 7.375% 1.54776 11.9413 2.501 3.93
393 7.525 1.47071 11.6959 2.491 3.934
39 7.725 1.40391 11.550¢ 2.454 3.93
395 7.88 1.3467 11.5263 2.507 3.955
396 7.9 1.32253 11.4062 2.452 3.939
397 8.025 1.31852 11.239% 2.1 3.942
398 8.275 1.28666 10.8878 2.439 3.931
399 8.385 1.32253 10.9808 2.41 3.925
400 8.3 1.34266 10.8646 2.428 3.92¢
401 8.37% 1.27875 10.7492 2.422 3.931
402 8.6 1.29857 10.6804 2.417 3.929
403 8.75 1.29857 10.4982 2.408 3.915
404 8.925 1.35075 10.4079 2.392 3.909
405 8.95 1.35887 10.251 2.402 3.908
406 8.975 1.38335 10.0516 2.41¢ 3.921
407 8.975 1.39156 10.1178 2.377 3.906
408 9.075 1.39979 9.98564 2.376 3.9
409 9.175 1.36293 9.91997 2.385 3.913
410 9.25 1.35075 9.98564 2.352 3.9
411 9.575 1.35481 9.53153 2.372 3.91
@l2 9.45 1.46228 9.53153 2.369 3.89
413 9.6 1.38335 9.59561 2.373 3.908
416 9.78 1.40391 9.42528 2.381 3.904
415 9.75 1.47071 9.576422 2.362 3.899
4l6 9.75 1.426462 9.36187 2.364 3.903
@17 9.625 1.46649 9.3408 2.332 3.882
418 9.675 1.42878 9.23581 2.352 3.885
419 9.75 1.49191 9.3408 2.346 3.889
420 9.625 1.47917 9.31974 2.362 3.881
421 9.75 1.43712 9.3408 2.412 3.976
422 9.5 1.50043 9.53153 2.385 3.954
423 9.925 1.47071 9.17316 2.381 3.961
426 9.875 1.45807 9.11075 2.388 3.954
425 9.875 1.47071 9.15233 2.37 3.944
%26 9.7 1.49%616 9.31976 2.398 3.96
427 9.975 1.45387 9.09 2.388 3.959
428 10.075 1.4413 8.98666 2.385 3.955
429 9.85 1.47071 9.19402 2.373 3.963
%30 9.775 1.48341 9.3408 2.362 3.959
431 9.8 1.46228 9.19402 2.379 3.97
432 9.7 1.50043 9.2149 2.37 3.958
433 9.5 1.35481 9.42528 2.386 3.95
434 9.6 1.31052 9.42528 2.386 3.968
435 9.55 1.35075 9.44648 2.3764 3.96
436 9.475 1.39979 9.57422 2.381 3.964
437 9.4 1.36293 9.51022 2.382 3.96
438 9.25 1.3467 9.659% 2.386 3.962
@39 9.4 1.33057 9.51022 2.374 3.964
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TEST#1 DATA (Continued)

