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Abstract

Two-phase flow of CO2/brine in porous media is critical to the capacity and safety of carbon sequestration into the brine
aquifer. In order to provide valuable information and important theoretical basis for site selection and CO2 injection, the
microscopic visualization technology was employed in this study to conduct displacement experiments of COgz/brine at the
pore scale. Four micromodels with different sizes and structures, five injection rates of CO2 and six salinities of brine were
used to study the effects of micromodel’s structure and displacement pattern on two-phase flow. Several parameters including
the differential pressure, contact angle, permeability, velocity field and force field were obtained by experimental measurement,
image post-processing and theoretical analysis, and then these parameters’ variation was investigated. Phenomena such as thin
film, corner flow and Haines jump were also found during the displacement. Although brine could be completely displaced
by COz in the capillary duct, the backflow of wetting phase would occur at low injection rate. Phenomena different from the
theoretical analysis also occurred in pore doublet models: some brine was residual in the homogeneous pore doublet model
at low injection rate, while the heterogeneous pore doublet model was fully occupied by COg at high injection rate. These
phenomena are very useful for two-phase flow, and multiple factors need to be comprehensively considered to determine the

operating conditions of CO2 storage into the brine aquifer.
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Key Points:

e Structure, flow rate and salinity all affected the amount and safety of CO. captured during
the sequestration in saline aquifers

e The displacement pattern was not constant during the flow through theoretical analysis
and experimental result of velocity and force field

e Back flow, corner flow and more intense Haines jump were found when CO; displaced
brine in different displacement patterns.
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Abstract

Two-phase flow of CO2/brine in porous media is critical to the capacity and safety of carbon
sequestration into the brine aquifer. In order to provide valuable information and important
theoretical basis for site selection and CO: injection, the microscopic visualization technology
was employed in this study to conduct displacement experiments of CO2/brine at the pore scale.
Four micromodels with different sizes and structures, five injection rates of CO2 and six
salinities of brine were used to study the effects of micromodel’s structure and displacement
pattern on two-phase flow. Several parameters including the differential pressure, contact angle,
permeability, velocity field and force field were obtained by experimental measurement, image
post-processing and theoretical analysis, and then these parameters’ variation was investigated.
Phenomena such as thin film, corner flow and Haines jump were also found during the
displacement. Although brine could be completely displaced by CO: in the capillary duct, the
backflow of wetting phase would occur at low injection rate. Phenomena different from the
theoretical analysis also occurred in pore doublet models: some brine was residual in the
homogeneous pore doublet model at low injection rate, while the heterogeneous pore doublet
model was fully occupied by CO: at high injection rate. These phenomena are very useful for
two-phase flow, and multiple factors need to be comprehensively considered to determine the
operating conditions of CO. storage into the brine aquifer.

1 Introduction

Fluid flow in porous media has many applications (Berejnov et al., 2008), such as oil and
gas resource recovery, groundwater contamination, CO> geological storage (CGS) (Patmonoaji et
al., 2020). As an important technology of CGS, carbon storage in the brine aquifer can achieve
massive CO- storage and thus effectively control the global warming. The two-phase flow of
COz/brine in the formation is a key factor for the storage capacity and security of the brine
aquifer (Morais et al., 2016).

At present, a large number of experimental and simulation studies on CO/brine two-
phase flow have been conducted. Pore structure is one of the main factors affecting flow
behavior in porous media (Gaol et al., 2020). CO- displacement of brine in real cores is carried
out by the conventional High-Temperature-High-Pressure (HTHP) experimental system to study
the effects of temperature, pressure, injection flow rate and salinity of brine on the permeability
and displacement efficiency (Bai et al., 2020; Chang et al., 2014; Chen et al., 2016). However,
the understanding of the transport mechanism is limited by the difficulty of monitoring fluid flow
in opaque media (Wu et al., 2012). With the development of technology, this problem is
overcome by non-invasive image techniques such as optical imaging, gamma imaging,
synchrotron X-ray microtomography and magnetic resonance imaging, which allow the
visualization study of two-phase flow in real porous media at the core or pore scale. But there are
still some problems with these techniques like expensive equipment, complex operation and
limited temporal resolution, so that some subtle changes are easily overlooked (Werth et al.,
2010).

The visualization technique of combining a microscope with a camera can
simultaneously achieve high-resolution temporal and spatial measurement by adjusting the
frames per second (fps) of camera and the magnification of microscope, and has been
increasingly applied to the study of CO2/brine flows in recent years. Chang et al. from Lawrence
Berkeley National Laboratory have comprehensively and systematically studied the CO2/brine
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displacement and imbibition under formation conditions using many micromodels with different
structures, including homogeneous structure, real core structure and even 2.5-D structure, to
identify the non-equilibrium dissolution, diffusion, two-phase distribution, storage capacity, and
flow mechanism (Chang et al., 2017; Chang et al., 2019; Chang et al., 2020; Chang et al., 2016).
On the other hand, Jafari et al. from Louisiana State University mainly focused on the micro-
scale contact angles using the inhomogeneous micromodel at room temperature and high
pressure during the process of CO> displacing brine (Jafari and Jung, 2017; 2019). Kazemifar et
al. from the University of Illinois at Urbana-Champaign used the micro-P1V technique to
describe the velocity field of CO2/brine in the homogeneous micromodel under high temperature
and pressure (Kazemifar et al., 2015; 2016). Nevertheless, some phenomena on the macroscopic
scale have not been fully explained. Some special phenomena have been found on the
microscopic scale, which need to be supplemented by more experiments and simulations. So, this
study aims to conduct the CO> displacement of brine in four micromodels to provide the
microscopic theoretical basis for flow phenomena based on the fields of velocity and force.

