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CHAPTER 3. M.A.Sc. Thesis — L. Guan McMaster — Engineering Physics

" Flow Profile Measurement

A Pitot tube is used for the local flow profile measurement at MP1, MP2 and MP3,

as shown in Figure 3.8.
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Figure 3.8 Schematics of Pitot tube experiment where #3 located at the center of tube
Total flow rates employed in the experiments are 5, 7 and 8.5 Nm?*/h, so that the
corresponding Reynolds number at sampling ports range approximately from 1640~3110.
This means that the flows within the experiment system range from laminar to transition

flow. By examining the flow velocities at 1~5 notated in Figure 3.8, the flow profile can
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CHAPTER 3. MA.Sc. Thesis — L. Guan McMaster — Engineering Physics

be determined. Furthermore, the flow rate at the main stream and the branch stream can
also be determined. To achieve this goal, the pitot tube is marked for 5 locations; each
one represents one specific flow velocity examining location on the profile. The distance
from one to another is around 10mm. The arrangement of these marks and their
relationship with flow profile is as indicated in Figure 3.8.
. Particle Separation Measurement

Particle separation diagnosis is performed by measuring the number of particle
densities at MP1, MP2, and MP3 by using CNPC, and partial separation efficiency for
specific particle size range is detected by using CNPC-PSS. Isokinetic sampling
methodology is taken into consider in this application. The schematic of experimental set-
up is the same as in Figure 3.4.
3.1.3 Characterization of the ESP

In this experiment, the dimensions of the ESP are optimized for the existing
experiment loop by MESP modeling. A detailed schematic of the wire-pipe ESP is shown
in Figure 3.9. An aluminium pipe with 63.5mm diameter and 432mm length is
horizontally placed as a collecting electrode, while the corona wire with 0.7mm diameter
is the discharge electrode. Another wire with 0.23mm diameter was also tested to mainly
analyze the EHD effect on the particle collection efficiency. The discharge electrode is -
connected to a negative dc high-voltage power supply, while the collecting electrode is

grounded. Two pieces Teflon flanges are coupled on both ends of the ESP as the system
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closure heads and insulators. Several specially designed screws and nuts are

symmetrically arranged to help center and fix the corona wire on the Teflon flanges.
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3.1.4 Isokinetic Sampling

The particle collection efficiency is examined by both CNPC and OPC methods
for determination of the number and mass concentration, respectively. During this process,
an essential element is the ability to collect representative samples for analysis, which
must reflect the particle concentration accurately. For this purpose, the methodology of
isokinetic sampling is taken into concern. Isokinetic sampling is a procedure to ensure
that a representative sample of aerosol enters the inlet of a sampling tube when sampling
from a moving aerosol stream. Sampling is isokinetic when the inlet of the sampler is
aligned parallel to the gas streamlines and the gas velocity entering the probe is identical
to the free stream velocity approaching the inlet. [6] This way, there is no distortion of the
streamlines in the neighbourhood of the inlet, and there is no particle loss at the inlet

regardless of particle size or inertia, as shown in Figure 3.10.

Isokinetic llustration:

00 ¢ flow rate in the pipe

01 : sampling flow rate of OPC & CHPC
=1LPM

Ugm iy To OPC & CNPC

Figure 3.10 Illustration of isokinetic sampling
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In this case, Q is the flow rate at examining spots (MP1 or MP2) under the
experiment conditions of high temperature corresponding to various inlet flow rates under
standard conditions (20°C & latm), Q, is the sampling flow rate of CNPC and OPC that
equals to 1 LPM according to the devices’ setting, and Uy and U; are the flow velocities
in the pipe and sampling probe respectively, which can be determined by the ratios of the
flow rates and their respective cross-sectional areas. The isokinetic condition for a
properly aligned probe is:

U,=U, 3.1
To meet this condition, the flow rates in the duct and sampling probe have to be

proportional to their cross-section areas, from which, the unknown diameter of sampling

d= \/g:: -d, (3.2)

where dj and d; are representing the diameters of the pipe and sampling probe, separately.

probe can be determined by:

The corrected flows for different test temperature and their corresponding sampling probe
sizes are listed in detail in table of Appendix C as reference.
3.2 NATURAL GAS COMBUSTION SYSTEM

A natural gas combustor, using a Bunsen burner with air feeding from the bottom,
is placed at the upstream of the experimental loop to generate submicron and ultrafine

particulate matter. Natural gas feeding is approximately 0.45~0.75Nm’/h. Air feeding for
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all experiments ranges in 5~8.5Nm’/h. Therefore, the air-to-fuel ratio is in between the
range of flammability.
3.3 INSTRUMENTATION

Important parameters monitored during experiments include:

. ESP corona current and voltage;
. Flow rate;

. Temperature;

o Pressure drop

3.3.1 Current Measurement
Time-averaged corona current is measured by the electrometer, (Keithley Model
600B). The technical specification is as below:
e  Range: 10* A — full scale to 0.3A in twenty eight 1x and 3x ranges.
e  Accuracy: +2% of full scale on 0.3 to 10""'A ranges using the smallest available
multiplier switch setting; + 4% of full scale on 3x10™ to 10* A ranges.
e Meter noise: less than +3x107°A.
3.3.2 Flow Rate Measurement
Flow rates of feeding air, total flue gas, and mainstream gas are monitored by two
types of flow meter: rotameter (Dakota Instruments.) and pitot tube (type PA).
o) Rotameter

A rotameter is based on the drag effect. The mass flux can be obtained by
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m=A\p(p-u®) (3.3)

where A is the cross-section area; u is the gas velocity, which is a function of the drag

coefficient; andp=\/( P oat — Pwia) Prua » Where pg. and p,., are the densities of

the float and fluid monitored respectively.
Equation 3.3 is based on air calibration at standard conditions, which is 14.7psi
(latm) pressure and 70 deg F (21.1 deg C) temperature. Certain correction factors should
be taken into account to provide precise flow rate. These correction factors include:
. Pressure factor (f): f, =/14.7/(14.7+P)]"?
, where P is the pressure indicated on the pressure gauge on the rotameter.
. Temperature factor (f5): f, = [(273+T)/273]"*
, where, T is the temperature at the location where flow rate is investigated.
] Specific gravity factor (f3): f3=1
So that, the real flow rate at specific spot should be corrected as the equation below:
Q = Onacaea (J1° 12 13) (3.4)
Furthermore, the declared instrument standard error of 5%, a reasonable reading
error and an inlet gas pressure variation during the experiment are also considered.
. Pitot tube
For precise measurement of flow rate at the mainstream, a Pitot tube can be used.

It measures total and static pressures at the same point in a moving fluid. From the
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Bernoulli equation, P+ é p-u’ = P, =total pressure. Therefore, velocity can be obtained

as following:

u=[2(F,-P)/p]"? (3.5)
where velocity can be determined from the pressure difference, from which the flow rate
could be obtained from integrating velocity radial profiles.