Count 0 Cco Cco
‘ 2 2 APl AP2
mole % mole % mole 7 mole % mole 7

440 9.65 1.2748 9.19402 2.355 3.974
41 9.578 1.31452 9.3408 2.363 3.%
442 9.95 1.38335 9.02791 2.334 3.962
@43 9.828 1.41632 8.88399 2.334 3.965
Ghde 10.08 1.42662 8.92498 2.328 3.964
445 9.975 1.48766 8.78198 2.313 3.959
446 10.02S 1.48341 8.80233 2.318 3.961
@47 10.15 1.49616 8.66044 2.326 3.96
448 10.228 1.47917 8.62014 2.293 3.954
w49 10.3 1.46228 8.49983 2.308 3.956
450 10.4 1.44967 8.261% 2.286 3.959
451 10.578 1.47071 8.2619% 2.287 3.949
@52 10.475 1.47917 8.34084 2.26 3.915
453 10.5 1.4329% 8.22264 2.275 3.942
454 10.525 1.41632 8.26228 2.278 3.951
455 10.575 1.42047 8.16387 2.269 3.947
456 10.65 1.42632 8.20303 2.264 3.953
@57 10.625 1.39979 8.16387 2.271 3.962
458 10.575 1.39567 8.08586 2.261 3.942
459 10.625 1.42878 8.18344 2.272 3.961
460 10.575% 1.43712 8.12482 2.263 3.9%9
461 10.55 1.39979 8.22264 2.252 3.95
%62 10.275 1.42662 8.49983 2.26 3.965
463 10.228 1.45807 8.44002 2.262 3.968
464 10.425 1.63712 8.42013 2.252 3.96
465 10.475 1.42047 8.12482 2.245 3.962
%66 7.825 1.60466 10.8415 2.329 3.966
@67 7.15 1.67623 11.2869 2.373 3.985
468 6.85 1.63576 11.3107 2.363 3.987
469 6.775 1.58703 11.1449 2.401 3.995
70 6.775 1.54774 11.0764 2.387 4.013
47 6.5 1.62239 11.4541 2.401 4.008
472 6.375 1.64471 11.4301 2.392 4.013
473 6.3 1.70809 11.5504 2.385 4.025
476 6.375 1.6313 11.5263 2.38 4.023
475 6.55 1.5047 11.5263 2.377 4.021
476 6.6 1.49191 11.5988 2.354 4.025
@77 6.3 1.64023 11.7203 2.38 4.017
“78 6.55 1.6853 11.5022 2.35 4.031
479 6.725 1.72185 11.4301 2.337 4.031
480 6.778% 1.698% 11.4062 2.303 4.021
481 6.975 1.72185 11.3583 2.298 4.029
%82 7.128 1.67623 11.0744 2.236 3.934
483 7.2 1.74029 11.1214 2.216 3.927
484 7.378 1.6989% 10. 9808 2.204 3.928
488 7.4 1.72645 10.8184 2.215 3.919
486 7.6 1.73106 10.7262 2.201 3.92
4«87 7.675% 1.70809 10.6575 2.183 3.919
488 7.95 1.68076 10.4982 2.179 3.92
489 7.978 1.74956 10.3181 2.171 3.921
490 8.175 1.71267 10.0516 2.163 3.917
491 8.475 1.76351 9.91997 2.168 3.925
492 8.528% 1.70352 9.789%4 2.158 3.912
%93 8.65 1.74029 9.74616 2.157 3.92
4% 8.7 1.74956 9.6599% 2.138 - 3.907
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TEST#1 DATA (Continued)

Count 0 co (o{0] AP AP

2 2 1 2

mole % mole 7 mole % mole 7% mole 7

©95 8.85 1.7588S 9.4889% 2.152 3.9
496 8.85 1.7542 9.53183 2.147 3.916
297 8.978 1.7542 9.29872 2.141 3.904
498 9.15 1.74956 9.2149 2.144% 3.904
499 9.15 1.71726 9.15233 2.12 3.908
500 9.275 1.7218% 9.11075 2.136 3.903
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TEST#1 RESULTS