As early as the 1980s, visualization techniques have been used to study two-phase flow in
simple micromodels. Chatzis et al. investigated the flow mechanism when displacement and
imbibition of water/oil occurred in the pore doublet model in 1983 (Chatzis and Dullien, 1983).
Since then, Lenormand et al. have performed lots of displacement and imbibition experiments in
the capillary duct and network of capillary ducts, mainly of air/oil, and proposed the classical
flow pattern on the pore scale that laid the foundation for two-phase flow (R. Lenormand and
Zarcone, 1985; R Lenormand et al., 1983; Roland Lenormand et al., 1987). Subsequently, Dong
et al. observed the imbibition of five different fluid pairs in a capillary duct with the rectangular
cross-section and investigated the effect of channel size and fluid viscosity on the percolation
rate (M. Dong, 1995). In 2009, Zhu et al. measured the contact angle and velocity field of
water/air in two different capillary ducts with circular and rectangular cross-sections,
respectively, combined with the theoretical analysis (Zhu and Petkovic-Duran, 2009). These
studies were only using the camera with fps less than 1. So, the temporal and spatial resolution of
the two-phase flow was limited. To the best of our knowledge, there is only one research where
the visualization technique with a microscope combined with a camera was used to study the
CO: displacement of brine in the capillary duct. It is Sell et al. who investigated the effects of
salinity and pressure on convection and diffusion when CO, was injected into the curved
capillary duct to displace the brine in 2013 (Sell et al., 2013). Therefore, more experiments on
displacement of CO>/brine in capillary duct or pore doublet model are needed to provide more
adequate and complete mechanisms and phenomena for simulation calculations and engineering
applications in the formation.

The main objective of this study is to complement the existing CO2/brine flow
mechanisms and phenomena by improving the temporal and spatial resolution using fluorescence
inverted microscopy combined with high-speed camera. Two capillary ducts with different
widths and two pore doublet models with different structures were used to visualize the process
of CO displacing brine under different capillary numbers Ca and viscous ratios M. Contact
angle 6, residual brine saturation Sy and velocity field were obtained by image measurement. At
the same time, CO- relative permeability Krq and force field were obtained by experimental data
combined with theoretical analysis. Finally, two-phase flow and some special phenomena in the
capillary duct and the pore doublet model were described in detail, and relevant mechanisms
were proposed using the obtained multiple parameters.
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2 Materials and Methods

The size and connectivity of the pores and throats in the formation determine the
migration pathways and sequestration capacity of CO: in the brine aquifer. So, two capillary
ducts with different widths and two pore doublet models with different sizes were designed in
this study to simplify the structure of formation and then reveal the CO2/brine flow
characteristics at the microscopic scale.

2.1 Experimental materials and conditions

Four design diagrams of micromodels are shown in Fig. 1. Two pieces of glass, 45 mm in
length and 16 mm in width, were bonded together to form the micromodel that were made by
Wenhao Co., Ltd. using the laser etching. Through the contact angle measurement, all
micromodels in this study were hydrophilic. To mitigate the entrance/exit effect, two buffer
zones consisting of cylinders were added near the entrance and exit of the micromodel, and then
capillary conducts with 0.8 mm wide, 1.8 mm long were connected to the target area. The
studied area had a length | of 1.1 mm. Two capillary ducts, with widths w of 0.05 mm and 0.1
mm, respectively, had a high aspect ratio, which was closer to the structure of real core. Both
capillary ducts had the same w of 0.05 mm in the homogeneous pore doublet model, while the w
of upper duct was 0.05 mm and the lower one was 0.07 mm in the heterogeneous pore doublet
model. The etching depth d of all micromodels in this study was 0.02 mm. The pore volumes
(PV) of four micromodels are shown in Table 1. All experiments were carried out at ambient
temperature and pressure (25°C, 0.1 MPa) in this study.
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Figure 1. Design diagrams of four micromodels in mm, (a) the capillary duct with the w of 0.05
mm, (b) the capillary duct with the w of 0.1 mm, (c) the homogeneous pore doublet model, (d)
the heterogeneous pore doublet model.
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130 The effects of injection flow rate and duct size on displacement were first investigated,
131 with COz volumetric flow rate Q ranging from 0.002-0.1 ml/min, which was converted into the
132 bulk velocity v by

_ Q/
133 v="p (1)
134 Where A is the cross-sectional area of capillary duct. Then, Ca under different conditions
135  could be calculated by
v
136 Ca=—2_ (2)
¥ C0S 6
137 where 0 was obtained by averaging advancing contact angles for each experiment, which

138 were affected by several factors such as injection flow rate, micromodel structure and brine
139  salinity. And the measured average advancing contact angles are shown in Tables 1 and 2. The
140  viscosities ua, u2 of pure water and CO at ambient temperature and pressure were obtained as
141 0.8898 and 0.0149 mPa s, respectively, based on the NIST database. Thus, M was obtained
142 through

.y )
143 M= %11 (3)

144 logM=-1.775 in this study. The interfacial tension y between CO_ and pure water was

145  obtained using the empirical equation proposed by Li et al.,(Li et al., 2013) and y=73.628 mN/m.
146 The calculated logCa are shown in Table 1. Currently, Lenormand-Zhang phase diagram(Roland
147 Lenormand et al., 1987; Zhang et al., 2011) is often used to determine the pattern of

148  displacement or imbibition on the pore scale, and our distributions of logM-logCa in this phase
149  diagram are shown in Fig. 2. The viscous force of wetting phase dominated in almost all

150  displacements, when the displacement pattern was viscous fingering. At lower injection rates of
151 0.002 and 0.005 ml/min, the displacement pattern became crossover where both capillary and
152 viscous forces dominated.

153
154  Table 1. Measured or calculated the bulk injection velocity v, capillary number logCa, contact

155  angle 6, absolute permeability K and pore volume PV when CO: displaced pure water in
156  different micromodels with different volumetric injection flow rates Q.

Q 0.05 mm wide 0.1 mm wide capillary ~ Homogeneous pore Heterogeneous pore
(ml/min) capillary duct duct doublet model doublet model
v v v
v(m/s) 6(9 logCa (mis) 0(9 logCa (m/s) 0(9 logCa (mis) 6(9 logCa
0.002 - - - 0.017 951 -5.465 - - - 0.033 16.08 -5.153
0.005 - 0.042 1435 -5.059 0.083 18.80 -4.748

