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The direct recovery of methane from gas hydrate-bearing sediments is demonstrated, where a gaseous mixture of
CO; + N, is used to trigger a replacement reaction in complex phase surroundings. A one-dimensional high-pressure
reactor (8 m) was designed to test the actual aspects of the replacement reaction occurring in natural gas hydrate
(NGH) reservoir conditions. NGH can be converted into CO, hydrate by a “replacement mechanism,” which serves
double duty as a means of both sustainable energy source extraction and greenhouse gas sequestration. The replace-
ment efficiency controlling totally recovered CHy amount is inversely proportional to CO, + N, injection rate which
directly affecting solid - gas contact time. Qualitative/quantitative analysis on compositional profiles at each port
reveals that the length more than 5.6 m is required to show noticeable recovery rate for NGH production. These out-
comes are expected to establish the optimized key process variables for near future field production tests. © 2014 Amer-

ican Institute of Chemical Engineers AIChE J, 61: 1004-1014, 2015
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Introduction

Natural gas hydrate (NGH), one of the most famous uncon-
ventional energy resources,' has recently opened its promising
next stage as a double-duty source for natural gas production,
and carbon dioxide sequestration. In 2012/2013, two gas
hydrate field production tests were completed on/offshore: (1)
The onshore field test was performed in 2012 on the Alaska
North Slope in US to investigate the potential for CH,—CO,
replacement as a methane hydrate production method;” (2)
The first offshore gas hydrate field test was attempted in 2013
on the Eastern Nankai Trough in Japan, where a depressuriza-
tion technique was adopted for producing methane.® Most sites
where NGH occurs have low accessibility and harsh engineer-
ing conditions; therefore, they are treated as difficult engineer-
ing energy resources. However, these recent attempts suggest
that engineering barriers are now decreasing, and the next
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level approach is needed for NGH production R&D to exam-
ine the exact behavior of gas hydrates under realistic produc-
tion conditions. Estimated technically recoverable gas
hydrates in global volumes is in the order of approximately 3
X 10" m?®, which is an amount similar to the shale-gas
(~665Tcf) deposited in United States."* If the NGH produced
on-site could gain price competitiveness against shale-gas,
which is currently around $3-4 MMBtu, NGH can take one
big volume in the future global gas consumption. Accordingly,
in Korea, two Ulleung Basin Gas Hydrate (UBGH) drilling
expeditions were performed, in 2007 and 2010, revealing sig-
nificant gas hydrate saturations in the sandy deposits, and the
projects evaluated potential sites of future production tests.’
An offshore gas hydrate field production test is scheduled for
mid-2015 at the Ulleung Basin located in the East Sea of the
Korean Peninsula.

One of the most attractive potential uses of gas hydrate is
that it might serve as geologic reservoir for CO, sequestration
in the deep sea floor. The concept of (CHy)—(CO, + N»)
replacement (i.e., swapping or exchange) for methane produc-
tion during sequestration of carbon dioxide gas in hydrate-
bearing sediment is a plausible and potential approach that
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differs considerably from thermally stimulated and mechani-
cally depressurized technologies.” ' Such a gas exchange
inside the hydrate lattices has critical advantages over conven-
tional NGH production methods. First, it is a nondestructive
process of replacing CH, molecules in the hydrate cage with
CO; molecules, thus, providing a dual mechanism of energy
production and greenhouse gas sequestration.7’“_19 Second,
the direct use of the CO, + N, gas mixture (typically 20 mol
% of CO, and 80 mol % of N, to reproduce the flue gas from a
power plant) instead of pure CO, can greatly improve the
overall CH, recovery rate and reduce additional CO, separa-
tion cost.® Engineering problems triggered by pure CO, injec-
tion, such as, CO, liquefaction during injection into the
hydrate reservoir and related pipeline clogging problems,
would be readily controlled when using the CO, + N, gas
mixture because it still remains as a gaseous phase under most
deep sea conditions. Third, serious concerns about massive
amounts of water naturally coming from NGH dissociation
can be greatly resolved. Here, we note again that the nondes-
tructive replacement process preserves host water lattice (sI
hydrate) in the gas hydrate-bearing sediment as part of the
newly formed CO, (or CO, + N,) hydrates. Conversely, all of
the depressurization, thermal stimulation and inhibitor injec-
tion techniques require large volumes of water to be displaced
from gas hydrate-bearing sediment. Furthermore, the ensuing
endothermic temperature drop caused by depressurization can
result in undesirable formation of secondary methane hydrate
or ice in the well and near the well bore region.”’*' The chem-
ical exchange of dissimilar guest molecules does not produce
significant cooling, but makes only negligible sensitive heat.??
Fourth, the geomechanical stability of gas hydrate-bearing
sediment is not threatened. Shallow gas hydrate-bearing sedi-
ments (Bottom Simulating Reflector depth <200 m) are
poorly consolidated (or unconsolidated) and the hydrate pro-
vides mechanical integrity as bonding material **