Time (0] pFum (5,00

minutes mole % mole 7

0.5 11.% .27
1.0 25.05 18.69
1.5 26.45 18.92
2.0 23.40 19.47
2.5 24.33 19.9%
3.0 26.63 20.09
3.5 26.71 19.97
4.0 26.37 19.66
4.5 23.07 19.78
5.0 23.81 19.86
5.5 23.19 19.69
6.0 22.06 19.47
6.5 21.72 19.22
7.0 20.92 18.86
7.5 19.9% 18.70
8.0 19.28 18.59
8.5 18.06 18.33
9.0 17.49 17.95
10.0 16.18 17.61
10.5 15.30 16.81
11.0 16.21 16.37
11.5 14.19 16.21
12.0 13.38 15.80
13.0 13.29 15.33
13.5 12.72 15.06
14.0 12.38 14.82
14.5 11.95 14.46
15.0 11.82 16.2%
15.5 11.62 14.08
16.0 11.79 13.76
16.5 11.32 13.51
17.0 10.54 13.33
17.5 10.19 13.02
18.0 10.04¢ 12.74
18.5 9.52 12.36
19.0 9.31 12.22
19.5 9.43 12.12
20.0 9.07 11.87
20.5 8.88 11.70
21.0 8.76 11.70
21.5 8.42 11.45
22.0 8.30 11.30
22.5 8.19 10.99
23.0 8.29 10.77
23.5 7.87 10.78
26.0 7.8 10.51
2%.5 5.32 8.92
28.0 7.97 10.26
25.5 8.25 10.28
26.0 7.48 10.11
26.5 7.66 9.9
27.0 7.11 .77
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TEST#1 RESULTS (Continued)

Time [HZO]DFWM [HZO]WHA
minutes mole 7 mole 7
27.5 7.27 9.59
28.0 7.23 9.46
28.5 7.02 9.17
29.0 6.83 8.9%
29.5 6.72 8.89
30.0 7.18 8.88
30.5 7.03 8.81
31.0 6.9 8.64
31.5 6.66 8.60
32.0 6.31 8.51
32.5 6.62 8.34
33.0 6.30 8.30
33.5 6.55 8.16
34.0 6.42 8.06
364.8 6.22 7.9
35.0 6.15 7.80
35.85 6.16 7.77
36.0 5.89 7.68
36.5 5.90 7.56
37.0 5.79 7.36
37.5 5.86 7.18
38.0 5.76 7.26
38.5 6.08 7.23
39.0 6.26 7.48
39.5 5.86 7.36
0.0 5.79 6.7
40.5 5.01 6.52
41.0 .73 6.33
4l.5 5.08 6.26
42.0 4.70 6.23
42.5 5.15 6.08
43.0 4.81 6.06
3.5 “.67 5.93
.0 6.62 5.9
.5 %.59 5.9
%5.0 4.30 5.81
45.5 2.78 6.40
“46.0 6.9% 7.12
46.5 10.19 8.80
47.0 12.70 9.7
47.5 13.51 10.12
48.0 15.20 10.62
48.5 16.45 10.98
49.0 17.50 11.49
“9.5 18.33 11.42
50.0 19.30 11.9%
50.5 21.21 12.67
51.0 21.75% 12.30
51.5 20.88 11.99
52.0 21.83 12.62
52.5 21.89 12.82
53.0 21.% 12.564
53.5 21.63 12.30
54.0 21.80 12.17
54.5 21.56 12.11
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TEST#1 RESULTS (Continued)

Ti

ime (5,00 v (0,0

minutes mole 7 mole %
55.0 21.79 12.23
55.8 21.37 12.14
56.0 21.21 12.06
56.5 21.08 12.08
57.0 21.17 11.96
57.5 21.2% 11.9%
58.0 20.88 11.87
58.5 21.44 12.08
59.0 21.76¢ 12.64
59.5 21.76 12.38
60.0 22.31 12.31
60.5 22.36 12.47
61.0 22.49 12.44
61.5 22.26 12.50
62.0 22.50 12.45
62.5 22.31 12.26
63.0 21.99 12.28
63.5 22.12 12.30
.0 22.03 12.56
.5 22.22 12.65
65.0 22.67 13.10
65.5 22.88 13.10
66.0 22.76 13.26
66.5 22.95 13.34
67.0 22.90 13.48
67.5 22.59 13.35
68.0 22.73 13.56
68.5 22.88 13.47
69.0 23.38 13.56
69.5 23.26 13.68
70.0 23.19 13.91
70.5 23.14 14.03
7.0 23.71 14.17
n.s 23.22 16.15
72.0 23.75 16.72
72.5 24.31 16.99
73.0 26.00 14.76¢
73.5 23.41 14.68
74.0 22.89 16.47
7.5 23.13 16.68
75.0 264.36 15.07
75.5 23.82 164.90
76.0 23.73 164.89
76.5 23.68 16.60
77.0 23.185 14.36
77.5 22.95 14.18
78.0 22.40 13.95
78.5 22.53 13.87
79.0 22.1% 13.74
79.5 22.18 13.62
80.0 22.14 13.56
80.5 21.82 13.31
81.0 21.54 13.22
8l1.5 21.30 13.04
82.0 21.09 12.73