001 0167 1043 -4.464 0083 2305 -4.736 0167 1263 -4.460 0.167 19.81 -4.445
005 0833 928 -3.766 0.417 2841 -4.017 0.833 1411 -3.759 0.833 20.39 -3.744
0.1 1667 11.47 -3.462 0.833 1467 -3.758 1667 1647 -3.453 1667 2411 -3.431
K (D) 3.358 15.373 11.635 11.897
PV (uL) 0.0011 0.0022 0.002736 0.002674
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The actual brine aquifer has a certain degree of mineralization, so the effect of brine
salinity on two phase flow was also studied with the salinity range of 0-2.5 mol/l in the 0.1 mm
wide capillary duct at the injection rate of 0.05 ml/min. The brine viscosity, interfacial tension
with CO; and contact angle were subsequently affected by salinity and these parameters and the
corresponding logCa and logM are shown in Table 2. The x1 of brine was calculated by the
model proposed by Mao et al.,(Mao and Duan, 2009) and the y and & were calculated and
measured using the same method as mentioned above. Due to the fabrication process, the contact
angles at different locations of the micromodel were different due to the surface roughness even
though two bonded pieces of glass were of the same material. In addition, the salinity variations
would further aggravate the fluctuations of contact angles, so the & of CO2/brine/glass showed
greater non-homogeneity at different salinities. As determined by Lenormand-Zhang phase
diagram (Roland Lenormand et al., 1987; Zhang et al., 2011), the displacement pattern was
viscous fingering when the brine with different salinities was displaced by CO: at the rate of 0.05
ml/min in the duct with the width of 0.1 mm.
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Figure 2. Distributions of logM and logCa under different injections and salinities in the phase
diagram for four micromodels: black B, the 0.05 mm wide capillary duct, red A, the 0.1 mm
wide capillary duct, blue @, the homogeneous pore doublet model, green @, the heterogeneous
pore doublet model.
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180  Table 2. The viscosity of brine x4, interfacial tension between CO> and brine y, contact angle 9,
181  capillary number logCa and viscosity ration logM when CO> displaced brine with different
182  salinities in the 0.1 mm wide capillary duct at the injection flow rate of 0.05 ml/min.

Salinity (mol/l) 0 0.5 1.0 1.5 2.0 2.5
w1 (mPa s) 0.8898 0.9289 0.9699 1. 0125 1.0566 1.1018
y (MN/m) 73.628 74.860 76.047 77.190 78.292 79.356
0 (9 28.41 19.46 11.99 10.73 2 9.40
LogCa -4.017 -4.055 -4.078 -4.086 -4.062 -4.100
logM -1.775 -1.794 -1.813 -1.831 -1.850 -1.868
183 & Due to the phenomenon of more intense Haines jump, the contact angle could not be

184  measured when 2.0 mol/l brine was displaced. But #=9.67 “was used to calculate the LogCa at
185 this salinity, which was obtained using an exponential decay model (4) mentioned below.

186
187 2.2 Experimental system and procedures
188 The experimental system has been described in detail in the previous publication (Song et

189  al., 2020), and the physical diagram is shown in Fig. 3. Two piston containers were connected to
190  the same syringe pump (Teledyne ISCO 500D) to control the injection of different fluids in the
191  constant flow model. Then they were piped to the inlet of the micromodel and the outlet was

192  connected to atmosphere. A differential pressure gauge (Rosemount 3051) measuring from 0 to
193  62.2 KPa was connected between the inlet and outlet. The micromodel was placed horizontally
194  on a fluorescent inverted microscope (Nikon, ECLIPSE Ti-2U) equipped with a 20xlens. A

195  camera (SP-12000M-CXP4) was connected to the microscope to capture the entire flow process
196  via a data acquisition card (KY-FGK-400).
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199 Figure 3. Physical diagram of the experimental system.
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The entire system needed to be cleaned before all experiments began. Deionized water
(DI), isopropanol, DI and N2 were used for cleaning in turn, with each fluid injected at a flow
rate of 0.05 ml/min for 2 h to ensure the system was cleaned thoroughly. After the cleaning, the
displacement experiment started. First, the required brine was prepared. Regardless of the
salinity, fluorescent dye (rhodamine B) of 0.2 g/l was added in the brine to distinguish the
aqueous phase from CO; and micromodel. Then the dyed brine started to be injected until the
micromodel was fully saturated. To measure the absolute permeability K of each micromodel,
different injection flow rates, varying from 0.05-0.1 ml/min, were used to achieve the complete
saturation of brine in different experiments. After obtaining the stable differential pressure, the
absolute permeability could be calculated by Darcy's law, as listed in Table 1. Next, the injection
rate was adjusted to the set value, and CO2 began to be injected to the micromodel. When CO>
entered the field of view (FOV), the camera started to capture pictures with fps of 50. Since the
FOV was limited because of the 20 lens, the study was mainly focused on the two-phase flow
near the entrance of the capillary duct or pore doublet model. When the displacement was out of
the FOV, position of micromodel was manually adjusted to better track the two-phase interface.
The displacement was considered to be completed when the differential pressure between the
inlet and outlet remained basically stable and no further changes occurred in the FOV.

2.3 Image processing

The captured images were post-processed mainly using ImageJ and Adobe Photoshop CC
2019. Images at different locations were montaged together into the whole structure through the
relationship between length and pixel using the Photoshop, thus the distribution of different
phases could be obtained in the overall micromodel. ImageJ was mainly used to adjust the
brightness and contrast of the image, so as to better distinguish two phases. Then the noise was
removed, and the saturation of each phase was calculated by adjusting the threshold value. The
specific image processing is shown in Fig. 4. The resolution of images captured in this study was
214.592 nm/pixel. Then the contact angle, velocity field and force field could be obtained
through the processed image. In this study, the contact angle was measured at the interface
curvature using the ellipse fitting, as shown in Fig.4(d). Due to the large capture frequency of the
camera, the velocity field in the capillary duct could be obtained by the position of the interface
at different times, as shown in Fig. 4(e). Due to the limitation of FOV and manual manipulation,
some of the two-phase interface locations in the second half of the capillary duct were not
captured. Finally, the local capillary force, viscosity resistance and total pressure drop between
the entrance and exit of the duct were calculated from the two-phase interface location and the
contact angle at that location.
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Figure 4. The specific image processing, (a) raw image, (b) image with the brightness and
contrast adjusted, (c) denoised image, (d) schematic diagram of contact angle measurement, (e)
montaged image, where the numbers in the parenthesis indicate (absolute time (s), distance from
the two-phase interface to the entrance of the duct (mm), local velocity (m/s)). CO is injected
from left to right at the rate of 0.002 ml/min and cyan represents the brine.

3 Experimental Results

In this study, a total of 21 sets of displacement experiments of CO/brine were conducted.
Through the experimental measurement and image post-processing, the differential pressure,
wettability, CO> relative permeability, velocity field and force field were obtained to provide
quantitative analysis for two-phase interface and displacement characteristics at the pore scale.

