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Abstract: Reduced order models (ROMs) are increasingly applied to entrained flow gasification
development due to reduced computational requirements relative to computational fluid dynamics
(CFD) models. However, they require greater a posteriori knowledge of the reactor physics.
A significant parameter influencing ROM outputs is the jet half-angle of the solid fuel and oxidant
mixture in the gasifier. Thus, it is important to understand the geometry of the jet in the gasifier,
and how it is dependent on operating parameters, such as solid and carrier gas flow rates. In this
work, an existing model for jet half-angles, which considers the ratio of surrounding gas density to jet
core density, is extended to a dry solids jet with impinging gas. The model is fitted to experimental
jet half-angles. The jet half-angle of a non-reactive flow was measured using laser-sheet imaging for
solid fluxes in the range of 460-880 kg/m?-s and carrier gas fluxes in the range of 43-90 kg/m?s at
the transport line outlet. Jet half-angles ranged from 5.6° to 11.3°, increasing with lower solid /gas
loading ratios. CFD simulations of two reactive conditions, with solid and gas fluxes similar to
experiments, were used to test the applicability of the proposed jet half-angle model.

Keywords: jet half-angle; gasification; imaging; modelling

1. Introduction

Greenhouse gas emissions over the past 100 years have greatly increased, resulting in an increased
demand for clean alternative processes [1]. Integrated gasification combined cycle (IGCC) power
plants are considered one of the more attractive technologies for clean power production, due to higher
efficiency when compared to conventional power production with carbon capture, and easier gas
cleaning due to higher component concentrations in the product gas [2]. The IGCC process includes
a gasification unit that converts carbonaceous fuel to a gaseous mixture of CO and H, known as
synthesis gas, or “syngas”. The syngas can be easily treated and/or purified for further use.

A better understanding of the impact of operational changes during the gasification process has
been a research topic for many years. Computational fluid dynamics (CFD) is often used to increase
understanding in the field due to the high operational costs associated with experimental trials [3,4].
Advantages of CFD models include detailed multi-phase sub-models that can provide insight into the
hydrodynamics and kinetics of the reactions. A major drawback of CFD modelling is the computation
time; a CFD simulation for one condition can take several days with high computational power.
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Reduced order models (ROM) are an alternative to CFD modelling. They require less
computational time and power; simulation typically requires several minutes on a standard work
station. The reduced computational time is amenable to studying detailed reaction kinetics and
the transient performance of gasifiers [5-7]. ROMs function on a basis of a reactor network that
emulates the geometry and fluid dynamics of the gasifier. As a result of not simulating the complete
multi-phase dynamics of the system, to accurately represent the gasifier, a ROM requires a posteriori
knowledge of the geometry of the solid flow inside the reactor, of which the solid jet half-angle has a
significant impact.

Sahraei et al. proposed a ROM for an entrained flow gasification unit located at CanmetENERGY
in Ottawa, Canada [5,6,8,9]. Their reactor network model consists of three plug-flow reactors (PFR)
and two continuous-stirred tank reactors (CSTR). The three PFRs represent jet expansion zones
and one down-stream zone, while the CSTRs represent recirculation zones in the reactor (Figure 1).
The geometry of the reactor models are influenced by the solid jet half-angle in the reactor vessel,
which has been shown to have a significant effect on the carbon conversion and composition of the
syngas produced [8,10].
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Figure 1. Reactor network model representing the different reactor zones within the entrained flow
gasification unit at CanmetENERGY.

Lack of experimental data in the area of solid jet geometry for gasification systems has resulted
in ROMs acquiring jet geometries from CFD simulations or from published values from swirl jets
in combustion systems [5,10]. Consequently, it is of interest to model how the solid jet half-angle
in entrained flow gasifiers varies with changing operating conditions such as the solid flux and the
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solid/gas loading ratio (m*). The solid/gas loading ratio is defined as the ratio of mass flow rate of
solids (1) to the mass flow rate of gas (1my):

m* = mg/mg 1)

Thus, in this work, an existing model for jet half-angles is extended to multiphase conditions
relevant to gasification of a dry solid fuel co-injected with impinging gas. Experimental data of jet
half-angles for a downdraft-entrained flow gasifier with non-reactive conditions at relatively high
solid/gas loading ratios are obtained via digital laser sheet imaging and pixel analysis, analyzed for
variability, and fitted to the jet half-angle model. The model is then applied to reactive operating
conditions with predictions compared to jet half-angles estimated via CFD simulations.