The shape of the probe measuring tip determines the sensitivity of the pitot-static
probe to flow angularity (yaw and pitch angle error) caused by flow not parallel to the
head, which is the large of error in this type of instrument. According to the manufacture
[93], the Prandt] type Pitot tube can compensate the errors in total and static pressure, so
the probe yields velocity and weight flow readings accurate up to 2% for an angle of
attack less than 30°. Besides, the length of the head governs sensitivity to Mach number
errors: the longer the head, the more accurate the reading over a wide flow range. Based
on above consideration, the modified Prandtl type with a head of 14 probe diameters long
Pitot tube is used.

In the experiment, the Pitot tube is calibrated by a manometer.

3.3.3 Temperature Measurement

T type—Copper versus Copper-Nickel alloy thermocouple is used for temperature
measurement, ranging from about 370°C down to —~249°C.

The working principle of thermocouple is based on the wires of different

materials joined and subjected to a temperature gradient, generating a net electromotive
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force (EMF). The net EMF is the sum of the EMF’s generated in each individual wire,
and only those portions of the wires experiencing a temperature gradient affect the EMF.

The output of thermoelectric voltage is shown on an Analog/Digital multimeter,
according to the ITS-90 [94], corresponding temperature can be determined. The
multimeter used is Fluke 89 series IV, with 0.025% basic dc accuracy and 50,000-count
resolution.

ASTM standard E230-87 in the 1992 Annual Book of ASTM Standards [95]
specifies that the initial calibration tolerances for type T commercial thermocouples be
+1°C or +0.75% of reading (whichever is greater) between 0°C and 350°C.

3.3.4 Pressure Drop Measurement

Pressure drop across the DFS-ESP is measured by the differential pressure
transducer (Validyne DP15TL) with accuracy of + 0.1% of full-scale reading.

Process pressure is transmitted through isolating diaphragms to a sensing
diaphragm in the center of the cell. The sensing diaphragm deflects in response to the
differential pressure across it. The position of the sensing diaphragm is detected by
capacitor plates and the differential capacitance between these plates is converted
electronically to an electric current output signal. The maximum frequency response is
about 100Hz, for the sake of which, they are not well suited for rapid transient. The
transducer can be adapted to many different pressure ranges by changing the thickness of
the isolating diaphragm, in this case, the diaphragm ranging of 0 to 3.5kPa is chosen,

which means it is optimized for pressure differences of up to 3.5kPa.
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3.4  PARTICULATE MATTER SAMPLING AND ANALYSIS

The number and mass density of particulate matter are some of the key parameters
being monitored during the entire experiment process, which are performed by
condensation nucleation particle counter (CNPC) and optical particle counter (OPC),
respectively.

In addition, for the purpose to study the size and shape of generated aerosol
particles, environment scanning electron microscopy (ESEM) is used.
3.4.1 Optical Particle Counter (OPC)

Optical particle counter (OPC) is utilized for mass particle density measurement.
Its working principle is based on one of the particles’ optical effects—scattering of light.

The smallest sensitive particle ranges from 0.1 to 25 um, for which the Mie scattering is

applicable, where the particle diameter (d) is equal to the incident light wavelength (1).

It is the change in scattered light intensity that is obtained and transferred to a
digital signal for particle density measurements. Based on the previous research [24]-[28],
the scattered light intensity is a function of the wavelength of incident radiation, the
refractive index and the size of the particles, and the scattering angle with respect to the
incident beam. Utilizing these factors, some designs of these instruments are a unique
feature of the size distribution detection.

There are three major sections in an OPC (i) the airflow system, (ii) the optical
system, and (iii) the electronics system. A laser illuminated optical system allows single
particle sampling by collecting the scattered light from each particle with a solid-state
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detector. Electronics provides amplification of the low level signals received from the
photodetector and converts each scattered light pulse to a corresponding size category
(depending on the pulse height), which is then accumulated in a data logger. Each
scattered pulse corresponds to a particle count, and this is incremented in the appropriate
size category to obtain particle concentration in a given size interval. In this study OPC
system (HazDust model III) is used for the fine aerosol particle collection efficiency
investigation.

The HAZ-DUST III real-time personal dust monitor uses the principle of near-
forward light scattering of infrared radiation to immediately and continuously measure
the concentration in mg/m® of airborne dust particles. HAZ-DUST III displays and
records respirable, thoracic, or inhalable particulate mass using an internal
microprocessor and interchangeable sampling heads. The near-forward light scattering
principle utilizes an infrared light source positioned at a 90-degree angle from a
photodetector. As the airborne particles enter the infrared beam, they scatter the light. The
amount of light received by the photodetector is directly proportional to the aerosol
concentration. Unique signal processing internally compensates for noise and drift. It
contains an internal pulsation dampened pump, data logger, and communications software.
The optional HazComm computer software provides data plots for detailed graphical
analysis and allows statistical analysis and mathematical correction of particle
characteristics (density and refractive index) when aerosol is significantly different from

calibration dust. The data easily imports into spreadsheet programs or saves to disk.
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Figure 3.11 Schematic of an Optical Particle Counter

(Modified from the OPC by Hinds [6])
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3.4.2 Condensation Nucleation Particle Counter (CNPC)

Condensation nucleation particle counter (CNPC) (model 3010 made by TSI Inc.),
is employed to count particle number density at upstream and downstream of the DFS-
ESP system for different experiment conditions. The characteristics of this device are
shown in Table 3.1.

The schematic of a CNPC is shown in Figure 3.12. The operating principle of
CNPC is similar with OPC. Sizes of the particles captured into CNPC are enlarged by a
condensating vapour—Butonel to form easily detected size droplets [96]. As soon as the
vapour surrounding particles reaches a certain degree of supersaturation, the vapour
begins to condense onto the particles. When supersaturation is high enough, condensation
would take place even if there is no particle existing. Molecules of the vapour form
clusters due to natural motion of the gas and attractive Van der Waals forces to form
nucleation sites.

CNPC contains a microprocessor to control all the functions, which utilizes built-
in analog to digital convertors to monitor temperatures, voltages, and pressure drop of the
CNPC. A counter is built into the microprocessor, and it tracks particle pulses detected by
the photo detector. There are also several particle selectors used by CNPC to determine
the size of particles working based on the dynamic momentum principle. The particle
selector is actually a metal net, several selectors (with the same dimension of holes) piled
up together correspond to a mechanical resistance, so that the particles with greater

momentum can penetrate and be counted.
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Figure 3.12 The schematic of CNPC, Model 3010, TSI Inc.
(Modified from TSI specification)

Table 3.1 Characteristic of CNPC Model 3010

Model 3010
Particle size Range [nm] 210
Sample flow rate [L/min] 1.0
Upper concentration limit [pt/cm’] 10
False background count [pt/cm’] <0.0001
Time response [sec to 95% in high flow mode] <3
Temperature [°C] 10~35
Humidity 0~90%RH
Vacuum source External
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3.4.3 Environmental Scanning Electron Microscope (ESEM)

ESEM is applied in the particle shape and size distribution analysis throughout the
experiment. It is a special type of scanning electron microscope (SEM) developed in
1980s. There are two significant improvements within ESEM comparing SEM:

. It is not necessary to make nonconductive samples conductive in ESEM, i.e,
working under its “wet” mode. Hence materials don’t need to be coated by gold-
palladium as do in SEM, so that the original characteristics of samples may not be
destroyed, and it is possible to examine specimens in their natural state.