3.1 Differential pressure

The differential pressure at the inlet and outlet of the micromodel was recorded by
differential pressure gauge during the entire displacement process, as shown in Fig. 5. The
differential pressure was consistent with the results of previous study (Jin et al., 2020), and the
whole process could be roughly divided into three stages: accumulation stage, breakthrough
stage and stabilization stage, as shown in Fig. 5 when the injection rate was 0.1 ml/min.

In the pressure accumulation stage, as the injected PV increased, CO> kept accumulating
at the inlet of the micromodel and was compressed. CO2 could not displace the brine in the duct
until the accumulated pressure reached the critical breakthrough pressure pc. Whether it was a
capillary duct or a pore doublet model, the accumulation stage was clearly divided into two
processes. Pressure built up rapidly when CO2 was injected from the inlet of the micromodel and
reached the entrance of the duct through the buffer region. Once CO- reached the entrance, the
build-up rate of pressure decreased and CO> started to be compressed, gradually forming a
curved interface with the aqueous phase. These two different processes of the accumulation stage
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were approximated as two lines with different slopes, as shown in Fig. 5. When the accumulated
pressure reached the pc, CO- started to enter the capillary duct or the pore doublet model to
displace the brine, and the two-phase interface moved along the flow direction or in the reverse
direction. As the interface moved forward, the differential pressure decreased until the
breakthrough. Compared to the accumulation stage, the breakthrough stage proceeded very fast.
Therefore, the breakthrough time t, was defined when differential pressure increased from 0 to
pc. For better comparison, the injected PV was used in this study to represent the displacement
time. After the breakthrough, stability was basically achieved for the differential pressure,
accompanied with some fluctuations owing to the continuous injection of COa.

el (a) accumulation stage stabilization stage

(b) accumulation stage

stage

1
1
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The differential pressure Ap (KPa)
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Figure 5. The development of the differential pressure /A p with the injected pore volume at
different injection rates marked by lines of different colors: black line-0.1 ml/min, red line-0.05
ml/min, blue line-0.01 ml/min, orange line-0.005 ml/min, green line-0.002 ml/min, in different
micromodels: (a) the capillary duct with the width of 0.1 mm, (b) the heterogeneous pore doublet
model. Two black dotted lines divide the process into three stages in two micromodels at the rate
of 0.1 ml/min: accumulation stage, breakthrough stage and stabilization stage.

In general, breakthrough time ty, critical pressure pc and stabilization pressure ps are three
important characteristic parameters during the displacement. It can be seen from Fig. 5 that these
three parameters were related to the structure of micromodel and injection flow rate. The
relationship between these three parameters and capillary numbers in four micromodels is
summarized in Fig. 6. For the capillary duct, the PV injected to reach the p¢ basically increased
with logCa, indicating that the increased injection rate does facilitate more CO> injection during
the pressure accumulation stage. In contrast, the PV injected to reach the pc in the pore doublet
model was not much affected by logCa, with the average value t,=1.36x10° PV in the
homogeneous pore doublet model and t,=0.9910° PV in the heterogeneous pore doublet model.
But one thing was consistent with the result in the capillary duct, that was, the increase in width
decreased the displacement time, i.e., the larger pores and throats will accelerate the process of
displacement. As for pc and ps, the value of ps was smaller than pc, but the trend with logCa was
basically the same. Both pressures increased with the injection rate, which was related to the
increase of viscous force in the capillary duct or pore doublet model. The difference between pc
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and ps remained essentially constant in the 0.05 mm wide capillary duct and homogeneous pore
doublet model. The average value of this difference in the 0.05 mm wide capillary duct was 1.60
KPa. While in the homogeneous pore doublet model, due to an additional 0.05 mm wide
capillary duct, this difference doubled to an average value of 3.99 KPa. In the other two
micromodels, this difference was more complex, partly due to the structure, and partly due to a
shift of the displacement pattern.
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Figure 6. Variation of the injected pore volume when pc is reached (), maximum differential
pressure pc (M) and the stabilization differential pressure ps (®) with logCa in four micromodels
marked by lines of different colors: black-0.05 mm wide capillary duct, red-0.1 mm wide
capillary duct, blue-homogeneous pore doublet model, orange-heterogeneous pore doublet
model.

The salinity of brine also had an important effect on the differential pressure. From Fig.
7, it was clear that the effect of salinity on displacement was more complex caused by the
wettability. Besides direct change in the viscous force, the capillary force was also affected when
CO: displaced brine with different salinities in this study, and the contact angle was an important
parameter to calculate the capillary force. The roughness of micromodel coupled with the
salinities of brine led to more complex 6, which resulted in larger fluctuation of the capillary
force to further affect the force field. In the salinity range of 0-2.5 mol/l, the relationship between
differential pressure and salinity was not significant. Compared to pure water, the presence of
salinity led to faster breakthrough and larger values of pc and ps. It can be seen that the variation
of pc and ps with salinity was complicated, but the trends were similar. At the salinity of 2.0
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318 mol/l, the largest pc, the largest ps and the fastest breakthrough were achieved, which caused the
319  more intense Haines jump that would be described in detail later.
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322 Figure 7. Variation of the injected pore volume when p is reached (>), maximum differential
323 pressure pc (M) and the stabilization differential pressure ps (@) with logM in the 0.1 mm wide
324 capillary duct with CO- injection flow rate of 0.05 ml/min.

325

326 In conclusion, injection flow rate, structure of micromodel and salinity of brine all affect
327  the differential pressure during CO2 sequestration into the brine aquifer, which is comprehensive
328  and complex. Thus, the optimal CO> injection flow rate needs to be determined by considering
329  the geological structure and brine mineralization.

330 3.2 Contact angle

331 Wettability not only affects the capillary number, but also has an important role in the

332 capillary force and flow process. Static contact angle is generally used to calculate the capillary
333  number, but it has been proved that there is a certain deviation in the static contact angle and

334  dynamic contact angle, and even hysteresis between the advancing contact angle and receding
335  contact angle (Jafari and Jung, 2019). Therefore, it was more accurate to calculate the Ca using
336  the advancing contact angle in this study. By elliptically fitting the curved interface, advancing
337  contact angles at different positions of the same micromodel were measured, and then the contact
338 angle used for calculation of Ca was obtained by averaging advancing contact angles. Due to the
339  fabrication, different degrees of roughness existed on the surface of the same micromodel, which
340  resulted in different wettability at different locations, as shown in Fig. 8, the standard deviations
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of the & were relatively large. The average value of the advancing contact angle obtained in this
study was less than 30 <in all four micromodels, so the materials used in this study were
considered as strongly hydrophilic. It can be seen from Fig. 8 that the average 6 increased with
the injection flow rate. The increase in the injection flow rate led to an increase of the viscous
force, thus reducing the wall hysteresis effect and a smaller equivalent radius of the fitted ellipse,
which resulted in a larger contact angle. As the salinity of brine increased, the advancing contact
angle would be inhibited because of the raised intermolecular forces between the brine and
structure. And this can be quantified by an exponential decay model, which was obtained by
fitting the experimental data:

0.040-x

0 =8.702 + 20.624¢ 052 (4)

where x was the salinity of brine, and R-Square was 0.97315.

