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Executive Summary

The objectives of this project were to i) complete a literature review of the composition of flowback
of conventional and unconventional wells, ii) design, build, and test a small scale flame and
sampling system to enable future work investigating particle formation mechanisms in flames with
flowback droplets, and iii) large scale experiments to investigate the effect of flowback droplets
on flare efficiency.

Extensive compositional data of flowback and produced water (water produced by the well after
the production process has started) is available from thousands of conventional and unconventional
well sites through a database maintained by the U.S. Geological Survey. Anions found in high
concentrations in the flowback water include (listed in order of decreasing concentration) CI-,
CHOg3’, and SO+*, with CI- having orders of magnitude higher concentrations than the other anions.
Common cations include: Na*, Ca?*, K*, and Mg?*. Data analysis on the USGS data showed that
conventional hydrocarbon wells has the highest median concentration of cations and chlorine. This
is likely due to the fact that the produced water from conventional hydrocarbon wells is mostly
brine water and it is not diluted with fresh water from the fracturing process. Furthermore, for
unconventional wells, the lowest concentrations of cations and chlorine are found at the beginning
of flowback and they slowly increase in concentration with respect to time as flowback continues.

In the small-scale experiment, nanoparticles generated by a laminar methane jet diffusion flame
were characterized by direct sampling through the pinhole of a probe and sized with a nano-
scanning mobility particle sizer. Particular attention was paid to verify the validity of the probe-
sampling technique. Results showed that the particle size distributions (PSD) were strongly
affected by sample dilution immediately after extraction. Within the flame, the soot PSD did not
become independent of dilution ratio until the sample was diluted several thousand times
(depending on initial concentration) within a few milliseconds of extraction.

High spatially resolved experimental results at different heights (typically 1 mm apart) along the
central axis of the flame showed the evolution of PSD for particles larger than 2 nm covering early
nucleation and growth to oxidation regions. Moving upward from the fuel-side, prior to the visible
flame, the PSD in the particle nucleation region was bimodal (with one of the modes being smaller
than 2 nm) and gradually turned into a unimodal PSD with a median of 10 nm due to particle
growth. Nearer to the visible flame, the PSD became bimodal again with the larger-diameter mode
growing in magnitude and being made up of ever-larger particles, while the smaller-diameter mode
gradually shrunk in size until it vanished. Eventually, as the flow was leaving the visible flame, all
the particles gradually oxidized until at the tip of the flame they reached a median diameter of 9
nm and in very low concentrations. This work will enable future work in the FlareNet project
investigating particle formation mechanisms in flames with flowback droplets.

In the lab-scale experiment, fuel gas comprised of methane, propane, and butane in a mixture
representative of upstream oil and gas products in western Canada was burned at atmospheric
pressure. At the base of the flame, liquid aerosols were injected into the flare gas stream using an



atomizing system, which is capable of delivering consistently-sized droplets at flow rates of up to
approximately 60 mL/min. The methodology to evaluate species yields and combustion efficiency
is based on capturing the whole product plume and fully mixing it prior to sampling. The effects
of injected liquid aerosols will be discussed in terms of prominent combustion product emission
trends for various liquid loadings and solution strengths. Key results were: CO had a non-
monotonic response to increasing levels of salt water injection, and emission trends with
hydrochloric acid solutions were remarkably similar to distilled water.
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1 Background

1.1 Hydraulic fracturing and hydrofracturing fluid

Production of natural gas has rapidly increased alongside the widespread use of hydraulic
fracturing (“fracturing”) as a means of securing non-traditional gas reserves, such as coal-bed
methane and tight gas [1]. As the name suggests, fracturing is the process of injecting high-pressure
(5-10,000 psi [2]) particulate and liquid mixtures into deep wells (4-12 km deep [3]) to create
fractures in the bedrock (see Figure 1.1). The particulate, referred to as proppant, holds the
fractures open to increase gas release from new or existing wells. Fracturing operations typically
include flushing wells with high pressure acid (often 2-28% hydrochloric acid solution) followed
by fracturing fluid and additional water and particulate mixtures [3-7]. It is also common that in
addition to a pre-fluid acid wash, hydrochloric acid could be injected before each injection stage.
Prior to well operation, flowback fluid (the liquid mixtures removed from wells) is recovered over
a period of days to several months [8,9]. Flowback is sent to separation tanks [10] then to open
holding tanks for eventual treatment or reuse, injection into depleted wells, or land disposal [4]
depending on local regulations [11]. Directive 060 from the Alberta Energy Regulator (AER)
requires all flowback to be separated by phase, and all droplets larger than 300 um be removed
from the gas component [12]. The gas stream is then directed to a flare, vented, or ‘green-
completed’ (i.e., connected to an existing pipeline) [10,12]. The gas recovered from the separation
tanks is vented to atmosphere or flared. Recent regulations have promoted flaring over venting
[12].

Compositions of fracking fluids are generally not publicly disclosed due to their proprietary nature.
Often corporations purchase ‘off the shelf” chemical compounds from third parties who hold the

Figure 1.1. A demonstration of hydraulic fracturing in a horizontal wellbore [14].
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rights to exact compositions [4,6,8,13]. A typical water-based mixture may include: biocides,
surfactants, proppants (primarily sand), scale-inhibitors, acids (hydrochloric acid), breakers (used
to reduce viscosity of fluids), and a variety of other chemicals used to alter the properties of the
mixture to suit geological and well-type requirements [3,4,6,8,13].

1.2 Flowback and Produced Water

The flow returning from the well is either categorized as “flowback water” or “produced water”.
Flowback water is the fluid which would return immediately after the hydraulic fracturing of the
well with a high flow rate. Flowback water can return to the surface days or weeks after the
hydraulic fracturing process. Produced water is the fluid returning to the surface after the
production process of the well has started [14]. The flow returning from the well has a high
concentration of inorganic minerals [15].