2. Theory

2.1. Previous Studies

In the past, studies of two-phase jets have focused largely on the influence of the dispersed phase
on the velocity profiles and stability of the jet. Hedman and Smoot determined velocity profiles for
two-phase jets of aluminum powder in helium and air [11]. Modarress determined that solids reduce
gas velocity fluctuations [12]. Fleckhaus et al. studied the stability and flow structure of a solid-laden
jet, and found that the spreading rate of a two-phase jet is smaller than that of a single-phase jet [13].
Numerical studies have also been performed on solid-laden jets with good agreement with available
experimental data [14-16]. However, it should be noted that most work regarding solid-laden jets has
been done with a relatively low solid loading ratio of m* < 1. Limited studies performed on dense jets
have found that increasing the solid loading ratio beyond the range of m* ~ 1 further reduces velocity
fluctuations and the spreading rate [17].

It is of interest to determine the half-angle of a gas-solid jet, and determine how it varies with
operating parameters such as solid flow and gas flow injected into the reactor. While modelling of jet
half-angles for solid-laden jets is limited, Liu et al. found that dense gas-solid jets behave similarly to
liquid jets, implying the jet of dispersed particles flow like a pseudo-homogeneous fluid [18].

Jet half-angles have been studied in depth for single-phase liquid and gas systems. Ranz, and later
Reitz and Bracco discussed the momentum balance in a liquid jet and outlined important parameters
defining spray dispersion; the square root of liquid jet density and liquid jet velocity [19,20]. Wu et al.
studied the jet half-angle of liquid-atomizing jets and found that the influence of the aforementioned
parameters holds at high pressures [21]. Roy et al. studied subcritical and supercritical fluoroketone
jets, and found that the jet half-angle is proportional to the square root of the ratio of the density of
the jet surroundings, p,, to the density of the jet core at the injection point, pg, for both subcritical and
supercritical jets [22]. They proposed a simple model for the jet half-angle (¢), where a is a constant
that is dependent on system geometry and fluid properties:

0.5
_ (P2
(P_a<po> @

The model presented by Roy et al. (Equation (2)) can be extended to conditions pertinent to
entrained flow gasification of a dry fuel. An underlying physical difference between reactive and
non-reactive systems is the surrounding gas temperature. While non-reactive flows will maintain

2.2. Model Extension

an ambient temperature (approximately 300 K) throughout the system, reactive conditions can have
temperatures in excess of 2000 K for gas surrounding the jet. The surrounding gas density is inversely
proportional to the temperature, following the ideal gas law. Thus, the jet half-angle for reactive
systems is expected to be lower than the half-angle for non-reactive systems. Beér and Chigier have
reported a similar observation [23]. For a solid suspension jet, the density of the jet, pg, is a function of
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the jet’s solid / gas loading ratio, gas density, and solids density. If the solids density is much greater
than the gas density, then the density of the jet can be expressed as a function of the jet’s solid /gas
loading ratio, and gas density:

Po = (%)Pg ~ (m* +1)pg ®)

Thus, increasing the solid / gas loading ratio will reduce the jet half-angle. Note that gas impinging
into the jet, at the point of solid injection, must be accounted for in the mass of gas used to calculate
the solid / gas loading ratio (Equation (1)), and in the gas density used in Equation (3). However, this
will only apply for gas impingement that is nearly parallel to the jet flow, and may not apply to gas
impingement that is nearly perpendicular to jet flow.

3. Experimental Setup

A pressurized gasification pilot plant, discussed in previous work [24], was used to conduct a jet
geometry analysis on a high pressure non-reactive pneumatic conveying system, using the solid injector
design shown in Figure 2. The solid injector consists of a center tube (internal diameter = 6.2 mm)
that conveys a mixture of solids and carrier gas into the reactor, and a series of eight impinging
jets (ID = 2.5 mm), injecting gas at an angle of 37°, to mix an impinging gas into the solid-gas jet.
Additionally, an outer concentric annulus introduce sleeve gas into the reactor. For reactive conditions,
the impinging gas is O, while the sleeve gas is steam. For non-reactive conditions, nitrogen is used as
carrier, impinging and sleeve gas. The pulverized solid used in the study is petroleum coke (particle
harmonic mean size from a mass distribution of 10 um, density of 1176 kg/ m?) [24].