The salinity of brine (mol/I)
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Figure 8. Variation of the average advancing contact angle 8 with standard deviations with the
injection flow rate and salinity of brine in four micromodels: @, the 0.05 mm wide capillary
duct, A, the 0.1 mm wide capillary duct (black, as injection rate and red, as salinity), 4, the
homogeneous pore doublet model, l, the heterogeneous pore doublet pore.
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3.3 COg relative permeability

CO: relative permeability plays an important role in the mobility and migration pathway
of carbon in the formation. Based on the experimental process and measurement method of this
study, the COz relative permeability was calculated using formulas proposed by Huang et al
(Huang Daming, 1984):

— ZLQPOZaIUZ (5)
’ A(Plz_ P22) Zo
K
rg — ?g (6)

Where Ky is the CO; effective permeability, K is the CO; relative permeability, Po is the
atmospheric pressure, Py is the inlet pressure of the micromodel, P> is the outlet pressure of the
micromodel, Zo is the compression coefficient of CO> at Po and experimental temperature, and Za
is the compression coefficient of CO; at the average pressure of P1 and P2 and experimental
temperature. Therefore, CO; relative permeability after breakthrough was calculated using
equations (5) and (6) for four micromodels and different salinities, as shown in Figures 9 and 10.
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Figure 9. Variation of CO; relative permeability Krg with logCa in four micromodels: H, the
0.05 mm wide capillary duct, @, the 0.1 mm wide capillary duct, A, the homogeneous pore
doublet model, % the heterogeneous pore doublet model.
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Consistent with the simulation results of Juanes et al.(Juanes, 2006), CO- relative
permeability would increase with the injection rate. In other words, as the injection rate
increases, the mobility of injected CO- in the formation is enhanced after the displacement, and
risks of fugitive flow and carbon leakage are more likely to occur. This enhancement was more
obvious in the 0.05 mm wide capillary duct, which proves that this type of structure was not
conducive to CO2 sequestration. The comparison in four micromodels revealed that the CO>
relative permeability would decrease when the width of capillary duct changed from 0.05 mm to
0.1 mm and the structure changed from capillary duct to pore doublet model. As shown in Fig.
10, with the presence of salinity, CO- relative permeability after the breakthrough would be
smaller than that obtained when pure water was displaced. This was consistent with the result
from Bachu et al.(Bachu and Bennion, 2008), who proved it through displacement and
imbibition experiments with different cores. In the 0.1 mm wide capillary duct, CO> relative
permeability decreased by 50.64% when the displaced phase changed from pure water to 2.0
mol/l brine. However, CO- relative permeability would increase to 0.067 with further increase in
the salinity (2.5 mol//l in this study), which may be the result of salting out. As shown in Fig. 11,
salting out occurred near the exit of the capillary duct after the breakthrough when 2.5 mol/I
brine was displaced by CO.. As the salt continued to be precipitated, the width near the exit
became narrower. As the phenomenon mentioned above, CO; relative permeability was greater
in the narrower capillary duct, so CO- relative permeability did not continue to decrease due to
the salting out when the salinity exceeded 2 mol/l.
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Figure 10. Variation of CO; relative permeability Kq with salinity of the brine in the 0.1 mm
wide capillary duct after the breakthrough with CO- injection rate of 0.05 ml/min.
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[=——=
0.1 mm

Figure 11. Salting out near the exit of the 0.1 mm wide capillary duct after the breakthrough.
The injection direction is from left to right, and cyan represents the brine with the salinity of 2.5
mol/l.

3.4 Velocity field

In this study, the fps of camera was set to 50, which was sufficient to capture the
displacement process. The positions of CO2/brine interface at different moments were obtained
from the montaged images, as shown in Fig. 4(e), and the local velocity u could be calculated
using the interface distance Ax in the adjacent time At:

AX
u=— (7
At (7

The variation of local velocity with the interface position from the entrance of the
capillary duct under different conditions is shown in Figures 12 and 13. Compared with the bulk
injection flow rate Q, as shown in Table 1, the calculated local velocity was about 3 orders of
magnitude smaller in the capillary duct. As can be seen from Fig. 12, the displacement pattern
had an important effect on the velocity field. When the injection flow rate was large, the
displacement pattern was viscous fingering, and the velocity fluctuation in the duct was quite
great. When the pattern gradually changed to the crossover, the velocity distribution was more
uniform along the displacement direction. Due to the entrance/exit effect, the local velocity was
relatively small at the entrance and exit of the capillary duct. An abrupt change in velocity, i.e.,
Haines jump, would occur in the pattern of viscous fingering, and this phenomenon basically
occurred in the first half of the capillary duct. In the second half, the viscous force decreased as
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the reduction of the aqueous phase, thus the pressure drop was not sufficient to generate Haines
jump. The local velocity u was negative at some positions in the 0.05 mm wide capillary duct,
i.e., the backflow of aqueous phase occurred at that position, and the same phenomenon was
observed when CO. displaced the brine with the salinity of 0.0, 1.0 and 1.5 mol/l in the 0.1 mm
wide capillary duct, as shown in Fig. 13. This will be described in detail in the next section. The
occurrence of salinity can reinforce the fluctuation of the velocity field, making Haines jump
more obvious. It was also found that an abrupt increase of velocity to a certain value would be
maintained for a period of time, but would decrease back to the lower velocity when the pressure
drop was not sufficient to maintain the higher velocity.
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Figure 12. The local velocity u at different interface locations x from the entrance in the
capillary duct with the widths of 0.05 mm (marked in red) and 0.1 mm (marked in black) at
different injection flow rates: A, 0.002 ml/min, ¥, 0.005 ml/min, @, 0.01 ml/min, H, 0.05
ml/min, €, 0.1 ml/min. The yellow line is the base line with the velocity of 0.
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Figure 13. The local velocity u at different interface locations x from the entrance in the
capillary duct with the width of 0.1 mm when CO> was injected at the rate of 0.05 ml/min to
displace the brine with different salinities: I, 0.0 mol/l, @, 0.5 mol/l, A, 1.0 mol/l, ¢, 1.5 mol/I,
% 2.5 mol/l. The yellow line is the base line with the velocity of 0.