. ESEM can be operated under poor vacuum environment, while SEM would not
work without a good vacuum. Water vapor, as one of the imaging gases in ESEM,
can be added as much as 1.3kPa to the specimen chamber.

The environment in an ESEM can be selected from among water vapof, air, Ny,
Ar, O, and etc based on the sample material. Dynamic characterization of wetting, drying,
absorption, melting, corrosion, and crystallization can be performed using ESEM by
choosing the correct environment for the sample [97].

ESEM model 2020 is used in the present work. The smallest particles at
nanometer range can be detected at specific ESEM operating environment. Accelerating
voltage ranges from 0 to 30keV in 100-volt steps. The working distance of sample to

detector is from 2.6 to 50mm.
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CHAPTER 4
EXPERIMENTAL RESULTS

41  FUNDAMENTAL CHARACTERISTIC OF COMBUSTION TEST LOOP

Particle characteristics from a natural gas combustor are measured by methods as
described in Chapter 3.

ESEM images of deposited particles sampled from upstream (MP1), downstream‘
(MP2) of DFS-ESP, and the upstream flow separator wall, and their corresponding size
distribution analysis are shown in Figures 4.1 to 4.6. The ESEM images indicated that the
majority of the deposited fine particles are agglomerated structures of the near spherical
shape. The size distribution determined by ESEM image analysis shows that particles
sampled from three different locations have the same distribution trends and particle sizes
range mostly from 50 to 100nm. The mean particle diameter is estimated approximately
84nm, 96nm, and 85nm for locations MP1, MP2 and the upstream flow separator wall
respectively. The details of this procedure have been described in [98], and an alternate
procedure using reversed indices has been shown by Fuchs [15].

Particle size distributions at different locations sampled and analyzed by CNPC-
PSS method are shown in Figures 4.7 and 4.8. The size distribution determined by
CNPC-PSS method has a bimodal distribution with peaks for particle groups in the range
from 17 to 41nm and 132 to 162nm in diameter, at MP1; and the size distribution at MP3

shows a similar bimodal distribution with the peaks for particle groups in the range from
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41 to 72nm and greater than 162nm. The total particle number density varies with the
combustion situation (sufficient combustion/ insufficient combustion), approximately
ranging from 5 x 10® #particles/m’ to 5 x 10° #particles/m’, taking into account changes in
inlet air flow rate, exhaust temperature, and pressure drop across the system. Figure 4.9

shows the change of particle number density with inlet air flow rate at MP1.

Characteristic numbers of particles from natural gas combustion loop analyzed by

ESEM and CNPC methods are compared and summarized in Table 4.1.

Table 4.1 Particle environment for natural gas combustion exhaust tube

dove [um] | D, [m%s] | Kn Sc Re; ScRe; ZM

ESEM | 0.05~0.3 9X10®° |0.2~1.3 | 10°~4X10* | 3X10° | 1.5E+7 | 10*

CNPC | 0.017~0.16 | 9X10° | 0.4~4 |10°~4X10*| 3X10® | 52E+6 | 10*

Note: Re, is the Reynolds number inside tube
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42 FUNDAMENTAL CHARACTERISTICS OF DUST FLOW SEPARATOR
The objective of dust flow separator is to separate most of the fine particles from

the exhaust flow to ESP branch, while maintaining most of the flow in the main stream.

Hence, characterizing the dust flow separator, flow profile and particle separation were

conducted.

4.2.1 Flow Separation Characteristics
Experiments are performed under a cold test (without combustor on) and a hot test
(with combustor on). During the hot test, the ESP influence on the flow separation is also

tested. The experiment matrix is shown in Table 4.2.

Experimental results and the corresponding FLUENT predictions for cold test
without operating ESP are compared in Figures 4.10 and 4.12, where FLUENT code
simulation for DFS-ESP was conducted by Park et al. [102] and details are provided in
Appendix A. Experimental radial flow distribution results for the hot test with OkV ESP
voltage is shown in Figure 4.13. The ESP effect on flow distribution is also tested, and
the results are shown in the Figure 4.14 for time averaged flow velocity at upstream (MP1)
versus ESP voltage at various Pitot tube locations for Q at 8.5Nm’/h. For completeness,
the results for the other test conditions are also given in Appendix B. All the results for
the hot test (higher gas temperature) condition are normalized to standard conditions, i.e.

20°C and latm.
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By comparing the difference between the cold air and hot combustion test

conditions, it can be observed that the amount of natural gas flow rate is approximately

0.55~0.75Nm’/h.
Table 4.2 Experiment matrix for flow profile diagnosis
Flow Rate | Cold test Hot test
(Nm*/h) (25°C) (150~170°C)

Vesp=0kV | OkV 10kV | 15kV | 20kV | 25kV | 27kV

5 v v v v v v v
7 v v v v v v v
8.5 v v v v v v \

Figures 4.10 to 4.13 show gas velocity profiles for the cold air test condition,
where the X axis is the velocity in normal meter per second, and Y axis represents the
velocity measurement radial locations on the flow profile shown in Figures 4.10 to 4.12.
Examining the velocities at MP1, MP2 and MP3, the values are almost identical, which
means only a small portion of the flow is separated to the ESP branch for 5, 7 and 8.5
Nm’/h inlet total flow rates. Experimental measurements agree quantitively and
qualitatively with the FLUENT predictions [102]. A similar trend is also observed on
Figure 4.13, which shows the gas velocity profile for the hot combustion test condition.

Results for MP1, MP2 and MP3 are indicated in Figure 4.13.
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Measured velocities at different locations (1, 2, 3, 4 and S5) are integrated and
averaged. This average velocity is used for quantitive analysis of flow separation ratio

using Equation 4.1.