Fuel
Steam l 0,

y

37°

Figure 2. Downdraft entrained flow gasifier solids injector.
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The jet geometry imaging was done using a Phantom v9.1 camera (Vision Research, Wayne, NJ,
United States), with an image capture frequency of 10 Hz and a resolution of 1632 x 1200 pixels,
and a Nano L Nd:YAG laser (Litron Lasers, Warwickshire, England) producing a laser sheet with a
thickness of 5 mm on which the images were captured. The laser sheet was in line with the centre
of the jet injected by the solids injector. It should be noted that an analysis was done to study the
importance of centering the laser, and found that an offset of as little as 7 mm resulted in skewed
jet angles recorded by the imaging software. The camera and laser setup is depicted in Figure 3,
and discussed in more detail by Daviault et al. [25]. The imaging process was done over a period of 30
s for each test, generating 300 images per test.

Fuel
Transfer
Line

Camera

T
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3\\\\\\\\\ ~ -
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Figure 3. Schematic of the pneumatic transport system’s visualization spool; cross-sectional top view
(left) and side view (right).

A mean image was generated from the 300 images taken for each test using DynamicStudio
software (version 3.41, Dantec Dynamics, Skovlunde, Denmark), and the mean jet angle was measured
using the software’s built-in spray characterization tool, which measures jet angle using a pixel
detection method. The software measures pixel color contrasts to determine the edge of the spray,
and measures the jet angle based on this criterion (see Figure 4). The jet boundary is thus defined by
the software as the point at which the particle density is too low to provide an image contrast with the
laser sheet. The measurements were taken over an axial distance from the solids injector orifice to a
distance of 84 mm downstream of the solids injection.

Three tests were performed at each condition to determine the mean jet angle. The error reported
in the tables herein represent the standard deviation of the jet angle found for the three tests at each
condition. Image masking ensured that the software did not account for recirculating particles as
individual jets. Due to the density of solids in the jet, the laser sheet was unable to penetrate completely
through the jet. Thus, only one side of the jet was illuminated resulting in a single side of the jet being
captured in the images. The jet was assumed to be axisymmetrical. Most tests were performed at room
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temperature and a pressure of 1600 kPa (measured inside the receiving vessel in which the solids are
injected), with a series of tests performed at room temperature and a pressure of 800 kPa. An inert gas
was used as the carrier, impinging and sleeve gas to prevent ignition due to electrostatic discharge
while conveying; this is in addition to the grounding of the system. It should be noted that electrostatic
charge could potentially influence the jet half-angle generated as the conveying stream is injected into
the receiving vessel. Nitrogen was selected for impinging gas due to its low cost and similar physical
properties to oxygen (similar gas densities and viscosities). Nitrogen was also used in place of steam
for the sleeve gas, in order to preserve the dry state of the solids, and to allow recycling of the solids in

the conveying system.

I

Region of ,’
LT

Interrogation [

!
!

(a) (b) (c)

Figure 4. Resulting image mean generated from a set of data encompassing 300 images taken at a
frequency of 10 Hz. (a): solid/ gas loading ratio 7.3 kgso1iq / kggas, without impinging gas; (b): solid/gas
loading ratio 7.2 kggoliq / kggas, with impinging gas; (c): schematic indicating the region of interrogation.

The conditions analyzed were chosen to complement work done on the pneumatic conveying
of the pulverized solids [24], as well as to emulate hot flow conditions of CanmetENERGY’s
pilot-scale gasifier [26]. Solid flux was in the range of 460-880 kg/m?-s, with gas flux in the
range of 43-90 kg/m?s. Jet geometries were analyzed with and without the influence of sleeve