Chemical compositions of both flowback and produced water has been extensively investigated in
several papers and reports. Chemical composition and concentration of chemical species were
measured for flowback and produced water for different formations such as the Marcellus shale
formation [14-21], Barnett [19,21], Woodford [22], and Horn River [23]. Also, the United States
Geological Survey National Produced Waters Geochemical Database includes the compositions
of produced water samples gathered from different formations [24]. Additionally, some studies
inspected temporal changes of flowback water composition and concentration of major species.
Figure 1.2 shows the changes in chlorine and sodium for two representative flowback water
samples from the Western and Eastern United States [25]. These samples were gathered within 30
days following the hydraulic fracturing of wells. The results from this study and other similar
studies [15,26] suggest that the concentration of the non-organic compounds in flowback water
increases as time goes on. As the production of a fracked well continues most of the water that
was initially used in the fracturing fluid returns to the surface within the first weeks of the
fracturing process. Therefore, the volume of water derived from the fracturing fluid gradually
decreases. Subsequently the concentration of mineral compound in the water returning to the
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Figure 1.2. Concentration of (a) Cl and (b) Na for Eastern and Western US flowback water samples in terms of
hours after fracturing operation [22].



surface increases.

2 Chemical compound of a representative produced water solution

2.1 Methodology

To investigate the effect of produced water on particle emissions from flares a representative
solution for produced water needs to be found. Most research papers related to produced water are
only focused on the chemical composition of produced water from a specific geographical region.
Therefore, it was decided to use a data source with extensive data on produced water from different
geographical regions. The United States Geological Survey National Produced Waters
Geochemical Database v2.1 provides information on the composition of produced waters sampled
from all regions of the United States. This database has information on 161,915 produced water
samples and it contains information such as location of the well, date the sample was analyzed,
formation type, and chemical species of the produced waters, etc. This database is a collection of
25 individual databases, reports or publications [24]. According to the USGS database “the water
samples are commonly collected when a well has production problems or during the initial
development of a well” [24]. Based on their explanation it can be inferred that most of the samples
from hydraulically fractured wells could be flowback water rather than produced water. It should
also be noted that the USGS data base has a great deal of information on numerous elements
(predominately cations and anions) of produced waters, however, some chemical compounds
existing in produced water samples, such as compounds used in fracturing fluid, are not included
in the USGS database. In order to apply data analysis on this database a MATLAB code was used.

2.1.1 Categorization of Produced Water Samples

The USGS database has several well categories. Conventional hydrocarbon wells and
unconventional well types were included. Based on the objective of this project the following well
types were investigated:

e Conventional hydrocarbons: Gas and oil that are extracted by the natural pressure of the
wells or compression operation, after the drilling process is complete.

e Shale gas: Natural gas which is trapped tightly in a shale formation [27].

e Tight gas: Natural gas extracted from low permeability reservoir rocks (less than 102 pm2)
and low porosity (less than 10%) [28], where the rock formations are typically sandstones or
sometimes limestones.

e Tight oil: Oil that is contained in carbonate rocks and tight sandstone interbedded in the
vicinity of source rocks! [28].

The MATLAB code was used to filter the samples based on the type of wells mentioned. The date
of samples in the USGS database is quite extensive and it ranges from 1930 to 2014. However,

! Rocks that have the capability to produce hydrocarbons or have produced hydrocarbons
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since the use of horizontal drilling and hydraulic fracturing has been increasingly used in the past
two decades [29] it was decided to only include samples since 1990.

2.1.2 Prominent species in the produced water samples

After categorizing the samples of USGS based on the well type and date, chemical species analysis
was conducted to determine which species are common in all of these categories and which species
are measured exclusively in each category. Also for each species the median concentration was
determined. The main reason that in the statistical calculation median is used instead of mean is
that the concentrations vary by orders of magnitudes, therefore, the mean is highly influenced by
the samples with high concentrations. Due to this the mean is not a representative of a frequently
occurring sample. The results of the species measured in all well types and species measured only
in unconventional wells are shown in Tables 2.1 and 2.2.

Table 2.1. Median concentration (mg/L) of species measured in both conventional and unconventional produced water
samples

Ba| Br [HCO3| Ca Cl Fetot K Li | Mg Na SO4 | Sr87-86 | Sr
CONV |3.17| 13.8 | 281 |10423.5]|173590.5 5 2290 |14.35(1215| 85500 | 966 0.71 53.8
SG |5.0|308.0(1211.5| 119.2 | 6963.6 | 4949.4 | 202.0 | 37.8 | 19.0 | 5881.0 | 167.0 0.7 744.5
TG |11.1) 46.1 |1213.0| 46.0 3798.0 13.0 340 | 1.0 | 8.0 | 2720.0 | 25.0 0.7 3.4

TO |60.8/693.0| 624.6 | 7063.4 | 74923.9 |40986.1|4314.1| 43.6 |984.2|155485.4|1891.8| 0.6 |1088.8
CONV: conventional wells, SG: shale gas, TG: tight gas, TO: tight oil

Table 2.2. Median concentration (mg/L) of species only measured in unconventional produced water samples

NO2 | NO3sNO; [NH4|PO4| S |SOz|Sn| Ti | Tl | CoHeO2 | CsHeO | C7Hg | CsHig xy | CsH1o et [H2S| CO, | OH
SG| 3.0 0.3 |67.1/0.2|3.0|12.0|1.0{0.3|0.1| 31.0 | 90.4 | 1.6 | 114.0 8.9 2.0|264.0(88.0
TG| - - -l == -1-1-1- - - - - - 2.1|264.0| 0.4

TO| - - — === ]=]=]-] - - | - - - |213436| -
SG: shale gas, TG: tight gas, TO: tight oil

A secondary purpose of this investigation is to determine “typical” concentrations of important
substances which will be used to make a synthetic produced water solution for future experiments
as part of the FlareNet project. Based on the number of samples and the median concentration of
species, the most prominent chemical species were selected to be included in the final synthetic
produced water solution. These species are Cl, Na, Ca, K, Mg, HCOz and SOa. The selected species
were also included in other chemical analyses of produced water and flowback water in other
research [14-21].