O=u4 (4.1)

By subtracting the flow rate at middle of main channel (MP3) from that at
upstream (MP1), the flow rate in the ESP branch is determined. The comparison for flow
rates between ESP branch and mainstream is shown in Figure 4.15. Since the flow rate in
the ESP branch is relatively small, the real value is scaled 10 times to be shown in the
Figure, for the purpose of trending. From Figure 4.15, the main flow increases and branch
flow decreases as increasing total inlet flow rate. This demonstrates less flow is separated
to the ESP branch as the total inlet flow increases. Flow separation efficiency is

determined by:

N1 =(Ovp1 = Oups)’ Qo1 4.2)

Hence for the different total inlet flows — 5, 7 and 8.5Nm’/h, the flow separation
efficiencies are approximately 3%, 2% and 1% respectively. The flow separation ratio is
compared between experimental results and FLUENT predictions [102] in Figure 4.16,

which as well shows a fair quantitive and good qualitative (trends) agreement.
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4.2.2 Results for Particle Separation

Experiment matrix for DFS particle separation examination is shown in Table 4.3.

Table 4.3 Experiment matrix for particle separation diagnosis

Sampling Ports
MPI MP2 MP3
Conditions
5.0 Nm*/h CNPC v N v
CNPC N N v
70Nm’>h | CNPC-PSS N N v
8.5 Nm’/h CNPC v N N

Experimental results of the particle number density versus different total inlet
flow rate at upstream (MP1) and middle of main channel (MP3) are shown in Figure 4.17,
and the corresponding size distribution for MP1, MP2 and MP3 at 7Nm’/h is shown in
Figure 4.18.

Figure 4.17 shows that the particle number density increases with increasing total
inlet flow at upstream (MP1), and decreases at main channel (MP3), which demonstrates
that more particles are separated at higher inlet flow.

Figure 4.18 shows the particle size distribution at MP1, MP2 and MP3 for total

inlet flow at 7Nm>/h. First of all, finer size particles (17~41nm) range at MP1 (upstream)
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and MP2 (downstream), is approximately' 15% difference, which most likely is the
function of deposition of the whole DFS-ESP system. Secondly, particles with size range
larger than 162 nm occupy most of the portion at MP3. From the above observations, we
can also extrapolate that particles with smaller size range are separated at DFS section,
especially effective with 17nm to 41nm size range; and particles show the trend of

agglomeration at MP2 and MP3 at higher size range.

Furthermore, the separation efficiency can be computed by,

n = D =Nuws) 10905 43)

MP1

So that, separation efficiency for 17~41nm size range particles is 99.4%, and overall

separation efficiency is around 90%.
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43 FUNDAMENTAL CHARACTERISTICS OF ESP

Generally speaking, the efficiency of an electrostatic precipitator relies on the
relationship between the applied high voltage and the resulting corona current. ESP
sensitivity analysis using MESP code [99] also shows that those dimensional parameters
affect the ESP collection efficiency, such as ESP pipe length, characteristic length, and
corona wire diameter. For instance, changing the pipe characteristic length or the distance
between corona electrodes, the electric flux field will be changed, inevitably modifying
the current-voltage characteristic. The experiment conditions also influence ESP
performance, such as exhaust temperature, and flow rate. It is well known that an
interrelationship existing between the electric current and the flow field does induce
secondary flows and change the turbulence structure. Therefore, the electric operation
conditions coupling with the flow field would definitely influence the particle

transportation; hence the collection efficiency is affected.

4.3.1 Current-Voltage Characteristic of ESP

The time-averaged current-voltage characteristic of the experimental ESP without
particles for different inlet flow rates is shown in Figure 4.19. Particle density effects
would not cause significant changes to the corona discharge behaviour, since the particle
density emitted from the present natural gas combustion system is relatively low [38].
The results are presented in the format of applied voltage (kilovolts) versus square root of
the current per unit length. Figure 4.19 shows that the corona-onset voltage decreases as
the inlet flow rate increases under the same temperature and pressure condition. The
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slopes of these curves are relatively similar, and the tested results agree with those
predicted by MESP numerical simulations.

The time-averaged current-voltage characteristics for different diameters of
corona wires are compared in Figure 4.20. The comparison is performed under the same
experiment condition at ONm’/h total inlet flow rate, and 20°C ambient temperature. It is
concluded from Figure 4.20 that corona-onset voltage increases with increasing corona

wire diameter.
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4.3.2 Pressure Drop of the FS-ESP System
Measurement of the DFS-ESP system pressure drop is performed by a differential

pressure transducer, between MP1 and MP2 as shown in Figure 4.21.
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Figure 4.21 The comparison of experimental and numerical pressure drop of DFS-ESP vs.
total inlet flow rate for the conditions without insert, particle flow, and ESP voltage

The system pressure drop increases as the total inlet flow rate increases as
expected. The maximum pressure drop is less than 1Pa at the maximum reachable inlet
flowrate tested for the DFS-ESP. FLUENT simulation [102] agrees quantitatively and

within a factor of two with experimental measurements.
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44  DFS-ESP COLLECTION EFFICIENCY OF PARTICLES
DFS-ESP system particle collection efficiency is analysed by both number and
mass particle concentrations, as varying the corona wire diameters, gas flow rates, ESP

applied voltages, and with/without insert. The experimental matrix is shown in Table 4.4.

Table 4.4 Experiment matrix for particle collection efficiency analysis

CNPC [Number concentration] OPC [Mass]
0.7 mm [wire diameter] 0.23 mm 0.7mm
With insert | Without insert | [wire diameter] [wire diameter]
2.5Nm’/h v
5.0 Nm’/h v v v
7.0 Nm’/h v v v
8.5 Nm’/h v

Note: Results of experiments with 0.23 and 0.7mm corona wire are compared and analyzed in Appendix B.

Particle collection efficiency based on number density is determined by:

_Nin—Nout

n, x 100% (4.4)

where Ni, and N, stand for the particle number density measured at upstream (MP1) and

downstream (MP2) respectively.
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Figure 4.22 shows the CNPC experimental results without the special designed
insert structure for gas flow rates of 5 and 7Nm’/h. Temperature at upstream (MP1) is
165°C, and 125°C at downstream (MP2). Total particle number density is in the range of
2 ~ 4x10° #pt/m’. From the flow rate analysis in section 4.2, the ESP branch flow rates
are approximately 0.20 and 0.14Nm>/h for 5 and 7Nm>/h total inlet gas flow rates. Using
all of the above information as inputs for the MESP code, the results of numerical
simulation are calculated and compared with the experimental results. Figure 4.22 shows
that collection efficiency increases with increasing total inlet gas flow rate and ESP
applied voltage, where the relatively low collection efficiency before corona-onset
voltage may be due to the diffusion and thermophoresis effects within the entire system.
The experimental results and MESP prediction agree qualitatively and quantitatively for
above 20kV ESP voltage and 7Nm*/h gas flow rate, where quantitative analysis shows
that about 95% particle collection efficiency based on the number concentration can be

obtained at 7Nm’/h and ESP voltage above 20kV.