108



TEST#1 RESULTS (Continued)

Time
[HZO]DFWM [HZO]WHA
minutes mole % mole 7%
82.5 20.73 12.72
83.0 20.86 12.56
83.5 20.7% 12.44
84.0 20.63 12.48
86.5 20.65 12.47
8s5.0 20.03 12.46
85.5 20.50 12.30
86.0 20.28 12.28
86.5 20.33 12.20
87.0 19.9% 12.21
a87.5 19.66 12.30
as8.0 19.97 12.31
88.5 20.15 12.36
89.0 20.06 12.41
89.5 19.83 12.41
9.0 20.00 12.39
90.5 19.43 12.27
91.0 19.12 12.18
91.5 18.9% 11.99
92.0 18.72 11.82
92.5 18.49 ‘11.76
93.0 18.79 11.52
3.5 18.46 11.56
9%.0 18.27 11.39
9%.5 18.38 11.38
9.0 18.76 11.364
95.5 18.42 11.44
9.0 17.88 11.62
9%.5 18.14 11.53
97.0 17.78 11.44
97.5 17.85 11.49
98.0 18.2¢ 11.46
9.5 17.69 11.55
99.0 18.25 11.46
99.5 18.05 11.57
100.0 17.9 11.64
100.5 17.93 11.59
101.0 17.45 11.57
101.5 17.72 11.50
102.0 17.68 11.49
102.5 17.65 11.39
103.0 17.4% 11.40
103.5 17.40 11.34
106.0 17.66 11.32
104.5 17.67 11.31
105.0 17.03 11.29
1058.5 17.53 11.43
106.0 17.12 11.40
106.5 17.32 11.48
107.0 18.0% 11.56
107.5 17.51 11.51
108.0 17.20 11.33
108.5 17.41 11.52
109.0 16.73 11.28
109.5 16.68 11.32
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TEST#1 RESULTS (Continued)

Time [HZO]DFWM [HZO]WHA
minutes mole 7 mole 7
110.0 17.16 11.68
110.5 17.12 11.87
111.0 17.87 11.88
111.5 17.56 12.09
112.0 17.73 12.54
112.5 1a8.16 12.45
113.0 17.88 12.45
113.5 18.13 12.69
114.0 18.71 12.82
114.5 18.4% 13.10
115.0 18.22 13.13
115.5 18.54 13.44
116.0 18.95 13.61
116.5 19.07 13.54
117.0 18.98 13.80
117.5 19.23 13.80
118.0 19.31 14.12
118.5 19.51 164.13
119.0 19.61 14.23
119.5 19.47 164.26¢
120.0 19.39 164.36
120.5 19.80 14.45
121.0 19.9% 14.51
121.5 19.76¢ 14.51
122.0 19.75 14.78
122.5 20.22 164.78
123.0 20.61 18.77
123.5 20.23 15.38
126.0 20.92 15.78
126¢.5 21.10 15.92
125.0 21.46 16.18
125.5 21.81 16.26
126.0 21.66 16.39
126.5 21.9 16.23
127.0 21.76 16.34
127.5 21.82 16.42
128.0 21.% 16.82
128.5 22.14 16.97
129.0 22.11 16.88
129.5 22.15 17.32
130.0 21.98 17.21
130.5 21.95 17.29
131.0 22.69 17.16
131.5 22.45 17.20
132.0 22.06 17.19
132.5 22.29 17.19
133.0 21.85 17.12
133.5 21.75 16.80
134.0 21.9% 16.92
134.5 21.62 16.80
135.0 21.38 16.81
135.5 21.45 16.78
136.0 21.19 16.71
136.5 20. % 16.76
137.0 21.25 16.51
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TEST#1 RESULTS (Continued)