and impinging gas.
4. Results and Discussion

4.1. Experimental Results

Gas impingement was initially omitted to observe the influence of flow conditions on the jet angle
without external interaction. The solid/gas loading ratio (") in the conveying line was observed to
have a direct impact on the jet half-angle; as the loading ratio is increased, the jet half-angle decreases
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(Table 1). In order to ensure this is not a direct result of varying individual flow rates, two test
conditions with similar loading ratios (+1%) are compared. Conditions 3 and 4 result in the same jet
half-angle despite a difference in solid flow of 12% and a difference in gas flow of 11% (Table 1). For
the cases with gas impingement, the impinging gas flow rate was approximately four times larger
than the conveying gas flow rate (40 kg/h compared to 8-10 kg/h). As shown in Table 1, the relation
between the loading ratio and jet half-angle holds true when introducing impinging gas; all cases
with impinging gas have a lower loading ratio and thus a higher jet half-angle than all cases without
impinging gas. For the cases with impinging gas (i.e., conditions 10-13), the changes in loading
ratio were not sufficient to have a significant impact on the jet half-angle. The sleeve gas flow rate
was also varied between two values of 0 and 10 kg/h Nj. These values were selected based on hot
flow conditions used with CanmetENERGY'’s pilot-scale gasifier, which was operated with a steam
(i.e., sleeve gas) flow rate of up to 20 kg/h HyO [26]. A value of 10 kg/h N, was selected to remain
within the range of momentum of the steam entering the reactor (10 kg/h Nj having the momentum
equivalent of 8 kg/h HyO). The flow of sleeve gas did not impact the jet half-angle during cold
flow testing (e.g., condition 11 vs. condition 13 in Table 1). However, during reactive conditions
the introduction of steam as sleeve gas may influence the jet half-angle by affecting the temperature
surrounding the jet, which should influence the jet half-angle as discussed in the Theory section.

Table 1. Influence of solid and gas flow rates on jet half-angle.

Condition  Solid Flow N Gas Flows (kg/h) Pressure Loading Ratio Jet Half-Angle

Number (kg/h) Conveying Impinging Sleeve (kPa) (kgsotia/kggas) ©)
1 81 4.7 0 0 1600 17.34 56 £0.1
2 95 6.2 0 0 1600 15.26 59402
3 84 5.7 0 0 1600 14.75 6.1+0.1
4 74 5.1 0 0 1600 14.61 6.0+£0.1
5 62 7.8 0 0 1600 7.98 64+0.2
6 71 9.7 0 0 1600 7.32 64402
7 54 79 0 0 1600 6.85 6.7 £0.2
8 27 74 0 10 800 3.65 89402
9 25 7.5 0 0 800 3.33 10.0 £0.2
10 69 9.6 40 10 1600 1.39 113 +£0.2
11 53 8.7 40 0 1600 1.09 11.3+0.1
12 52 9.4 40 10 1600 1.05 11.3 +£0.1
13 50 8.7 40 10 1600 1.03 11.1+0.1

4.2. Jet Half-Angle Variability

It is important to track jet half-angle variability as it affects gasifier operation, and can potentially
lead to unsafe conditions and/or poor syngas quality. The jet half-angle standard deviation was
determined using 300 images taken for select conditions in order to determine the influence of the
solid/gas loading ratio, impinging gas flow, and sleeve gas flow. Table 2 shows the jet half-angle
mean value and standard deviation for each test, as well as the corresponding conditions for each test
(loading ratios and various gas flows). Note that the jet half-angles in this table vary slightly from
those in Table 1 since they were determined by measuring angles for each image in a set of 300 images.
In contrast, values in Table 1 are from measuring the angles from 3 images which are each the result
of averaging 300 images. An F-test, with a 90% confidence interval, was applied to determine the
significance of the different standard deviations measured for each condition. The results indicate that
conditions 4 and 6 have statistically similar variance, as well as conditions 10, 11 and 13. The analysis
thus suggests that the presence of the impinging gas influences the variability of the jet half-angle.
The presence of the sleeve gas, as well as varying the solid /gas loading ratio (excluding the impinged
gas), was found to not influence the variability of the jet half-angle. For certain applications, it may be
more important to minimize the relative variability, represented by the coefficient of variation, rather
than the (absolute) variability, represented by the standard deviation. The coefficients of variation,
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i.e., the ratios of the standard deviation to the mean, are included in Table 2 and are similar for
all conditions.

Table 2. Comparison of standard deviations of jet half-angles for different operating conditions.