Figures 4.23 and 4.24 are the comparison with and without insert under the same
experiment conditions. The locations of inserts are as indicated in Figure 3.4. Figure 4.23
shows the comparison for 7Nm’/h gas flow rate, and Figure 4.24 shows the results for
5Nm’/h. Both Figures 4.23 and 4.24 show that the collection efficiency is reduced when
the insert is applied in the system. The dependence of particle collection efficiency versus
gas flow rate is reversed compared with Figure 4.22 (i.e., without the insert). The reason
for reducing collection efficiency by inserts is unclear, however it might be due to the
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flow separation to the branch may decrease due to extra pressure increase in the inlet
section of the main channel with the insert system due to unoptimized location placed.
Results for particle mass concentration based collection efficiency are presented
in Figure 4.25. The maximum particle gross mass detected by OPC is around 1.05mg/cm’.
Mass particle collection efficiency is determined as the same as Equation 5-10 if
replacing the N to M (mass density measured at both upstream (MP1) and downstream
(MP2)). Comparing with the number particle collection efficiency, particle mass based
collection efficiency is small, where the highest value is around 76%. The reason might
be due to the particle agglomeration at the exit of ESP, since the particle number density
is reduced while the mass density is not affected due to agglomeration. Beside, the

detection limit of the instrument used for mass density (+0.0Img/m’) may contain a

few percentage error in the present range of measurement.
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Further analysis for partial particle collection efficiency is conduced using CNPC-
PSS. Results are shown in Figures 4.26 and 4.27 for the collection efficiency at 20kV
ESP voltage, and SNm’/h and 7Nm’/h gas flow rate separately. It indicates that the most
particle number collection efficiency can be obtained for fine particles in the range of 17
to 41nm, which is 86.6% for SNm’/h gas flow rate, and 95.6% for 7Nm’/h gas flow rate.
Agglomeration can be extrapolated for particles’ size in the ranges of 72 to 102nm and

above 162nm.
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CHAPTER 5

CONCLUSIONS

Dust flow separator type electrostatic precipitator for a control of fine particle

emission from natural gas combustion was experimentally and numerically investigated,

and the following conclusions were obtained:

1.

Size of particles from natural gas combustion ranges from smaller than 17 to
300nm, with a maximum particle mass density at 1.05mg/cm’® and number density
approximately at 5x108% to 5x10° #pt/m’ depending on combustion conditions.
Particle size shows a bimodal distribution by CNPC-PSS method with peaks for
particle groups in the range from 17 to 41nm and 132 to 162nm in diameter, at
upstream of DFS-ESP; and the size distribution at main flow channel of DFS-ESP
shows a similar bimodal distribution with the peaks for particle groups in the
range from 41 to 72nm and greater than 162nm.

The flow separation efficiencies of the flow separator are approximately 3%, 2%
and 1% for 5, 7 and 8.5Nm’/h total inlet flow rate respectively, while the particle
separation efficiencies are 97%, 98% and 99% for 5, 7 and 8.5Nm’/h total inlet
flow rate respectively.

The experimental results and MESP code prediction for particle collection
efficiency based on particle number density for DFS-ESP without the insert agree

qualitatively and quantitatively for above 20kV ESP voltage and 7Nm’/h gas flow
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rate, where quantitative analysis shows that about 95% particle collection
efficiency based on the number concentration can be obtained.

5. The experimental results of DFS-ESP for particle collection efficiency based on
particle number density with the extra insert in the main flow channel show that
collection efficiency will be reduced.

6. The collection efficiency based on particle mass density increases with increasing
ESP voltage and total inlet gas flow. However, compared with those based on
particle number density, the collection efficiency is lower with a maximum
achievable value of 76% for 8.5Nm’/h inlet flow and 30kV ESP voltage.

7. The maximum pressure drop across the DFS-ESP is lower than 1Pa at the present

range of inlet flow rate tested and agree with CFD code simulations.
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CHAPTER 6

FUTURE WORK

Further analysis should be performed in a few different aspects of this work.

For the numerical modeling of the DFS-ESP, the following aspects should be
considered:

1. The prediction of particle separation by DFS is recommended to be completely
analyzed using the FLUENT code. Prediction results should be compared with the
present experimental results.

2. MESP 3D model should be developed to predict the detailed behavior of particle
distribution in the ESP section.

Based on the experimental results, the particle collection efficiency based on mass
density is relatively low using the present DFS-ESP. Essentially, the fine particles are
being collected or agglomerated and the large particles (high mass) are not being
collected. For improving the particle collection efficiency, the mechanism of particle
movement inside DFS-ESP should be further analysed, such as the temperature effects
(thermophoresis). It is suggested to perform a particle distribution analysis by ESEM of
the cross-section profile at different locations (such as upstream of the DFS-ESP, the far-

and near-region of the DFS, and downstream of DFS-ESP).

-115-



CHAPTER 6. M. A. Sc. Thesis — L. Guan McMaster — Engineering Physics

The natural gas combustion should be well controlled to obtain a stable fine
particle source. A flow meter is recommended to be installed in the natural gas feeding
line, for achieving a relatively fixed air-to-fuel ratio.

In the future, the removal of collected particles in the DFS-ESP should be
considered. It could be oxidized by plasma or incinerated by electrical heat for
eliminating re-entrainment problem as proposed in design objectives. The suggested
locations for plasma soot incineration system are proposed at the entrance and exit of ESP
section.

After all above analysis is done, a small scale DFS-ESP suited for the real natural

gas industrial application would be tested.
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APPENDIX A

THE NUMERICAL ANALYSES OF THE DUST FLOW SEPARATOR

TYPE ELECTROSTATIC PRECIPITATOR

It is discovered that the particles emitted from the natural gas combustion is
approximately in the ultrafine size range from 0.017um to 0.3um (7] based on
measurement. It is known that the present existing devices cannot treat particles in this
range very efficiently as reviewed in Chapter 2. Therefore, a new type DFS-ESP (dust
flow separator type electrostatic precipitator) is proposed and developed for the purpose
of improving the collection efficiency of ultrafine particles.

The concept of DFS-ESP is described in this Appendix, followed by the
numerical modelling for DFS and ESP by FEMLAB and MESP code respectively, for the
purpose of performance estimation and optimization.

1. PRINCIPLE OF DUST FLOW SEPARATOR TYPE ESP
There are two important properties of particles emitted from natural gas

combustion based on the discussion in chapter 2:
(a). size distributed in the ultrafine range;
(b). diluted gas-particle exhaust.

Therefore, the conceptual DFS-ESP is proposed, as shown in Figure A.1. Natural
gas combustion exhaust with submicron to ultrafine particles enter in the upstream of

DFS-ESP, pass through an optional precharger, experience the particle separation in DFS
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section, the concentrated PM stream is separated to ESP section to be charged and
collected, and clean gas exits the ESP, re-joins in the PM free gas in the main stream, and
exhaust to the next device for toxic gas control. Mechanisms with this system are

described in Figure A 2.
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The dust flow separator allows for a minor flow to pass through the ESP
containing a higher concentration of particles than in the original gas, while the remainder
of the flow bypasses the ESP with a low particle concentration. The perforations arranged
in a regular matrix distribution generate sudden pressure expansion in the region where
the ESPs are connected, which might cause turbulence for the inlet flows with low Re,
and particles transient stagnating and migrating to ESP branch by diffusion, convection,

and/or thermophoresis.