3.5 Force field

The differential pressure measured by differential pressure gauge was not exactly equal to
the pressure drop between the entrance and exit of the capillary duct or pore doublet model. The
piping between the differential pressure gauge and micromodel, the buffer zone near the entrance
and exit and the entrance/exit effect were the main reasons for this difference. Combined with
the theoretical analysis, the force field in the capillary duct was calculated without considering
the influence of these factors, as shown in Figures 14 and 15.

When immiscible flow occurs in the capillary duct, the overall pressure drop AP
between the entrance and exit is composed of viscous pressure APy and capillary pressure APc:

aP=aP, +aP, (8)

where APy is calculated by the modified Hagen-Poisson flow by Mortensen et
al.,(Mortensen et al., 2005) where the effect of the shape factor a is taken into account:

L
AR=aQ:2 ©)

where u is the effective viscosity of two fluids in the capillary duct:
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X L-—x
=— L, +—— 10
p=T o+ ——m (10)

where x is the distance from the entrance to two-phase interface. The shape factor a is
related to the cross-section of the duct, which is rectangular in this study. The relationship
between « and the dimensionless number of shape C for the rectangular cross-section was
proposed by Mortensen et al.(Mortensen et al., 2005) as follows:

a(C) = %c —%m([c ~18]%) (11)

2
c=F
A
where p is the perimeter of the cross-section. Then APy at different interface locations is
calculated by bringing equations (10)(11)(12) into equation (9).

(12)

Due to the rectangular cross-section used in this study, the capillary pressure at different
interface locations was calculated using the modified Young-Laplace equation by Juncker et
al.(Juncker et al., 2002):

P, :200059(l+1) (13)
w d

Combining equations (9) and (13), the total pressure drop AP during the displacement
can be calculated using equation (8), and the fields of three pressures, local capillary force AP,
viscous force APy and overall pressure drop AP, are shown in Figures 14-16. The results

further confirmed that the two-phase flow was closely related to the width of duct, interface
location, injection flow rate, contact angle and salinity.

In this study, the displacement patterns were viscous fingering and crossover according to
the phase diagram, thus the viscous force played an important role for the two-phase flow. The
/APy decreased linearly as the interface moved toward the exit of the duct. Because the viscosity
of CO. is much less than brine, the APy near the entrance was basically caused by the brine. As
displacement proceed, the brine was continuously displaced, causing a decrease in the effective
viscosity. After breakthrough, the viscous force in the duct was essentially from CO.. As for the
capillary force, the heterogeneity of wettability was the main reason for its fluctuation at
different locations in the same duct. Comparing three pressures in two capillary ducts with
different widths, it was found that the AP, APy and /AP were greater in the narrower duct.
This was why larger injected PV was needed to achieve the displacement in the 0.05 mm wide
capillary duct.

It was found through Figures 14 and 15 that the displacement pattern had a large effect on
the pressure field. When viscous fingering occurred, the viscous force of the displaced phase
would be greater than the capillary force and dominated the displacement. But this difference
gradually decreased as interface moved toward the exit of the duct, and the capillary force would
be greater than viscous force due to the almost absence of brine near the breakthrough.
Therefore, there must exist a position where APy=/\P¢, and then the displacement pattern
transformed from viscous fingering to crossover, and as the interface continued to advance, the
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capillary force dominated and then capillary fingering would occur. As the flow rate increased,
the location where this pattern shift occurred was closer to the exit. At lower injection rate in this
study, the crossover occurred near the entrance of the duct, where APy=AP; or AP\<AP..
Capillary fingering would occur as the interface moved toward the exit when the capillary force
dominated. As can be seen, the viscous force decreased little at lower flow rate, so the
probability of the displacement pattern shift was small. Even if it did, the position was closer to
the exit of the duct.
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Figure 14. The local capillary force AP, (H), viscous force APy (A) and overall pressure drop
AP (@) at different interface locations x from the entrance at different injection rates: 0.01

ml/min (marked in blue), 0.05 ml/min (marked in red) and 0.1 ml/min (marked in black) in the
0.05 mm wide capillary duct.

The effect of the salinity of brine on the force field is shown in Fig. 16. As the salinity
increased, the viscous force increased when the interface was near the entrance of the duct, and
thus the total pressure drop also increased. But the viscous force caused by salinity decayed as
the two-phase interface moved toward the exit, causing almost same values of AP at different
salinities near the exit of the duct. Therefore, in the capillary duct of this study, salinity affected
the displacement mainly by changing the viscous force near the entrance and had little effect on
the flow behavior near the exit. Comparing with Figure 7, it can be found that although the
relationship between salinity and force field was obvious, the variation of measured differential
pressure with salinity was more complicated. Therefore, it was concluded that the effects of
pipeline, buffer zone and entrance/exit effect could not be negligible. So, the location and length
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of the injection wellbore should not be underestimated when COs is injected into the brine

aquifer, and this is the focus of our next research.
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Figure 15. The local capillary force AP. (H), viscous force APy (A) and overall pressure drop
AP (@) at different interface locations x from the entrance at different injection rates: 0.002

ml/min (marked in green), 0.005 ml/min (marked in orange), 0.01 ml/min (marked in blue), 0.05
ml/min (marked in red) and 0.1 ml/min (marked in black) in the 0.1 mm wide capillary duct.
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Figure 16. The local capillary force (), viscous force (A) and overall pressure drop (@) at
different interface locations x from the entrance when CO2 was injected at 0.05 ml/min to
displace the brine with different salinities: 0.0 mol/l (marked in red), 0.5 mol/l (marked in black),
1.0 mol/l (marked in blue), 1.5 mol/l (marked in orange) and 2.5 mol/l (marked in purple) in the
0.1 mm wide capillary duct.