2.1.3 Dataset Generation Based on Regions and Formations

By further analysis of the datasets obtained after applying the preceding filters (date and well
types) it was concluded that the unconventional samples are from specific geographical regions or
geological formations. All of the samples from unconventional databases were from Bakken,
Woodford and Wyoming regions; with Bakken mostly consisting of tight oil, Woodford consisting
of tight gas and shale gas and Wyoming consisting of tight gas. On the other hand, since the
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selected regions are from different parts of the United States the geological formation and rock
chemical compositions could be quite different. Therefore, the unconventional well types were
categorized based on the above regions and formations. The regional categorization was only
applied to unconventional well types. Finally, four datasets (Conventional hydrocarbons, Bakken,
Woodford, Wyoming) were obtained and further chemical analyses were conducted on these four
datasets.

2.2 Results

The MATLAB code was used to produce probability density functions? for the concentration of
each prominent chemical species in each dataset. It is worth mentioning that in addition to the
three categories of unconventional wells (Bakken, Woodford, Wyoming), the probability density
functions for the overall unconventional samples are also shown. The results of these probability
density functions are shown in Figures 2.1-2.7.
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Figure 2.1. Probability density functions of Cl concentration for (a) unconventional wells and (b) all conventional
and unconventional wells.

2 The parameter used in the y axis of the graphs is dF /d log(c;,,/c;) and is the normalized frequency function in
logarthmic scale.
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and unconventional wells.

For each species in each dataset the median was determined. Table 2.3 shows the medians of each

species in each dataset.

Table 2.3. Median concentration (mg/L) of species from selected regions and formations.

Median concentration (mg/L) based on species
Regions and formations
Cl Na Ca HCO; |SO4| K Mg
Bakken (293 samples) 144989 | 73400 | 12698 183 | 416 | 4520 | 1111
Wyoming (484 samples) 3644.5 | 2745 32 15845 | 17 | 33 5
Woodford (961 samples) 8500 5774 48 1049 | 84 - 19
Conventional wells (694 samples) 177613 | 91200 | 11254.6 262 | 972 | 2340 | 1368.3




2.3 Discussion

The figures show that the conventional hydrocarbon dataset has the highest median concentration
of cations and chlorine. This is likely due to the fact that the produced water from conventional
hydrocarbon wells is mostly brine water and it is not diluted with fresh water from the fracturing
process. On the other hand, the lowest concentration of cations and chlorine can be found in the
Wyoming dataset. Thus, the conventional hydrocarbon dataset can be a representative value of
produced water with a high concentration of species, while the results from Wyoming can be
treated as a representative value of produced water with low concentration of species.

Comparing these high and low concentration representative with the species concentrations
reported in other papers show that the concentration of produced water and flowback water
samples measured in other studies are between these two extremes. Table 2.4 compares the
concentration of species in conventional wells and Wyoming with average flowback water samples
from other regions of the United States. Table 2.5 compares the concentration of species in
conventional wells and Wyoming with average produced water samples from four tight oil
resource plays in Alberta and Saskatchewan, Canada.

Most of the reported species concentration fall between the two cases of conventional wells and
Wyoming; therefore, for future FlareNet work, the synthetic produced water will be based on the
concentration of species in those two cases (conventional wells and Wyoming). By applying this
assumption, the synthetic produced water must be mixture solution of the salt and acids outlined
in Table 2.6.

Table 2.4. Comparison of conventional well samples and Wyoming with results of [19].

Concentration (mg/L)
Species
Conventional wells Wyoming Fayetteville (AR) | Marcellus (PA) Barnett (TX)
Cl 177613 3644.5 8042.3 43578.4 237975
Na 91200 2745 5362.6 24445 12453
Ca 11254.6 32 256.3 2921 2242
HCO3 262 1584.5 12814 261.4 289
SO. 972 17 149.4 9.1 60
K 2340 33 - - -
Mg 1368.3 5 773 263.1 253




Table 2.5. Comparison of conventional well samples and Wyoming with results of [30].

) Concentration (mg/L)
Species
Conventional wells | Wyoming | Cardium | Slave Point | Colorado Group | Waskada/Spearfish
Cl 177613 3644.5 5104 88435 27000 93581
Na 91200 2745 2431 37325 15547 53593
Ca 11254.6 32 934 11793 641 2551
HCO3 262 1584.5 1098 164 463 389
SO4 972 17 226 969 152 2104
K 2340 33 169 503 208 585
Mg 1368.3 5 143 3053 367 746

Table 2.6. Chemical compound concentrations in the synthetic produced water for both low and high extremes.

Concentration (mg/L)
Chemical Compound
Low extreme (Wyoming) High extreme (conventional wells)

NaCl 5983.9 252621

NaHCO3 2181.8 360.8

CaCl, 88 30950.15

KCI 62.5 4434.6

MgClI2 4 4503.6

MgSO4 21 1215.3

3 Small-scale diffusion flame experiment?

Extractive techniques have been extensively used to investigate soot formation in combustion
processes. One such technique is probe sampling, which has been employed for soot measurements
from flames during the last few decades. This method offers the advantage of extracting samples
directly from a known location in the flame and then using standard aerosol instruments to perform
the measurement; however, concerns exist whether the measured sample is representative of that
in the flow at the sample location due to the presence of the probe in the flow and flame (such as
stagnation effects) and remains representative during the handling of the sample in tubing prior to
measurement.

Probe sampling was also used extensively to investigate soot formation in premixed flames [31-

3 An unabridged version this chapter has been published as M. Kazemimanesh, A. Moallemi, J.S. Olfert, L.W. Kostiuk
(2016). Probe sampling to map and characterize nanoparticles along the axis of a laminar methane jet diffusion flame,
Proceedings of the Combustion Institute. (http://dx.doi.org/10.1016/j.proci.2016.06.169)
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36]. In some of these studies, sampled soot particles were diluted in multiple stages to reach a high
overall dilution and then directed to particle measuring instruments [31,33,37,38]. Multi-stage
dilution systems have the advantage of decreasing particle concentrations to within the measuring
range of particle measurement instruments; however, such systems lack very high immediate
dilution of the sample, which could possibly result in changing the particle size distribution if
particle concentrations are very high at a sample point in the flame. Zhao et al. [32] pioneered an
improvement and characterization of the probe sampling technique and used it extensively to
extract soot samples from ethylene premixed flat flames.