Separated particles in the ESP would be further discharged, mainly the diffusion
charge mechanism for this size range, and collected to the inner wall of the collecting
electrode. An ESP is optimized by MESP code to achieve the highest possible collection
efficiency. It would be the oxidization by plasma or incineration by electrical heater that
1s employed to remove the collected dust.

For such a design, an ESP can work under a less disturbed laminar flow
circumstance, so that the traditional heavy dust loading problem could be eliminated; the
symmetrical system design could decrease the influence by potential backpressure; and
the re-entrainment problem would be furthest controlled by instant particles removing
within the system.

For preliminary performance evaluation and optimization of this DFS-ESP,

numerical modelling is performed.
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2. Numerical Analyses of DFS-ESP

Numerical models are set up for both the flow separator and the ESP
independently. The flow and pressure distribution within the whole system are simulated
by FEMLAB and FLUENT [102], while the particle collection efficiency versus different

operation conditions is simulated by the MESP code [99].

2.1 Flow Modelling
2.1.1 FEMLAB Modelling and Results

A lot of previous research has been done on modeling of the transport of particles
in different systems with different geometries. For example, modeling of the transport of
radioactive corrosion products in a vertical annular pipe [1], which is used for prediction
of particle distribution and design in the primary loop of a nuclear power unit; ESP
optimization codes for control of fine particulate in industrial flue gas [2], in which the
physical foundations of the fluid flow coupling with electrical parameters such as
electrohydrodynamic (EHD) induced secondary flow, onset of turbulence, and charged
particle induced secondary flow, and also their coupling with the fine particle transport
processes; numerical modeling of diffusion and sedimentation of Aerosol particles from
laminar flow in inclined channels developed the theory of the diffusion and sedimentation
of aerosol particles from Poiseuille flow in channels [3].

Different with the above works, this project deals with the ultrafine particles
distribution in a horizontal system (Figure A.1), therefore, only convection, and diffusion

were considered as the particle separation mechanisms for the overall DFS-ESP system
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except the ESP electrical effect. In a FEMLAB based environment, modeling work has
been done within a proper range, i.e., the dimensionless diffusion Reynolds number (or
Rayleigh Number) Ra<=10". (Ra=Re*Sc)
Several assumptions have been made before modeling, which are [1,2,3]:
= The total volume of the particles is much smaller than that of the channel,
therefore the interaction between individual particles may be neglected and the
Stoke’s law of force between the fluid and particles is valid,
= The fluid has constant-property (e.g., viscosity and density) and incompressible

(i.e., constant density or VeV, =0), so that no frictional dissipation exist and is

suitable for Navier-Stokes Equation;
= Particle inertia can be negligible due to the ultrafine sizes and super small mass of
the particles’ physical properties;
= The particle size and its mean free path are much smaller than the channel width;
= The thermophoresis of the particles can be neglected;
= System is under steady state and laminar gas flow is used.

Based on above assumptions, the governing equation can be written as [2,4]:

2
U, VN,-D,V°N, =0 (A1)
where U, =U,,, -[1-( %)2 ]/ is the gas flow velocity; D, is the particle diffusion

coefficient; and N, is the particle density. The first term of above equation corresponds to
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a convection transport, while the second term is for particle diffusion. Above particle
transportation equation is coupled with the incompressible N-S equation in FEMLAB.

P DVy =-VP+u VWV (A2)
g dt g £

Assuming that initially the particle density is uniformly distributed along the
radial direction and for z=0 (system inlet) we have a source of particle injection in, the
boundary conditions as follows:

= n,~1 atz=0 (system inlet) for all radial distance (7);
* n,~0 forall surface walls;

s dNydz=0 at z=1 (system outlet).

where 7, =L,

0
The characterized geometry is set up in FEMLAB as shown in Figure A.3.

Optimized geometry results from the modeling are shown in Table A.1.
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Figure A.3 Geometrical size of FS numerical modeling with FEMLAB

Table A.1 Optimized geometry of DFS-ESP

L1 L2 L3 D1 D2 D3 D4

0.53 0.34 0.027 0.02 0.03 0.035 0.009

Note: all dimensions are in meters
Modeling results for particle separation and system pressure drop are shown in
Figures A.4 to A.7. Figure A.4 shows the typical modeling result of particle distribution
in such a system when Schmidt number equals to 100 for Reynolds number at 10, which
give us a direct impression on the particle separation and gas velocity distribution by DFS.
Figure A.5 is the corresponding quantitative analysis result for the velocity distribution

along the radial direction for main stream and ESP branch (locations indicated in Figure
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A.4) for different total inlet flow (different Re), from which we can conclude that more
gas flow are separated to branch as increasing inlet total flow rate (Re).

Particles separation behavior with Re and Sc is summarized in Figure A.6. It
shows a decreasing trend with increasing Sc number and an increasing trend with
increasing Re number, which suggests that particle diffusion is the dominant mechanism
for the separation by DFS.

As indicated in Figure A.7, the pressure drop over the system is well distributed
and in the order of 6x/0™ Pa for Re=1. This indicates that pressure drop is not expected to
be a concern for this device.

Unfortunately, the modeling cannot be performed with either larger Re number
(higher than 1000) or larger Sc number due to program convergence issues within
FEMLAB. For this reason, the FLUENT code is applied to carry out a much more

accurate prediction.
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Figure A.6 FEMLAB modeling results of particle separation efficiency as a function of
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Figure A.7 FEMLAB modelling of the pressure drop over the DFS-ESP system for Re=1
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2.1.2 Flow Modelling by FLUENT

FLUENT is the world's largest provider of computational fluid dynamics (CFD)
software. FLUENT software is used for simulation, visualization, and analysis of fluid
flow, heat and mass transfer, and chemical reactions. It is a vital part of the computer-
aided engineering (CAE) process for companies around the world and is deployed in
nearly every manufacturing industry.

The governing equation used in current DFS-ESP application is Launder and

Spalding [101] model (i.e. standard &£ — & model) shown in Equation A.3~A.9 as follows:

Oou, /ox, =0 (A3)
6puju, op 0 ou, Ou, -

. LA —pu.u. A4
e e (Mt o) o] (A4)
—_ ou, Ou,
puu; = p a, ax,) (A.5)

u,=C,pk’/ & (A.6)
Opuk 0 Mg Ok
puk _ 0t Ok G pe (A7)
ox, O0x, o, O
opu . 2
PE O e 2 EG-c,pie (A8)
ox; ox, o, 0O k k
ou.