4 Analysis and Discussion

4.1 The flow in the capillary duct

The critical pressure to be overcome for CO> to enter the duct would be higher with
narrower duct and larger injection rate, as described in the force field section. As a result, the
injected PV and displacement time required from the start of displacement to breakthrough
increased, and a higher differential pressure was maintained after the breakthrough. So, the large
injection flow rate, pore and throat are not conducive for the safety of CO; storage into the brine
aquifer. Although the lower differential pressure after breakthrough at lower injection flow rate
is favorable for the safety of CO> storage, it takes more time to complete the displacement. In
terms of economics, it is also inappropriate to use low CO- injection flow rates in practical
engineering applications. Overall, no matter what duct width and injection flow rate were used,
breakthrough would always occur in the single capillary duct, and after the breakthrough, the
CO2 saturation was basically up to 100% without considering the residual thin films of the
wetting phase due to the strong hydrophilicity. However, the ty, pc and ps all varied with the duct
width and flow rate, and the combined effect of these parameters is critical to the application of
CO. storage into the brine aquifer.
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552
553 Table 3. The situations when backflow occurred and its location, time and number.
W(;gt?lgrthe Salinity of the COz injection Location of the Time of the Number of
dugt/mr?: brine/mol/I rate/ml/min backflow/mm backflow/s the backflow
0.05 0 0.01 0.7856/0.7726 43.833/1157.886 2
0.05 0 0.05 0.3450 470.007 1
0.1 0 0.01 1.0930 2665.726 1
0.1 1.0 0.05 1.0279 7.520 1
0.1 15 0.05 1.0276 17.084 1
554

(b) 2.166 s

(d) 42.591 s

(e)42.631s

555
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Figure 17. The backflow of wetting phase in the 0.1 mm wide capillary duct when 1.0 mol/Il
brine was displaced by CO; at the injection rate of 0.05 ml/min.

The velocity field showed that the local velocity at some positions was negative, and the
backflow of wetting phase occurred at this point, as shown in Figure 17. The situations when
backflow occurred and the corresponding location, time and number are listed in Table 3. Two
backflows occurred before the final breakthrough when CO2 was injected at the rate of 0.01
ml/min in the 0.05 wide capillary duct and the breakthrough was achieved with only one
backflow in other situations. In general, there was a high probability of backflow when CO>
displaced brine at an intermediate rate, i.e., 0.01 and 0.05 ml/min, in this study. Therefore, there
was sufficient reason to believe that the displacement at these two injection rates should be
attributed to crossover, rather than viscous fingering defined in the traditional phase diagram, as
shown in Fig. 2. Correspondingly, when the injection rate was less than 0.01 ml/min, the
displacement pattern was capillary fingering instead of crossover. It is demonstrated that Ca and
M are not the only parameters to determine the displacement pattern (Bakhshian et al., 2019).
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Figure 18. local differential pressure A p with the absolute time t at different conditions marked
by lines of different colors: black line-2.0 mol/l brine was displaced by CO> with the rate of 0.05
ml/min in the 0.1 mm wide capillary duct, red line-the pure water was displaced by CO> with the
rate of 0.01 ml/min in the 0.1 mm wide capillary duct, blue line-1.0 mol/l brine was displaced by
CO2 with the rate of 0.05 ml/min in the 0.1 mm wide capillary duct, orange line-1.5 mol/l brine

was displaced by CO» with the rate of 0.05 ml/min in the 0.1 mm wide capillary duct, green line-
the pure water was displaced by CO> with the rate of 0.01 ml/min in the 0.05 mm wide capillary
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duct, purple line-the pure water was displaced by CO> with the rate of 0.05 ml/min in the 0.05
mm wide capillary duct.

The phenomenon of backflow mainly occurred in the second half of the duct where the
capillary force dominated and it was mainly caused by the fluctuations of the pressure distributed
along the two-phase interface (Bakhshian et al., 2019). Theoretically, the local velocity
distribution transverse to the flow direction was symmetric, but the fluctuation caused by
wettability triggered an imbalance of shear forces along the interface. Thus, this interface moved
against the direction of injection until the forces rebalanced (Jiamin Wan, 1996). The pressure
built up again to overcome the flow resistance and achieve the breakthrough. As shown in Fig.
18, the differential pressure A p would gradually drop to a value when the backflow occurred,
and then an abrupt increase would cause Haines jump to achieve the breakthrough.

Figure 19. The more intense Haines jump in the 0.1 mm wide capillary duct when 2.0 mol/I
brine was displaced by CO: at the rate of 0.05 ml/min. The camera’s fps is 100. The injection
direction is from left to right. Cyan represents the brine and black represents the CO; and
micromodel skeleton.

In addition, the phenomenon of more intense Haines jump was found in this study, as
shown in Fig. 19. The brine with the salinity of 2.0 mol/l was quickly displaced by CO at the
injection rate of 0.05 ml/min in 0.04 s, and it was consistent with the result simulated by Tsuji et
al.(Tsuji et al., 2015) when the displacement pattern was crossover. In this study, this transient
process could not be captured due to the limitation of camera’s fps (repeated three times with fps
of 50, 80, 100, respectively). There was an abrupt change of differential pressure to characterize
this type of Haines jump, as shown in Fig. 18. After this happened, the residual aqueous phase
near the entrance would enter the duct again during 0.622-0.902 s, as shown in Fig. 19. The brine
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continued to enter the duct through the film to cause the film thickness to increase, and even
tended to completely occupy the duct again. Due to the continuous injection of CO2 and the
limited amount of residual brine, finally, the aqueous phase in the duct was almost completely
displaced. This phenomenon cannot be explained by the obtained pressure field in this study and
needs to be further investigated.

4.2 The flow in the pore doublet model

Although the fields of velocity and pressure in the pore doublet model are more complex,
the two-phase flow in the pore doublet model is easy to understand by analogy with the capillary
duct. Theoretically, in the homogeneous pore doublet model, all three pressures are equal in the
two ducts with the same width, and CO: can displace the water at the same velocity in both
ducts, and finally two-phase interfaces meet at the exit to achieve the breakthrough (Chatzis and
Dullien, 1983). In the heterogeneous pore doublet model, the total pressure drop required to
initiate the displacement in the narrower duct is greater than the other duct due to the greater
capillary force. Therefore, as COz is injected, the total pressure drop rises to reach the critical
pressure in the wider duct firstly, where the displacement occurs and breakthrough can be
achieved. And since the total pressure drop cannot reach the critical pressure in the narrower
duct, the brine will not be displaced and will remain in that duct. Most of the experimental
results are in accordance with the theoretical analysis, but some experimental results deviate
from theoretical analysis for the displacement at lower flow rate in homogeneous pore doublet
model and higher flow rate in heterogeneous pore doublet model, as shown in Figures 20 and 21.
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Figure 20. Images of CO> and water distributions at the quasi-steady state in the homogeneous
pore doublet model at different injection rates: (a) 0.01 ml/min, (b) 0.05 ml/min, (c) 0.1 ml/min.
The injection direction is from left to right. Cyan represents the brine and black represents the
CO:2 and micromodel skeleton.