The use of probe sampling for investigation and characterization of soot nanoparticle evolution in
a gaseous diffusion flame has not been tested. Therefore, the main objective of the study on a
small-scale experiment was to improve and characterize probe-sampling techniques for the
investigation of the evolution of soot nanoparticles along the centerline of a methane laminar
diffusion flame with high spatial resolution. Besides providing new data and insights on soot
particle formation and evolution through a laminar methane diffusion flame, this work explores a
large dynamic range of dilution ratio immediately after extraction to quantify what is required to
maintain the integrity of the sample for measurement.

3.1 Experimental setup

The experimental setup is shown schematically in Figure 3.1 and consists of a co-flow diffusion
flame burner, a variable-dilution sampling system, and the nanoparticle measurement and gas
analyzer suite.

3.1.1 Co-flow burner

A well-studied co-annular burner described by Santoro et al. [39,40] with 11.1 mm fuel tube and
101.6 mm co-flow air tube was used to produce a stable laminar diffusion flame at atmospheric
pressure. For this study, methane was used as the fuel due to its lower sooting tendency compared
to heavier hydrocarbons such as ethylene. Fuel and air flow rates in the burner were maintained at
0.35 and 70.0 SLPM (standard liters per minute at 25°C and 1 atm), respectively, by using two
mass flow controllers (Cole-Parmer, Model 32907-71, and Omega, Model FMA-774A,
respectively). These flow rates resulted in a stable diffusion flame with a visible height of 61 mm.
The temperature of the edge of fuel tube was at ~450 K. The centerline flame temperature for a
similar burner is ~500-1500 K [41]. To avoid the entrainment of ambient air and to minimize the
effect of room air currents, a quartz tube shield with diameter of 115 mm was mounted around the
burner and a ceramic honeycomb placed atop of the shield, as mentioned in earlier studies [42].
The burner was mounted on two motor-driven translation stages with an accuracy of 0.03 mm for
horizontal movement. Two longitudinal narrow slots in the shield allowed vertical translation of
the sampling probe through the flame tip.
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Figure 3.1. Schematic of the experimental setup for (a) diluted sampling, and (b) modified sampling system for
undiluted sampling.

3.1.2 Sampling system

The sampling system consisted of a stainless steel tube (3.2 mm OD and 2.16 mm ID) with a
0.5 mm pinhole in the middle that was positioned horizontally above the flame, pinhole facing
downward. The sampling system was mounted on a separate motor-driven translational stage with
an accuracy of 0.03 mm for movement along the z-axis. The pinhole was centered along the
centerline of the burner before each test using the three translation stages by using a device that
fits into the throat of fuel tube and has a centrally located needle on which to align the sample port.
Pinholes smaller than 0.5 mm resulted in complete clogging of the pinhole in a time less than the
duration of a measurement with the particle measurement suite. The 0.5 mm pinhole provided
enough time for carrying out particle measurements; however, it needed to be cleaned by a fine
wire periodically.

Sampling of particles with a probe, especially when they are at high concentrations, requires high
amounts of dilution to immediately quench chemical reactions and avoid particle-particle
coagulation. Dilution (on the order of thousands of times) was achieved by flowing particle-free
dry nitrogen at a flow rate of 10.0 SLPM at one end of the sampling tube using a mass flow
controller (Cole-Parmer, Model 32907-67). For further dilution, the other end of the sampling tube
was connected to the throat of an aluminum Venturi tube with inlet and throat diameters of 10 mm
and 5 mm, respectively. Clean dry nitrogen at a flow rate of 30.0 SLPM was maintained at the
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inlet of the Venturi tube using a separate mass flow controller (Omega, Model FMA-5540).
Therefore, the second stage dilution through the Venturi tube was 4:1 based on the flow rates
through the inlet and the throat. A needle valve and diaphragm vacuum pump (GAST, Model
DAA-P501) connected to the outlet of the Venturi tube established a slight vacuum throughout the
dilution system such that flow was into pinhole. A key feature of the sample probe was a 0.8 mm
OD stainless steel tube inside the sampling probe, inserted from the upstream side, to measure the
gauge pressure at the pinhole. Previous studies [6] measured upstream and downstream pressures
in the sampling probe and used calibration of pressure drop as a function of distance to find the
pressure at the pinhole location; however, the current method gave a direct reading of AP across
the pinhole.

3.1.3 Particle measurement suite

Sampled particles were extracted from the main sample flow to the particle measurement suite
through a branch at the outlet of the Venturi tube. The size distribution of particles was measured
using a scanning mobility particle sizer (SMPS; TSI Inc., Model 3080), which consisted of a nano
differential mobility analyzer (nano-DMA; TSI Inc., Model 3085) for particle sizing and a
condensation particle counter (CPC; TSI Inc., Model 3776) for particle counting. The aerosol and
sheath air flow rates were set at 1.5 L/min and 15 L/min, respectively, for a full-width half-
maximum resolution of one tenth the mobility set point and provided a particle sizing range of 2—
60 nm. Typically, a particle size distribution was obtained from a 30-40 s scan after an ~10 min
warm-up time for flame stabilization. The particles were drawn into the nano-DMA via silicone
conductive tubing by the CPC pump.