Condition Number 4 6 10 11 13
solid/ gas loading ratio ? 14.6 7.3 7.2 6.1 5.7
solid /gas loading ratio P 14.6 7.3 14 11 1.0

impinging gas (kg/h) 0 0 40 40 40
sleeve gas (kg/h) 0 0 10 0 10
mean jet half-angle (°) 59 6.2 9.4 10.2 9.8
half-angle standard deviation (°) 0.6 0.6 1.0 1.1 1.1
half-angle coefficient of variation 0.10 0.10 0.11 0.11 0.11

2 excluding impinged gas in the calculation; b including impinged gas in the calculation.

Beyond the magnitude, whether absolute or relative, of the jet half-angle variability, the frequency
of the variability can also have an impact on gasifier performance. For instance, reactor temperatures
and syngas composition are sensitive to the jet angle [8]; hence, changing the frequency of the jet
half-angle variability could cause refractory thermal shock or syngas consistency issues. Furthermore,
analyzing the variability in the frequency domain can help determine causes of the variability. The data
for the conditions presented in Table 2 were subjected to a fast Fourier transformation to analyse
the data in the frequency domain. Frequency spectra are shown in Figure 5. Conditions 4 and 6
have similar frequency spectra; they do not have a mean squared amplitude greater than 0.01°2 at
frequencies greater than 0.3 Hz. Conditions 10, 11 and 13 have similar frequency spectra; they have
several frequencies with amplitudes of 0.01-0.03°? in the range of 0.3-5.0 Hz. The added variability
with impinging gas, i.e., conditions 11, 10, and 13, could be a result of high frequency, i.e., >0.3 Hz,
fluctuations in the control valve position for the impinging gas; the control valve (Samson Type 3760
Electropneumatic Positioner, Samson Controls Inc., Markham, ON, Canada) requires <2 s to transit
from fully open to fully closed. This highlights how operating conditions can be sensitive to certain
aspects of control systems.
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Energies 2018, 11, 1967 90f13

0.04
Condition 10 Condition 11 ——Condition 13

o
=)
vy}

=
e}
—_

Mean squared amplitude (°2)
()
S
\S]

1

00 05 10 15 20 25 3.0 35 40 45 50
Frequency (Hz)

(b)

0.00

Figure 5. Frequency analysis. Details of conditions are reported in Table 2. (a) Conditions 4 and 6;
(b) Conditions 10, 11 and 13.

4.3. Model Fitting

The relationship put forth by Roy et al. (Equation (2)) shows that the jet half-angle is inversely
proportional to the jet core density. This dependence is extended to the solid/gas loading ratio,
m*, via Equation (3); as the solid/gas loading ratio increases, the density of the suspension also
increases. Thus, the jet half-angle should be inversely proportional to the solid/gas loading ratio.
This relationship is exemplified in Table 1, where the jet half-angle increases as the solid/gas loading
ratio decreases.

Least squares regression was applied to the experimental data (i.e., conditions 1-13 in Table 2)
with Equation (2) and yielded a value of 17.3 for constant a. The coefficient of determination, average
absolute relative error and bias factor (as presented by Macchi et al. [27]) of the resulting model
are 0.86, 10% and 0.93, respectively. The model is compared to experimental results in Figure 6.
The application of a model including the square-root of density ratios implies that the jet half-angle can
be related to the entrainment of surrounding gas into the jet, for the system and operating conditions
at hand (solid / gas loading ratios varying from 1-18 kggiq /kggas; solid fuel flow rates ranging from
25-100 kg/h; conveying gas flow rates ranging from 4.7-10 kg/h, and impinging gas flow rates up to
40 kg/h). Note that these conditions correspond to density ratios ranging 0.07-0.5.
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Predicted Jet Half-Angle (°)

Figure 6. Comparison of jet half-angle predictions and experimental values.
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Two CFD simulations, with similar conditions as the experiments [28], were analyzed to determine
the jet half-angle for reactive flow (Table 3). The jet core in both cases remains at ambient temperature
(~300 K), while the surrounding temperatures differ between the two cases; estimated at 1231 K and
1165 K for cases 1 and 2, respectively (Figure 7). The jet half-angles, estimated using particle volume
fraction thresholds, are, respectively, 3.6-5.2° and 4.6-6.7° (Figure 8). The particle volume fraction
thresholds, i.e., 2.5 x 1074-1.0 x 103, were selected based on the range of the solids volume fraction
in the bulk jet surroundings. Similarly, change in mean particle volume fraction is used to define
the characteristics lengths of gas jets penetrating into a fluidized bed [29]. Also indicated in Table 3
are the jet half-angles predicted using the same correlation that was applied to the cold flow cases,
i.e., Equation (2) with an a factor of 17.3, which falls within the predicted value boundaries of the CFD
simulations. However, although the CFD results suggest that the impact of increased surrounding
temperature is greater than the increased loading ratio, leading to a rise in jet half-angle from case 1 to 2,
the proposed model predicts a negligible difference in jet half-angles. Since the injector geometries
are the same for the experiments and CFD simulations, further investigation is required to determine
whether the difference in CFD and proposed model predictions are due to the proposed model not
explicitly accounting for gradients in the surrounding temperature and the solids volume fraction.