The earlier microscopic experiments on CH,—CO,
exchange reported that the CH, recovery yield of CO, replace-
ment was 64% while the CO, + N, gas mixture achieved 84%
for sI gas hydrate.® The additional results were that, for sIT and
sH gas hydrate, the (CO, + N,)—CH, replacement had more
than a 90% CH, recovery rate followed by structural transition
phenomenon from slI or sH to sI.” Recent microsecond molec-
ular dynamics study revealed nondestructive mechanism of
CH,—CO, replacement process.24 The use of CO, + N, mixed
gas becomes practically acceptable to NGH production,
because it not only reduces real process barriers but also
increases CH,4 recovery yield. More recently, continued efforts
have been made to simulate actual gas hydrate replacement
reactions in lab-scale experiments. Zhou et al. compared the
replacement kinetics at different concentrations of CO, in car-
bon dioxide-in-water emulsions and analyzed the proper
replacement temperature and pressure conditions according to
the thermodynamic phase equilibria.”>° Yuan et al. investi-
gated the effect of water on the CH,—CO, replacement reac-
tion and proposed a kinetic model.?” Furthermore, Yuan et al.
evaluated the gas hydrate reservoir conditions for favorable
liquid CO, injection conditions.”® Hirohama et al. and Ota
et al. measured the replacement rate and concluded that final
reaction time have some deviations up to 20-300 h.**' Such
differences in reaction time can be mainly attributed to reac-
tion conditions (temperature and pressure) and phases of the
CH,4 hydrate (bulk or powder). Moreover, the CH, hydrate is
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known to have a self-preservation effect, so that when the
guest exchange reaction occurs at sub-zero temperatures it can
be inhibited by slower hydrate dissociation or slower mass
transfer.'” As Ota et al. reported, the guest exchange reaction
showed better efficiency when liquid CO, was used instead of
gaseous CO, (which is attributable to the increased contact
area between liquid CO, and solid CH4 hydrate), and to an
experimental temperature above 0°C where the self-
preservation effect is not observed.?**° However, it should be
noted that the limiting value of the gas exchange is still around
64%, although the reaction rate is increased with increased
contact area.” More recently, Lee et al.’* performed the
CO,—CH,4 replacement experiments using liquid CO, and pro-
posed the CO,—CH, exchange mechanism based on soaking
time and diffusive penetration depth in gas hydrate particles.
The authors claimed that a longer soak time limited the diffu-
sion of CO, through preformed gas hydrate layer and thus
decreasing the exchange rate.

A complete understanding of the CO, replacement mecha-
nism of NGH in a complex sediment structure composed of
sands, silts, and clays is essential for the exploitation of
deep-sea NGH deposits. The porosity is relatively high in
sand but low in silt and clay. In previous studies, we pre-
liminarily analyzed precise cage occupancy and phase behav-
ior of NGH, revealing a significant methane population in
the layered structure of natural sediments.*** Naturally
occurring gas hydrates are distributed in various types of
geologic sediments. The pore-filling hydrate structure is con-
firmed from recent seismic survey studies in gas hydrate
field of Blake Ridge,‘gs’36 Alaska,36 and Mackenzie Delta’’
gas hydrate fields. Also in UBGH sites have sandy-sediment
type and pore-filling structure of CH, hydrate was con-
firmed.”> In UBGH sites, most NGH sediments are composed
of alternate layers having two distinct parts of sand and clay
layers (Figure la). Even though clay layers contain a consid-
erable amount of gas hydrate in the form of intercalated
methane hydrate, clay layers are considered to be practically
impermeable due to compact packing between clay par-
ticles.®® In contrast, sand layers also contain a significant
amount of gas hydrates and they are considered to be practi-
cally permeable. Thus, we mainly focus on the sand layers
in the gas hydrate reservoir as a technically recoverable
hydrate.

In this research, we use a CO, + N, gas mixture for on/
offshore NGH production, focusing on the following two
issues: (1) mixed fluid flow characteristics of CHy, CO,,
and N, in geologically sandy media. Due to the alternated
layers of clay and sand, the target sand layer is considered
as a conduit-like layer and needed to be simulated to
investigate realistic fluid flow characteristics. We adopted
continuous injection of CO, + N, gas mixture into meth-
ane hydrates. Continuous gas injection allowed us to
observe different aspect of replacement behavior of gas
hydrates such as replacement efficiency dependence on gas
injection rate, confirmation of gas hydrate replacement
reaction under continuous gas flow, and determination of
minimum gas injection rate/length according to the replace-
ment efficiency. (2) Replacement efficiency in relation to a
one-dimensional (1-D) length scale. To minimize the other
gas diffusion directions, we applied 1-D scale experiments
and observed gas flow under strictly controlled environ-
ment. Ideal CH;—(CO, + N,) replacement efficiency is
reported 85%.% However, our experimental results suggest
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Figure 1. (@) Schematic illustration of CH;—(CO, + N,) replacement occurring in the NGH reservoir; (b) schematic

diagram of experimental apparatus.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

that replacement efficiency could be lowered below 50%
and significantly differed by gas injection length. The com-
plete characterization of fluid flow occurring in the NGH
sediments during CH4;—(CO, + N,) replacement make pro-
cess variables of well design (injection/production), NGH
reservoir length, produced CH, duration and total CH,
recovery rate. For close simulation of actual alternate
layers of deep-sea NGH, we designed a 8 m experimental
setup and a 1-D tubular reactor (Figure 1b) and investi-
gated the fluid flow characteristics and replacement mecha-
nisms along the length as the preliminary first approach.