3.1.4 Dilution ratio measurement

The mole fraction of CO; in diluted and undiluted samples was measured online by two non-
dispersive infrared CO> analyzers (LI-COR, Model LI1-840A, and Gas Sensing Solutions, Model
COZIR-20%, respectively) to determine the overall dilution ratio. Figure 3.1 shows the setup for
both cases. In the diluted case, a AP was maintained through the pinhole using the needle valve at
a certain height above burner (HAB; height above fuel tube exit plane). The diluted sample was
then measured by the SMPS and the low-range CO; analyzer. In the undiluted case, the AP across
the pinhole was set to be the same as the diluted case for a specific HAB by controlling the inlet
flow to the Venturi. Assuming the same temperatures irrespective of whether diluted or not at a
certain HAB, the volumetric flow rate through the pinhole remained the same in both diluted and
undiluted cases for a certain AP. In the undiluted case (modified setup shown on top right of Fig.
3.1), the diluting nitrogen flow at one end of the probe was blocked and the sample was drawn
through the pinhole using the Venturi tube and measured by a wide-range CO> analyzer after being
filtered and dried by silica gel.

Assuming similar composition of sample gas in diluted and undiluted cases, the overall dilution
ratio (DR) is calculated by
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Xco,, undiluted@P,T
DR = 2, @P, (1)
Xco,, diluted@P,T

where Xco,. undituted @Nd Xco,, dilea @r€ the mole fraction of CO; in the undiluted and diluted
samples at the same pressure and temperature, respectively. When measuring the size distribution
of particles, the AP across the pinhole was typically maintained in the range of 30-80 Pa for
various heights above burner to achieve overall dilution ratios of 10,000 to 25,000. This low flow
rate caused minimal perturbation to the flame. The dilution ratio through the pinhole can be
estimated by dividing the overall dilution ratio by the dilution ratio of second stage (i.e., 4).
Therefore, an immediate dilution ratio of up to ~6,000 was achieved at the pinhole location. This
immediate dilution with nitrogen at ~300 K also ensured quenching of chemical reactions inside
the probe. As mentioned in the introduction, some studies [31,33,37] have achieved high overall
dilution ratios by combining several low-dilution stages, which could possibly lead to coagulation
of particles and change their size distribution.

Considering a typical DR=20,000 and dilution ratio of 5,000 through the pinhole, the sample flow
velocity through the clean pinhole was ~74-85 cm/s resulting in a residence time of ~0.6-0.7 ms.
The residence time for particles in the sampling probe from the pinhole to the throat of Venturi
tube was ~2.2 ms. The maximum concentration of nanoparticles measured in the same section of
the probe after dilution through the pinhole was ~26x107 cm™. The corresponding coagulation
coefficient for this concentration of particles is equal to ~14.9x107° cm®/s using the method
described in [43], and the percentage of particles undergoing coagulation in the probe was always
below 0.08%. After entering the Venturi tube, nanoparticles were diluted further to a maximum
concentration of ~6.5x107 cm3, ensuring that coagulation of particles was less than ~4.7% for a
residence time of ~0.51 s during transport to the SMPS.

3.2 Results and discussion

3.2.1 Effect of dilution on particle size distribution

A wide range of dilution ratios were used at each height above burner to investigate its effect on
the measured particle size distribution (PSD). Particle losses or particle-particle coagulation can
change the particle size distribution. For low dilution ratios, where coagulation is significant, it is
expected to measure larger particles with reduced number concentration. Once a critical dilution
ratio is reached or the particle number concentration is sufficiently low, the effect of coagulation
is negligible and the measured particle size and concentration becomes independent from the
dilution ratio. Zhao et al. [32] and Camacho et al. [36] refined this probe sampling technique to
achieve this criterion for premixed flames and we followed the same path to obtain the critical
dilution ratio for the current diffusion flame. Figure 3.2 shows the variations of particle size
distribution for an HAB=36 mm when the dilution ratio was changed by more than an order of
magnitude from 1,150 to 20,700. The total number concentration of particles was obtained from
N = DR-Nswmps, Where Nswps is the particle number concentration measured by SMPS. With low
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dilution ratio, the PSD was unimodal and no particles smaller than 4 nm were detected. As the
dilution ratio was increased, the PSD started to become bimodal with a very large number of
nanoparticles smaller than 2 nm (only a small fraction of the tail of the first mode in the range of
2-3 nm could be detected by the nano-DMA).
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Figure 3.2. Variation of particle size distribution as a function of dilution ratio for HAB=36 mm.

Figure 3.3 shows the change in the particle median diameter of the second mode by variation in
dilution ratio. This median diameter was calculated based on a bimodal lognormal fit of the
measured PSD. Once the dilution ratio reached the critical value of ~9,000 for this specific HAB,
the particle median diameter remained approximately constant. This is consistent with the findings
of Zhao et al. [32] and Camacho et al. [36] for premixed flames. In the subsequent sections, only
data obtained beyond the critical dilution ratio are presented.
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Figure 3.3. Variation of particle median diameter as a function of dilution ratio for HAB=36mm.
3.2.2 Effect of pinhole clogging on particle size distribution

One of the practical drawbacks of sampling particles with a probe, is the clogging of the pinhole
over time. Deposition and accumulation of soot particles on the wall of the pinhole as well as on
the outer surface of the sampling tube in the vicinity of the pinhole caused gradual clogging of the
pinhole reducing its effective diameter. Clogging typically continued until the pinhole was
completely blocked and no CO, was measured by the analyzer. During clogging, online CO-
measurements showed that CO> mole fraction decreased with time, an indication that sample flow
rate through the pinhole was reduced. Moreover, online AP measurements revealed that, during
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clogging, slightly higher vacuum was measured inside the sampling probe due to partial blockage
of the pinhole. The gradual decrease of CO> mole fraction showed that from the opposing effects
of effective pinhole diameter and AP across the pinhole, the former had a greater effect on the
sample flow rate through pinhole.

Figure 3.4 shows the effect of clogging on the measured particle size distribution for HAB=41
mm. We noted earlier that dilution ratio affected the PSD considerably. To isolate the effect of
dilution ratio, particle size distribution was measured at a specific AP (i.e., dilution ratio) while
the pinhole was lightly, moderately, or heavily clogged. The required time for complete blockage
of the pinhole in this set of tests was ~300 s. The amount of clogging is indicated by the time after
the clean pinhole was positioned in the flame and the SMPS scan started. It is clear that the amount
of clogging did not have a considerable effect on the particle size distribution. This fact provided
ample time for fine adjustment of AP (~60-120 s) and measuring PSD as long as the pinhole was
not completely clogged. Figure 3.4 also confirms that once a certain dilution ratio was maintained
in the dilution system, highly reproducible particle size distributions could be obtained regardless
of time or degree of pinhole clogging.
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Figure 3.4. Effect of pinhole clogging on particle size distribution for HAB=41 mm. t is the time after the clean pinhole
was positioned in the flame and the SMPS scan started.