Table 3. Properties of the computational fluid dynamics (CFD) simulation cases.

Case Solid Flow Gas Flows (kg/h) Loading Surrounding CFD Equation (2)
(kg/h) Carrier N,  Impinging O,  Sleeve H,O Ratio Temperature (K) Half-Angle ? (°) Half-Angle (°)
1 41 8.2 37.2 10.7 0.90 1231 3.6-5.2 5.1
2 60 7.5 43.6 10.2 1.17 1165 4.6-6.7 49

2 estimated using solids volume fraction thresholds of 2.5 x 1074-1.0 x 1073.

Temperature [K] s

w l 2000 ——

- 1575

, 1ot 1150

725

T 300

Figure 7. Temperature profiles from CFD simulations for case 1 (a) and case 2 (b); see Table 3 for
details. Arrows correspond to velocity vectors. Black triangles indicate areas used to estimate the jet
surroundings temperature.



Energies 2018, 11, 1967 11 of 13

Solids Volume Fraction
1.0 x10°

1.0 x10°!

I 1.0 x102

1.0 1073

1.0 x10*

Figure 8. Solids volume fraction profiles from CFD simulations for case 1 (a) and case 2 (b); see Table 3
for details. Black lines indicate a 0.001 solids volume fraction threshold.

It can be noted that the feed flowrates used in this study are approximately three orders of
magnitude less than those of typical commercial entrained flow gasifiers. Nonetheless, commercial
gasifiers can have similar, although scaled-up, injector geometries to the one used in this study;,
resulting in similar gas volumetric fractions in the jet core (i.e., ~0.85). However, the pressure in
commercial dry feed gasifiers is typically 2—4 times higher than the pressure applied in this study.
This difference in pressure affects the jet core density and the jet surroundings density. Assuming a jet
core gas fraction of 0.85 and a solid density of 1200 kg/m3, increasing the jet gas pressure by a factor of
3 increases the jet core density by a factor of 1.15. Increasing the jet core density by a factor of 1.15 and
the jet surroundings density by a factor of 3 in Equation (2) results in an increase of the jet angle by a
factor of 1.61. Hence, it is expected that commercial gasifiers will have jet angles ~60% greater than
those obtained in this study.

5. Conclusions

Gas-solid jet half-angles were measured using an injector consisting of a central straight tube for
solid suspension injection, impinging jets for oxygen injection, and a sleeve for steam injection. The jet
half-angles were shown to decrease as the solid/gas loading ratio was increased, which corresponds
to an increase of the solid suspension density, and a decrease of the density ratio. This observation is
consistent with correlations proposed in previous works. Extension of an existing model, correlating
the jet half-angle to the ratio of densities between the jet surroundings and core, was proposed for solid
particle jets with solid /gas loading ratios >1. Additionally, the jet half-angle variability was analyzed
using a F-test of variances, and it was found that increasing the solid/gas loading ratio (excluding
the impinging gas in the calculation), as well as introducing the sleeve gas, had no effect on the jet
half-angle variability, while the presence of impinging gas increased the variability. The proposed
model was also applied to CFD simulations of the same injector with reactive conditions. The proposed
model provided jet half-angle predictions within the range of angles estimated by CFD simulation.
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Nomenclature

Roman Symbols

a constant for Equation (2) (unitless)

m mass flow rate (kg/h)

m* solid/ gas loading ratio (kgsolid / kggas)

Greek Letters

0 density (kg/m3)

@ jet half-angle (°)

Subscripts

a surroundings

g gas

0 jet core at the injection point

5 solids
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