Time (5,00 v (5,00 A
minutes mole 7 mole 7%
137.5 20.78 16.47
138.0 " 20.36 16.30
138.5 20.64 16.37
139.0 20.18 16.19
139.5 20.77 16.03
140.0 20.13 16.02
140.5 20.18 15.9
141.0 19.68 15.80
141.5 19.35 15.64
162.0 19.26 15.75
142.5 19.29 15.99
143.0 19.76 15.90
143.5 19.55 15.80
144.0 19.16 15.90
144.5 19.32 15.79
145.0 19.13 15.61
145.5 19.27 15.61
146.0 19.08 15.27
1646.5 18.9% 15.34
147.0 18.53 15.09
167.5 18.32 164.9%0
148.0 18.41 14.77
148.5 17.66 14.63
149.0 18.52 164.49
149.5 17.51 14.55
150.0 17.53 164.35
150.5 17.07 14.33
151.0 17.33 14.40
151.5 17.78 14.17
152.0 16.95 14.00
152.5 16.98 13.95
153.0 16.60 13.85
153.5 16.53 13.80
154.0 16.85 13.68
154.5 16.43 13.78
155.0 16.36 13.68
155.5 16.28 13.65
156.0 16.18 13.56
156.5 15.99 13.55
157.0 16.11 13.40
157.5 15.26 13.32
158.0 15.62 13.49
158.5 15.33 13.57
159.0 14.95 13.36
159.5 15.26 13.30
160.0 164.86 13.58
160.5 15.47 13.52
161.0 15.79 13.83
161.5 14.86 13.469
162.0 15.59 13.66
162.5 15.36 13.68
163.0 15.19 13.73
163.5 15.43 13.52
164.0 164.48 13.49
164.5 16.52 13.72
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TEST#1 RESULTS (Continued)

Time [HZO]DFWM [HZOJWHA
minutes mole 7% mole 7
165.0 16.82 13.48
165.5 14.85 13.11
166.0 16.56 13.33
166.5 14.46 13.20
167.0 16.32 13.02
167.5 16.16 13.00
168.0 13.95 12.87
168.5 13.64 12.7%
169.0 16.23 12.80
169.5 13.82 12.82
170.0 16.17 12.77
170.5 13.71 12.75
171.0 13.57 12.79
171.5 13.72 12.81
172.0 13.60 12.86
172.5 13.71 12.81
173.0 13.% 12.99
173.5 13.62 13.22
174.0 13.90 13.21
1764.5 13.97 13.55
175.0 16.39 13.58
175.5 14.08 13.57
176.0 14.13 13.764
176.5 13.9% 13.79
177.0 15.17 15.60
177.5 le.71 15.31
178.0 14.56 15.33
178.5 14.98 14.75
179.0 13.68 14.81
179.5 14.31 16.79
180.0 164.63 16.57
180.5 13.69 14.45
181.0 13.99 14.36
181.5 14.23 14.32
182.0 13.79 14.18
182.5 13.63 14.15
183.0 13.59 14.03
103.5 13.03 16.07
1864.0 13.51 14.36
184.5 13.34 14.31
185.0 13.93 16.27
185.5 13.61 14.48
186.0 13.93 14.78
186.5 13.28 16.77
187.0 13.18 14.70
187.5 13.07 16.61
188.0 13.34 14.76
188.5 13.68 1¢.61
189.0 13.68 16.52
189.5 13.564 16.66
190.0 13.48 14.47
190.5 13.81 14.65
191.0 13.53 14.74
191.5 13.75% 14.54
192.0 13.33 14.76



TEST#1 RESULTS (Continued)