3.2.3 Evolution of particle size distribution in the flame

Particle size distributions for different heights above the burner along the centerline of the flame
were obtained. The purpose of this part of the experiment was to create a detailed map of
nanoparticles along the central axis of the laminar diffusion flame and to investigate particle
evolution along the centerline of the flame.

Figures 3.5-3.7 show the particle size distribution for HAB from 30 mm to 62 mm. For the sake
of clarity, the particle size distributions are broken into three plots to better represent the trends in
particle evolution. Below HAB=30 mm, the SMPS could not detect any particles. At the onset of
particle nucleation at the height of 30 mm, a small fraction of the tail of the PSD could be detected
which mostly consisted of nanoparticles smaller than 2 nm. At 35 mm, the PSD became bimodal,
with a larger diameter mode. Like before, only a fraction of the tail of the first mode could be
detected which consisted of particles smaller than 3 nm; however, the number of particles in this
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mode was much more than that of the second mode. At higher heights above burner until 38 mm,
the second mode increases in both diameter and number as the first mode gradually disappears. By
fitting the bimodal PSDs with two lognormal distributions, the median diameter of the second
mode is estimated to change from ~3 nm to ~6 nm when the HAB was changed from 35 mm to 38
mm. The PSDs show particle nucleation at lower heights and the coagulation of these nucleated
nanoparticles at higher heights to form larger particles with reduced number concentration.
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Figure 3.5. Particle size distributions for HAB=30-42 mm.
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Figure 3.6. Particle size distribution for HAB=43-50 mm.

x10"
5

HAB =
—50mm
44 ----55mm

dNrdlog d (cm™®)

d_, Particle mobility diameter (nm)

Figure 3.7. Particle size distribution for HAB=50-62 mm.
At heights of 39 to 42 mm, the PSD was mostly unimodal with both its median diameter and
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number concentration growing as HAB increased. The particle median diameter grew to ~10 nm
for the height of 42 mm. Closer investigation of these PSDs revealed that they included the tail of
the small first mode, which decreases with height above the burner. It should be noted that the
geometric standard deviation, o, of the PSD from the heights of 39 to 42 mm varies from 1.44 to
1.50, which is larger than ¢ = 1.44 for a self-preserving distribution in the free-molecular regime
[44]. Zhao et al. [32] have argued this is indicative of particle growth not only by coagulation, but
also by particle mass growth by surface reaction [45].

From the height of 42 mm to 43 mm, the particles growth continued from 10 nm to 11.3 nm
(median size) while their number concentration decreased. At HAB=44 to 48 mm, the unimodal
PSD became bimodal again. We call the left-most mode as Mode | and the right-most mode as
Mode Il. With increasing height in this region of the flame, the median particle size in Mode 11
grew larger in diameter from 15 nm to 23.3 nm, while the particles became smaller in diameter in
Mode I, and both Modes | and 11 decrease in number concentration. At the height of 50 mm, Mode
| vanished and only Mode 11 survived. This is an interesting evolution for the particles, which to
the knowledge of authors, has not been reported before for diffusion flames in the literature and
needs further investigation to explain the transformation of unimodal to bimodal PSD and back
again. Presumably, the particles in Mode | and Mode Il continue to coagulate and form larger
particles in Mode Il in smaller numbers. It is speculated that particles in Mode | experience
oxidation between the heights of 44 to 48 mm as both their median diameter and number
concentration became smaller in this region. If this is the case, then particle coagulation and
oxidation regions overlap at these heights.

At the heights of 50 mm to 55 mm, the PSD was unimodal and the median particles continued to
grow to ~30 nm and their number concentration decreased probably due to coagulation. From the
height of 57 mm to the tip of the flame (61 mm), the median particle diameter sharply decreased
from ~30 nm to ~9 nm while its number concentration dropped significantly, presumably due to
particle oxidation. At HAB=62 mm, just outside the tip of the flame, the particles continued to
shrink in size and their number concentration was greatly reduced.

3.3 Conclusions

Nanoparticles generated by combustion of methane in a laminar jet diffusion flame were
characterized systematically by direct sampling through the pinhole of a probe and sizing them
with a nano-DMA. Particular attention was paid to verify the validity of probe-sampling technique
in measuring nanoparticles from highly reacting flows. A method for the measurement of dilution
ratio was introduced by measuring CO- concentration continuously during the tests for diluted and
undiluted samples, which could substitute other methods of determining dilution ratio based on
computation or offline measurement of CO, concentration. Analytical and experimental results
showed that particle-particle coagulation, which is a challenge for particle size distribution
measurement, was negligible in this study. The effect of dilution ratio on the shape of the particle
size distributions was characterized, confirming that particle size distributions became
independent from the dilution ratio when using very high and immediate dilution. Moreover, it
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was shown that the degree of clogging of the pinhole had no considerable effect on the particle
size distribution.

Size distributions of particles larger than 2 nm were obtained for various heights above burner,
covering early nucleation and growth to oxidation regions. It was found that the PSD in the
nucleation region was bimodal and gradually turned into a unimodal PSD due to particle growth.
At the height of 44 mm above the burner, the PSD started to become bimodal again with the second
mode growing in diameter and the first mode gradually decreasing in size until it vanished. It is
speculated that particles in the first mode experienced oxidation while the second mode
represented continuation of particle coagulation up to a median of 30 nm in diameter. At the height
of 57 mm, particles started to oxidize gradually until the tip of the flame where they reached a
median diameter of 9 nm and in very low concentrations.