G=-pu' u —- A9

Py (a.9)

J
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where G is generation of turbulent kinetic energy, 4, is the effective viscosity
coefficient, 4, is the turbulent viscosity, k represents turbulent kinetic energy, and £ the
turbulent dissipation. Several constants in equations are as follows: C,=0.09; C,=1.44;
Cr=192; 6,=1.0;and o, =1.3.

Boundary conditions are set up as follows:

= Inlet velocity is uniform, i.e., u ;=Ups

=  Centerline follows Neumann boundary conditions, i.e., symmetric boundary
conditions;

= Exit pressure is set as atmosphere pressure, i.e., latm,;

None slip boundary condition is set for all surface walls, 1.e., u=0.

The geometry of DFS-ESP FLUENT model is set the same as the real experiment scale to
be able to be compared with experiment results. Geometry and grid of model are shown
in Figures A.8 and A.9. Figure A.10 shows a typical modeling result for system pressure
distribution of DFS-ESP with 7Nm’/h total inlet flow. The velocity profile for 7Nm*/h
inlet flow within the DFS-ESP is shown in Figure A.11. A detailed examination of flow
profile at flow separator section for 7Nm’/h total inlet flow is shown in Figure A.12. It
shows the turbulent flow re-circulation phenomena at flow separator section in Figure
A.12. The quantitative analysis of velocity distribution and pressure drop of overall
system is performed, and the results are shown in Figures A.13 to A.16. Figure A.17

shows the analyzed results of the ratio of flow separated to ESP branch to total inlet flow
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versus total inlet flow. The comparison between experimental results and FLUENT

modeling is presented in Chapter 4.

Grid Dec 16, 2004
FLUENT 6.1 {3d. segregated, ske}

Figure A.8. Geometry set-up of DFS-ESP FLUENT model

{

e 4

Figure A.9. Meshing of the model
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Figure A.10. DFS-ESP system pressure distribution for 7Nm’/h total inlet flow
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Figure A.11. Velocity profile within DFS-ESP for 7Nm*/h total inlet flow
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Figure A.12. Velocity profile at flow separator section for 7Nm’/h total inlet flow

o
©

o
©

©
N

0.6 Fy
AFLUENT Code

Pressure Drop [Pa]
o o©
» ;]
>

o
w

°© o
- N
| B -

0 T T T T T
0 2 4 6 8 10 12
Flow Rate [Nm*/h]

Figure A.13 Pressure drop prediction across the DFS-ESP by FLUENT code
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Figure A.15 Prediction of velocity profile for MP2 at 5, 7 and 8.5Nm*/h total inlet flow
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Figure A.17 Prediction of flow separation ratio (Qpranch/Qotat) by FLUENT code
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3.2.2 ESP Optimization with MESP

A prediction of dust particle collection efficiency model by various geometry
electrostatic precipitators, was developed by Chang et al., i.e. MESP (Multidimensional
ESP) computer code [4]. The wire-pipe and wire-plate type ESP with the various
electrode geometry effect can be analyzed for detail current-voltage characteristics,
volume-averaged electric field and ion density via multi-dimensional simulation of the
electric field and ion density profiles, and the ESP dust collection efficiency. It can solve
parameters along the radical direction, and then upwind finite differencing is applied to
calculate along the axial direction. The ion and neutral particle density distributions can
be obtained by solving the transport equation for desired species, including the convective
transport due to the gas flow, transport due to the ion diffusion and ion drift due to the

electric field.

U, VN, *V-(u,NVV)-V-(D,VN,)=%> k NN, (A.10)

Denotation g represents gas; j corresponds to the interested species, either ion (i)
or neutron dust particle (d); and £ is the particle surface charging rate.

The ESP charging mechanisms include diffusion and field charging which are
implemented based on the Knudsen number of particular dust particle diameter for a wide
range of dust sizes (10~ to 10> um). As discussed in previous chapter, particle size larger
than 10um is dominant by field charging, particle size smaller than 0.1um by diffusion

charging, and particle size in between by a combination of these two mechanisms.
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The flow chart of MESP code is shown in Figure A.18.

PARAMETERS

"FLUE GAS
PARAMETERS

—

I Corona-wire size & geometry

- e mm e e e am e e wm e

parameters are tested, such as ESP geometry (corona wire diameter, pipe length and
diameter), particle size (0.01 to 0.1um), natural gas exhaust flow rate and system
operating temperature. The sensitivity analyses based on the one-dimensional modeling

results are shown in the Figures A.19~A.23.

Electrode gap & section
distances
Number of flow channel &
section
ESP volume
Collection-electrode size &

geometry

Applied Voltage
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Frequency

Gas Flow Rate
Gas Temperature
Gas Composition

Dust loading
Size distribution
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Power i " ¢ L ol Channel velocity
L ———— Gas residence time
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*4—-—- | Particle velocity
Migration velocity
Y
Collection efficiency [ P|  Dustlayer thickness [l
—— o - - Stability of operation Back-discharge Rapping
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Re-entrainment rate Steady state —

Time Dependence™ = '

Figure A.18 Flow chart for MESP code [99]

The modeling is performed for wire-pipe type ESP. Main input characteristic

From the sensitivity analysis by MESP code, we can conclude:
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The collection efficiency increases with increasing tube length. However, with n
more than 90%, tube length is limited to about 1m due to space limitations;

The collection efficiency increases with decreasing the tube diameter. However, to
ensure a low pressure drop system, a tube diameter is tested no less than 2.54
cm;The collection efficiency increases with increasing the corona wire diameter.
However, wire diameter cannot be too large to suppress the current density to be
too small;The collection efficiency increases with increasing the applied voltage.
However, sparking, power consumption, and power supply limitations have to be
considered; The collection efficiency increases with decreasing the gas flow rate.
Thus, the greatest number of tubes possible should be considered to minimize the
flow rate;The collection efficiency decreases with increasing the gas temperature.
Therefore gas temperature should be minimized ESP is performed more efficient

for particles with larger diameter.

Based on above sensitive analysis, the geometry of ESP is optimized for the existing

experiment rig as listed in Table A.2.

Table A.2 Geometry of Experiment ESP

dee Lee dae
[mm] [mm] [mm]
63.5 432 0.7
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APPENDIX B

EXPERIMENT RESULTS WITH 0.23MM SIZE CORONA WIRE

AND RELATED EHD EFFECTS

A 0.23mm diameter corona wire is examined for the number particle collection
efficiency, and the results are shown in Figure B.1. Temperature at upstream (MP1) was
around 140°C, and about 90°C at downstream (MP2). The total gas flow was set at
2.5Nm’/h. It is observed from the results that particle collection efficiency is reduced with
increasing ESP applied voltage, even dropping to a negative value at 20kV, which means
the outlet particle number density is greater than the inlet. The same phenomenon was
also observed by Zukeran et al. [76] in the experiment of collection efficiency of ultrafine
particles by an ESP for those particles smaller than 0.1um and heavy particle loading
cases. The principle cause is maybe due to the particles reentrainment from the collection
electrode caused by electrohydrodynamic (EHD) induced secondary flow. Another factor

could be the disjointing of agglomerates according to Zukeran et al [76].