T4

ime (5300 (H0]ya

minutes mole % mole %
192.5 13.79 14.72
193.0 13.19 14.54
193.5 13.56 16.52
19%%.0 13.60 16.46
19%.5 12.9% 14.36
195.0 13.50 14.17
195.5 13.10 14.21
196.0 12.98 14.09
196.5 12.88 13.98
197.0 12.10 13.78
197.5 12.98% 13.64
198.0 11.93 13.61
198.5 12.35 13.52
199.0 11.73 13.33
199.5 11.14 ©13.23
200.0 11.57 13.32
200.5 11.33 13.25
201.0 11.26 13.02
201.5 11.22 12.9%0
202.0 10.93 12.76
202.5 11.18 12.75
203.0 11.27 12.78
203.5 10.61 12.77
2064.0 10.53 12.69
204.5 10.70 12.59
205.0 10.09 12.48
205.5 10.42 12.26¢
206.0 10.51 12.40
206.5 10.52 12.20
207.0 10.72 12.07
207.5 10.34 12.06
208.0 10.33 12.09
208.5 9.86 12.28
209.0 10.29 12.22
209.5 10.09 12.11
210.0 10.10 12.26
210.5 10.45 12.10
211.0 10.12 12.35
211.5 9.92 11.95
212.0 10.18 12.03
212.5 9.89 12.02
213.0 10.36 12.18
213.5 10.12 11.92
214.0 10.10 11.83
214.5 9.70 12.03
215.0 9.49 12.08
215.5 9.78 12.09
216.0 9.70 12.21
216.5 10.20 12.35
217.0 9.95 12.23
217.5 .77 12.29
218.0 9.58 12.35
218.5 9.9 12.45
219.0 10.03 12.57
219.5 971 12.44



TEST#1 RESULTS (Continued)

Time
[HZO]DFW'M [HZOIWHA
minutes mole % mole 7%
220.0 9.10 12.23
220.5 9.50 12.28
221.0 8.75 11.98
221.5 8.7l 12.14
222.0 8.57 11.87
222.5 8.26 12.01
223.0 8.36 11.%
223.5 8.53 11.86
224.0 7.83 11.76
226.5 8.10 1n1u.n
225.0 7.57 11.66
228.5 7.7 11.45
226.0 7.53 11.55
226.5 7.53 11.55
227.0 7.48 11.51
227.5 7.30 11.47
228.0 7.08 11.37
228.5 7.1 11.41
229.0 7.16 11.49
229.5 7.18 11.641
230.0 7.12 11.49
230.5 6.81 11.48
231.0 6.81 11.73
231.5 6.82 11.81
232.0 6.67 11.58
232.5 6.43 11.60
233.0 8.59 13.90
233.5 9.42 - 14.53
234.0 ’.14 164.88
234.5 9.95 164.9%
235.0 9.36 16.98
235.5 277 15.19
236.0 .49 15.33
236.5 9.15 15.39
237.0 9.06 15.30
237.5 9.01 15.09
238.0 8.39 15.02
238.5 8.40 15.33
239.0 8.20 15.13
239.5 7.88 14.97
240.0 7.15 16.91
240.5 6.91 14.71
261.0 6.65 14.62
2641.5 6.19 164.53
2¢2.0 5.85 16.37
2¢2.5 6.28 14.39
2¢3.0 5.89 14.20
203.5 5.641 164.13
244.0 5.28 13.87
244 .5 5.06 13.90
245.0 4.88 13.74
2945.5 4.90 13.45
266.0 4.81 13.42
296.5 4.66 13.30
267.0 4.32 13.27
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TEST#1 RESULTS (Continued)

i H,0

Time [HZO]DHHI [ 2 ]WHA
minutes mole 7 mole %

247.5 4.67 13.
248.0 @.0% 13. g
2648.5 4.45 13.06
269.0 4.53 12.88
2609.5 3.83 12.89
250.0 4.32 12.76
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