4 Lab-scale turbulent flame experiment®

As discussed in Section 1, among the measured constituents, sodium cations (Na*) and chlorine
anions (CI') showed significant increases in concentration when comparing injected fracturing
fluid composition to flowback water recovered at various times after injection. Na*increased over
140x its total injected concentration of ~125 mg/L in six hours and over 520x by day 30. Similarly,
Cl increased 76x and 400x its initial injected concentration of ~95 mg/L in six hours and 30 days,
respectively [46]. Volume recovery relative to injected volume at various well locations can be as
low as 10% or as high as 80% [4,11,48], likely depending on well-type (vertical or horizontal),
formation geology, and depth of well. It is possible that fracking fluids mix with formation water
(water found at the gas or oil source) [49], causing increased levels of salts to be seen in flowback
fluids. Formation water can have a total dissolved solids (TDS) content similar to that of sea water
(35,000 mg/L) to over 400,000 mg/L [49].

As mentioned in Section 1.1, droplets below the AER size restriction (300 um) have the potential
to enter the flare stream [12]. Effects and emissions due to chlorinated species and NaCl in
combustion environments are well-researched in specific combustion contexts (e.g., chlorinated
coals [50-52], biofuels [53-55], chlorinated hydrocarbons [56-59], entrained chloroform in
acetylene [60], and extinction studies [61,62]). The objectives of the lab-scale experiment were to
determine effects on flare emissions and performance in a model setting by injecting salt water
(aqueous NaCl) and hydrochloric acid at known concentrations and flow rates in the form of
droplets smaller than the AER allowable limits, into the exit plane of a lab-scale turbulent flame.
Combustion products were measured and analyzed with the intent of determining liquid loadings
and concentrations needed to have a perceptible effect on flame behaviour.

4 An unabridged version of this section is published as A.M. Jefferson, D.J. Corbin, M.R. Johnson, A. Vali, L.W.
Kostiuk (2015). Experimental Examination of Injected Salt Water and Hydrochloric Acid Solutions on the Carbon
Conversion and Emissions of Turbulent Non-Premixed Flames, Proceedings of Combustion Institute—Canadian
Section, Spring Technical Meeting, University of Saskatchewan, May 11-14.
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4.1 Methodology

Experiments were performed in Carleton University’s lab-scale flare facility illustrated by Figure
4.1(a). A specialized burner and droplet injection system designed in collaboration with the
University of Alberta allowed for controlled injection of liquid droplets into the flare gas stream.
Gas bottles of high-purity hydrocarbons were used to create a fuel gas mixture of desired
composition and flow rate controlled through species-dedicated mass flow controllers. The fuel gas
was directed to a burner placed in a 1.7 m deep pit. Emissions were captured with excess dilution
air by a large overhead ventilation hood. Two concentric (1.5 and 3 m diameter) settling screens
were installed to eliminate any flow disturbances around the flame that could be caused by air
flows in the open lab or from air supplied from perforated tubing around the outer bottom edge of
the pit. Gaseous- and solid- phase (soot) species were measured with an MKS 2030 Fourier
Transform Infrared (FTIR) spectrometer and Artium LI11200 Laser Induced Incandescence (LII)
instrument, respectively. Detection limits for measured species were: 0.15 ppm, for carbon
monoxide (CO), 0.1 ppm, for methane (CH.), 0.5 ppm, for nitric oxide (NO), 0.05 ppm, for
nitrogen dioxide (NO;), 2% of reading for carbon dioxide, and 20% of the soot volume fraction
measured. Species yields and combustion completion were determined using methodologies
developed in [31].

The custom atomizing burner seen in Figure 4.1(b) has a 102 mm (4 in) diameter and 51 mm (2
in) outlet nozzle. Within a closed vessel the desired liquid was pressured to 14 kPa (2 psig) with
compressed air and displaced to a dual rotameter setup (one each for low and high flows). The
weight of the vessel was continuously measured on a scale (0.1 g precision) to confirm the flow
rate. The atomizing surface height (see inset of Figure 4.1(b)) was adjustable and set in the burner
exit plane. Droplets of 38 um were delivered to the flare gas stream by the ultrasonic atomizer
(Sono-Tek Corp, model number 06-04062) vibrating at 20-48 kHz and were independent of liquid
flow rate.

Experiments were completed for a single fuel gas flow rate of 109.45 SLPM, comprised of 88.18%,
methane (CH.), 8.08%, propane (C;Hs), and 3.74%, butane (C.H.o). Salt water solutions of 5 and
9.1%m, hydrochloric acid (HCI) solution at 3.15%., and deionized (distilled) water were injected
at liquid loadings of approximately 5, 10, 20, and 30%:, of flare gas. Note that the mass percentage
of chlorine in the 5%, salt solution is matched in the 3.15%, HCI solution. A base case of no
liquid injection was also completed.
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Figure 4.1. (a) Carleton University Lab-Scale Flare Facility; (b) burner and atomizing system

4.2 Results

Increased liquid loading of distilled water over the range tested caused a modest decrease in NOx
(the sum of NO and NO,) and profound decrease in soot emissions as illustrated in Figure 4.2(a-
b). This trend has been seen in studies related to steam-assist flares and other combustion systems
[64,65]. CO yield does not appear to be affected by the injection of distilled water (Figure 4.2(c)).
The US EPA recognizes that though steam-assist is used to reduce sooting flares, the combustion
efficiency (CE) could be negatively impacted, though Figure 4.2(d) shows a slight increase in CE
[64-66].