The EHD effect as a function of ESP applied voltage is analyzed, where
(Ehd/Re?)<<1 is the condition that EHD secondary flow can be neglected [89][100]. In
Figures B.2 and B.3 present the results for 0.23mm and 0.70mm diameter corona wires
respectively at various gas flow rates, and figure B.4 for different size of corona wire at
8.5Nm’/h gas flow rate. Firstly, the ratio of EHD to Reynolds number square increases as

decreasing the gas flow rate. Secondly, EHD effect is not neglectable for 0.23mm
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diameter corona wire since the ratio of EHD to Reynolds number square is way greater
than 1 according to figure B.2. Thirdly EHD flow of 0.7mm wire is much smaller than
that of 0.23mm wire, as compared in Figure B.4. The EHD effects of 0.7mm wire on the
flow velocity measured at upstream (MP1), downstream (MP2) and middle of the main

channel (MP3) are also tested. Results are presented in Figures B.5 to B.12.

Therefore, all the experiments for ESP performances were conducted for the

0.70mm diameter corona wire.
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for Q at 8.5 Nm*/h
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Table: Corrected flow and corresponding sampling probe size in the loop with different
temperature

Q [indicated] on the flow meter {scfm]

1.5 3 4 5 6
T Density Viscosity Q in the loop
°C kg/m®> | kg/(m®s) m?/s scfm
160 | 0.81559 | 2.42E-05 | 2.96E-05 | 3.14 |6.43104028| 8.712365 | 11.2 [13.76682
155 | 0.82552 | 2.40E-05 | 2.90E-05 | 3.10 | 6.3536827 | 8.607566 | 11.1 {13.60122
150 | 0.83559 | 2.38E-05 | 2.85E-05 | 3.06 |6.27711215| 8.503833 | 11.0 |13.43731
145 | 0.84575 | 2.36E-05 | 2.79E-05 3.02 |6.20170517 | 8.401676 | 10.8 |13.27589
140 | 0.85598 | 2.34E-05 | 2.73E05 | 299 |6.12758726| 8.301266 | 10.7 |13.11722
135 | 0.86624 | 2.32E-05 | 268E-05 | 2.95 |6.05501033| 8.202944 | 10.6 {12.96186
130 | 0.87649 | 2.30E-05 | 2.62E-05 | 292 |5.98420078| 8.107015 | 10.4 |12.81028
125 | 0.88669 | 2.28E-05 | 2.57E-05 | 2.88 |591536179| 8.013757 | 10.3 |12.66292
120 | 0.89688 | 2.26E-05 | 2.52E-05 2.8 5.84815376 | 7.922707 ;| 10.2 }12.51904
1156 | 0.90715 | 2.24E-05 | 2.47E-05 | 2.82 |5.78194581 | 7.833013 | 10.1 [12.37731
110 | 0.91759 | 2.22E-05 | 2.41E-05 279 |[5.71616097 | 7.743892 | 9.98 |12.23649
105 | 09283 | 2.19E-05 | 2.36E-05 | 2.76 |5.65021237 | 7.654549 | 9.86 |12.09531
100 | 0.93938 | 2.17E-05 | 2.31E-05 | 2.72 |5.58356804 | 7.564264 | 9.75 |11.95265
95 0.95094 | 2.05E-05 | 2.15E-05 | 269 |5.51569199 7.472309 | 9.63 |11.80735
90 0.96306 | 2.13E-05 | 2.21E-05 2.66 |5.44627764% 7.378271 | 9.51 [11.65875
85 0.97585 | 2.11E-05 | 2.16E-05 262 |537489588| 7.281568 | 9.38 |11.50595
80 0.98941 | 2.09E-05 | 2.11E-05 259 [530123219} 7.181773 | 9.25 |11.34826
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(Continue)
Q [indicated] on the flow meter [scfm]
15 3 4 5 6
Tempee ratur Density Viscosity Sampling Probe Diameter
°Cc kg/m® |kg/(m*s)| m?ls cm

160 0.81559 2.42E-052.96E-05 0.660379 | 0.461185 | 0.396231 | 0.4275 |0.386051
165 0.82552 2.40E-05[2.90E-05) 0.664387 | 0.463984 | 0.398635 | 0.430095 {0.388394
150 0.83559 2. 38E-052.85E-05 0.668427 | 0.466806 | 0.401059 | 0.43271 |0.390756
145 0.84575 [2.36E-052.79E-05| 0.672478 | 0.469635 | 0.40349 | 0.435333 |0.393124
140 0.85598 F.34E—0§2.73E-05 0.676533 | 0.472467 | 0.405923 | 0.437958 [0.395495
135 0.86624 [2.32E-052.68E-05 0.680576 | 0.47529 | 0.408349 | 0.440575 |0.397858
130 0.87649 2. 30E-052.62E-05 0.68459 | 0.478094 | 0.410758 | 0.443174 {0.400205
125 0.88669 2.28E-05[2.57E-05 0.688562 | 0.480868 | 0.413141 | 0.445745 |0.402527
120 0.89688 2.26E-05[2.52E-05 0.692508 | 0.483623 | 0.415508 | 0.448299 |0.404833
1156 0.90715]2.24E-052.47E-05/ 0.696461 | 0.486384 | 0.41788 | 0.450858 10.407144
110 0.91759 2.22E-052.41E-05 0.700457 | 0.489175 | 0.420278 | 0.453445 |0.409481
105 0.9283 2.19E-052.36E-05/ 0.704533 | 0.492021 | 0.422723 | 0.456084 |0.411863
100 0.93938 ? 17E-052.31E-05{ 0.708725 | 0.494949 | 0.425239 | 0.458798 [0.414314
95 0.95094 [2.05E-052.15E-05 0.713073 | 0.497985 | 0.427847 | 0.461612 |0.416856
90 0.96306 2.13E-052.21E-05 0.717603 | 0.501148 | 0.430565 | 0.464544 |0.419504
85 0.975852.11E-052.16E-05 0.722352 | 0.504465 | 0.433415 | 0.467619 | 0.42228

80 0.98941 2.09E-052.11E-05 0.727353 | 0.507958 | 0.436416 | 0.470857 [0.425204

- 167 -



APPENDIXES M. A. Sc. Thesis — L. Guan  McMaster — Engineering Physics

Appendix D

A copyright (figures, tables and text etc) of this thesis is co-owned with my

supervisors Dr. J. S. Chang and Dr. G. D. Harvel.
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