In the homogeneous pore doublet model, when the injection rate was 0.01 ml/min, the
brine in the upper duct was completely displaced, while only the brine near the entrance and exit
of the lower duct was displaced, and the residual brine was stabilized between the corners of the
lower duct, as shown in Fig. 20(a). This was related to the dominance of capillary force at lower
rate. Although two ducts had the same widths, the critical pressures needed to be overcome were
different due to the wettability fluctuation caused by the roughness of the micromodel, so the
displacement would preferentially occur in the duct with the lower critical breakthrough
pressure. In addition, the corners in the model had an important effect on the two-phase flow. As
can be seen in Fig. 20, there was an accumulation of aqueous phase and fluorescent dye at the
corner of the duct bifurcation. At lower injection rate (0.01 ml/min in this study), not only the
water in the lower duct was trapped between the corners, but a certain amount of water was
captured at the corners of the upper duct. And the calculated residual saturation of water was
31.85%. The corner flow was more pronounced in the heterogeneous pore doublet model, as
shown in Fig. 21.

Figure 21. Images of CO. and water distributions at the quasi-steady state in the heterogeneous
pore doublet model at different injection rates: (a) 0.002 mi/min, (b) 0.005 ml/min, (c) 0.01
ml/min, (d) 0.05 ml/min, (e) 0.1 ml/min. The injection direction is from left to right. Cyan
represents the brine and black represents the CO. and micromodel skeleton.
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The experimental results obtained in the heterogeneous pore doublet model were
basically in agreement with the theoretical analysis (Chatzis and Dullien, 1983), as shown in Fig.
21. The water in the wider duct was completely displaced, while the displacement cannot occur
in the narrower duct. Unlike the homogeneous pore doublet model, the residual wetting phase is
distributed between the entrance and exit of the model, rather than between the corners of the
narrower duct. The residual water saturations after the breakthrough were 61.01%, 48.42%,
55.50% and 46.11% when CO> was injected with the rates of 0.002, 0.005, 0.01 and 0.05
ml/min, respectively. And the fluctuation of saturation was mainly caused by the corner flow.

4
flat and long bubble ‘ a continuous stream of
_— N

small CO, bubbles

Figure 22. Different mechanisms of trapping water displaced by different forms of CO2 in the
heterogeneous pore doublet model at different injection rates: (a) 0.002 ml/min, (b) 0.005
ml/min, (c) 0.05 ml/min. The injection direction is from left to right. Cyan represents the brine
and black represents the CO2 and micromodel skeleton.

) O

When CO: injection rate was 0.002 ml/min, the water in the narrower duct was never
displaced by CO», and this low injection rate also caused the significant corner stagnation of
water in wider duct, as shown in Figures 21(a) and 22(a). As the injection rate increased,
although the water in narrower duct was not displaced after the breakthrough, CO> could enter
this duct during the displacement process. When the CO: injection flow rate was 0.005 ml/min,
CO2 would enter the narrower duct in the form of flat and long bubbles after the breakthrough in
the wider duct, as shown in Fig. 22(b). However, this form of CO, was unable to displace the
brine and kept advancing in the aqueous phase to reach the outlet. When the stabilization
pressure was reached, no more COz bubbles would be produced. When the injection rate
continued to increase to 0.1 ml/min, a continuous stream of small CO. bubbles would form to
enter the narrower duct after the breakthrough in the wider duct, as shown in Fig. 22(c).
Macroscopically, the brine could not be displaced as well by the form of continuous stream of
CO: bubbles. Similarly, the CO: in bubble form would disappear when the stabilization pressure
was reached, and then the final two-phase distribution was obtained. At high injection flow rate
of 0.1 ml/min, the viscous force of water dominated, and the overall pressure drop at the inlet
was large enough to satisfy the critical pressures required in two ducts with different widths at
the same time. So, the displacement would occur to achieve the complete CO; saturation in both
ducts simultaneously, as shown in Fig. 21(e). This is instructive for the storage capacity when
CO:z is injected into the brine aquifer.
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5 Conclusions

CO2 sequestration into the brine aquifer was researched in this study by conducting
displacement experiments of CO>/brine in four micromodels. The effects of the structure of
micromodel, the injection rate of CO. and the salinity of brine on the two-phase flow were
investigated. The parameters such as the differential pressure, contact angle, permeability,
velocity field and force field were obtained using the microscopic visualization technique and
image processing methods to discuss the displacement behavior in the capillary duct or pore
doublet model.

Three important characteristic parameters: breakthrough time, critical pressure and
stabilization pressure were summarized by analyzing the differential pressure. The materials used
in this study were strongly hydrophilic through the measurement of advancing contact angle,
which increased with increasing injection flow rate and decreasing salinity. CO> relative
permeability increased with the injection rate and this relationship was stronger in the narrower
duct. Conversely, the increase in the width of capillary duct and the number of ducts would
decrease CO; relative permeability. The effect of salinity on CO relative permeability was more
complex due to the salting out. The local velocity was about 3 orders of magnitude smaller than
the bulk injection velocity, and the velocity field was affected by the displacement pattern. The
force field in the capillary duct proved that the displacement pattern was not constant during the
flow.

These characteristic parameters were combined to analyze the two-phase flow in the
capillary duct and pore doublet model. The backflow of brine was observed when it was
displaced by CO; at the rate of 0.01 and 0.05 ml/min and the more tense Haines jump was found
in the 0.1 mm wide duct when 2.0 mol/l brine was displaced by CO; at 0.05 ml/min injection
rate. In the homogeneous pore doublet model, the water could be completely displaced in both
ducts, and when the injection rate decreased, part of the water would be trapped. In the
heterogeneous pore doublet model, the water was completely displaced only in the wider duct,
while the water in the narrower duct was trapped at lower injection flow rate through different
trapping mechanisms: completely non-displaced, flat and long bubbles, continuous stream of
small bubbles. However, the water in two ducts could be completely displaced in the
heterogenous pore doublet model at higher injection rate.
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