Hydrochloric acid at 3.15% solution showed results nearly identical to distilled water for all
measured species (CO, CH., NO;, and soot). The effect on NO,emissions with the addition of HCI
is not well understood though studies primarily show decreasing NO. with increasing
concentrations of HCI gas added to solid fuel reactors [50-52]. Chlorine is believed to significantly
affect CO (and subsequently CE) by reacting with radicals used to oxidize CO into CO,(e.g., OH,
HO., H, OH) [50-52,67]. Results in [50] and its sources experimentally and computationally
showed that the hydroxyl radical reaction competition is perhaps the most vital in inhibiting CO
oxidation. The two competing reactions are:

CO+ OH & CO, + H, (@) HCl + OH & H,0 + Cl 3)

Reaction rates calculated using the modified Arrhenius equation, k(T) = AT? exp(—E,/RT),
with coefficients from [50,67,68], show that from temperatures of 2000 K, hydroxyls (OH) are
consumed approximately 6-7x faster by reaction (3) than reaction (2). Results in [18-20] did not
use water/HCI solutions as in the experiments presented here, rather HCI gas in N, added to the
fluidizing gases for solid fuel reactors from O to approximately 5000 ppm. One could then infer
that emissions of NO,, CO, CH.and soot could be dominated by effects of water rather than that
of chlorine at 3.15%n. Injection of varying concentrations of HCI would need to be tested to fully
comprehend the water-chlorine-CO oxidation mechanisms at play.
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Figure 4.2(c) shows an interesting find of this study: CO yield increases with an increase in loading
for both concentrations of salt solution, but begins to decrease at approximately 20%;, solution
loading. The aforementioned reasoning predicted an increase in CO due to chlorine’s inhibiting
effects on CO oxidation. A saturation point of this mechanism could be reached at 20%., loading.
However, this would result in an asymptotic rather than a decreasing trend. Methane yields showed
similar trends in yield, peaking at 20%, loading. Similarly intriguing, soot yields for both salt
solutions peak at 5%, loading, rather than 20%., The peak soot yield is higher with the stronger
salt solution. Though the LII should be insensitive to all particles except soot, it should be noted
that results could be affected by sodium ions thus resulting in trends not found previously in
literature.

Salt solution injections show more distinct downward trends in NOyand soot yield than distilled
water, though the concentration appears to have minimal effect. The injected water does act as a
cooling mechanism thus impeding the formation of NO,. Dissolving a solute in water lowers the
solution’s vapour pressure resulting in a higher rate of evaporative cooling in the flame and thus
further prohibits NO, formation. This could explain the differences in salt water to distilled water,
yet increasing salt concentration by a factor of ~2 should further accelerate the cooling. Flame
suppressant studies show that NaCl/water droplets are a more effective flame suppressant than
distilled water alone [61,62], the effects of which could include an increase in incomplete
combustion products (e.g., soot and CO) while reducing NO.

It is clear from Figure 4.2(c) and (d) that CE is sensitive to CO yields. CE is also affected by soot
yield, but as yields of soot are an order of magnitude lower than CO, any response by CE would
be dwarfed by changes in CO.
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4.3 Conclusions

A single fuel gas mixture (88.18% methane, 8.08% propane, and 3.74% butane) at a flow rate of
109.45 SLPM was combusted with and without the injected 38 um liquid aerosols of distilled
water, 5% NaCl, 9.1%, NaCl, and 3.15%,, HCI solutions in water at flow rates as high as 30%, of
the fuel gas. Results show an initial increase in soot and CO vyields, though soot peaks at 5%, liquid
loading and subsequently drops to match results seen in distilled water cases, while CO peaks at
20%, liquid loading. NO, emissions continuously decrease with increased loading, with salt
solutions exacerbating this trend. Potentially contrary to current literature, HCI solutions showed
minimal difference from distilled water cases at all liquid loading. Future work is necessary to
develop a clear understanding of mechanisms between CO, NOy, Cl, and soot to explain the trends
seen in this experiment. Injection of higher concentrations of HCI and a refined test matrix could
indeed provide data needed to draw improved conclusions.

5 Recommendations and Applications

As discussed in Section 1, cation and anion concentrations in the flowback water generally falls
between the low extreme case of Wyoming and high extreme case of conventional wells. This
shows that fracturing operation can have a significant effect on diluting the flowback water. Future
experiments should be focused on injecting droplets of high and low concentration solutions
representative of flowback water in both cases of small-scale diffusion flame and large-scale
turbulent flame. This will define the lower and higher limits of the effect of flowback water
droplets on the emissions of two different types of flames.

Section 2 discussed the evolution of soot nanoparticles along the centreline of a small-scale
diffusion flame as the baseline case. Further particle size distribution measurements with injection
of droplets of two representative flowback water solutions in the fuel flow prior to combustion
shall be conducted. Moreover, the temperature of the flame along its centreline in both cases of
without and with additive droplets must be determined. Measurement of flame temperature is
essential to understand the phase change of additive particles inside the flame, as well as the effect
of added particles on the local temperature at a specified point inside the flame. Furthermore,
transmission electron microscopy (TEM) shall be used to obtain images of nanoparticles inside
and downstream of the flame in both the baseline case and the flame with additive particles. By
comparing the results of such future experiments between the baseline case and the flame with
additive droplets, it is possible to investigate particle evolution inside and downstream of the
flame, which will provide insight into possible physical and chemical interactions between soot
and additive particles. This future work will be carried out in the NSERC funded Flarenet project
(http://www.flarenet.ca)

In the lab-scale experiment, future experiments should include additive solutions based on the two
representative flowback water solutions found in this study. A wider range of fuel flow rate shall
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be also explored to capture the potential effects of Reynolds number and Froude number on
emission factors. Moreover, the soot yield and NOy yield measurements in this report have a
relatively high uncertainty, which needs to be improved in future experiments. Furthermore, as the
LIl is (ideally) insensitive to all particulate matters except black carbon (soot), additional particle
measurement techniques, such as elemental carbon/organic carbon filter measurements, shall be
used to quantify the emission factor of particles other than soot which could potentially form when
additive droplets are injected in the flame.

In conclusion, the small-scale and lab-scale experiments in this study are not an actual
representative of real flares. Flow characteristics and gas composition of real flares vary widely.
Extensive field measurements in an extensive test matrix need to be conducted to have statistically
reliable results. Nonetheless, the small-scale and lab-scale experiments provide an insight into the
potential effects of additive droplets found in hydrofracturing and flowback operations on the
emission factors of flares. The results from these experiments provide a valuable guideline for the
future field measurements.
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