Experimental Section
One-dimensional 8 m high-pressure vessel

Figure 1b shows a schematic diagram of the apparatus and
its components. A high-pressure vessel was constructed
using 316 stainless steel tubes, which has pressure rating of
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350 bar. The dimensions of the tube-type high-pressure ves-
sel were 1.65 cm for the inner diameter (outer
diameter = 1.905 cm) and 800 cm for the total length. The
sampling ports for the inner fluid were installed at intervals
of 160 cm at 0.7, 2.4, 4.0, 5.6, and 7.3 m. The gas samples
taken at each port were transferred to a multiposition valve
(EMTCSD10UW, Valco) and subsequently processed by gas
chromatography (GC). At the sampling ports, the 4-wire PT-
100 thermocouple probe and pressure transducer (UNIK
5000, GE) with a line filter were installed. The pressure ves-
sel was placed in the glycol bath and an external chiller was
used to precisely control the bath temperature during the
experiments.

Fluid control and property measurement system

A dual-syringe pump (Teledyne Isco, 500D) was used to
inject ultrapure water into the reactor. Mass flow controllers
(Brooks, model 5850E) were used to control the injection
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rates of CH4 and CO, + N, mixture gas. A system control
and monitoring program was developed, using the National
Instrument LabVIEW, for the data acquisition and user-
friendly control of the apparatus while the entire experiment
was observed in real time. A wet gas meter (W-NK-1, Shi-
nagawa) was used to measure the produced gas volume. GC
(YL-6100, YoungLin) was used quantitatively to analyze the
concentration and the composition of the produced gas dur-
ing the replacement reaction.

Gas hydrate formation process

Artificial glass beads (average particle size: 100 um,
detailed physical properties are shown in Supporting Infor-
mation Table S1) were used to simulate a real NGH environ-
ment. After packing the glass beads 2—4 times on a vibrator,
we injected ultrapure water into the high-pressure vessel.
The initial porosity of the specimen was determined to be
approximately 32%. In the early stage of this procedure, the
degree of water saturation in the specimen was calculated
using the difference between the volume of the ultrapure
water used during the preparation of the specimen and the
weight of the drained water, producing an irreducible water
saturation rate of approximately at 45.9% after gas injection.
14.6% (e.g., 0.32 X 0.459 X 100% = 14.6%) of the pore
space is filled with the irreducible water phase, some of
which will be transformed into methane hydrate. Subse-
quently, a pressure leak test was conducted at a constant
pressure (10.05 MPa) and temperature (293.15 K). Once it
was confirmed that there was no pressure leakage in the sys-
tem, the temperature of the system was lowered to 274.15 K
to form the CH, hydrate. The hydrate saturation (Shyq) rate
was calculated using the following equation proposed by
Sakamoto et al.*

Here, the volume of methane gas stored per 1 m® of
hydrate is assumed to be 172 m>; Owt [m?] is the volume of
water displaced by the gas injection; AP [MPa] is the pres-
sure drop due to the hydrate formation; P, [MPa] is pressure
in the standard condition; T [K] is the temperature in the
standard condition; Ty [m3] is the temperature used during the
hydrate formation process; A [m?] is the cross-sectional area
of the geological porous media; L [m] is the length of the
geological porous media, and @ is the porosity of the porous
media. After the initial hydrate formation process, an anneal-
ing process*® was used to enhance the overall hydrate forma-
tion yield. The annealing process involves raising the
temperature to 288.15 K and reforming the hydrate in the
specimen by lowering the temperature to 274.15 K. Although
the conversion rate of water to hydrate (ratio of formed meth-
ane hydrate to the irreducible water phase, not Spyq) measured
through the first formation stage was about 40%, the conver-
sion rate increased to approximately 82% after the annealing
process. With the successful application of the annealing pro-
cess, most of the irreducible water phase was transformed
into the methane hydrate phase. With less of the water phase,
it is possible to observe the CH,—CO, replacement reaction
exclusively. After hydrate formation and pressure stabiliza-
tion in the reactor, the CH, gas was refilled to the desired sys-
tem pressure of 9.8 MPa. To ensure the reliability of the
experimental setup, we performed a replacement reaction
under two different hydrate saturations: (1) a high hydrate
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saturation (Spyq) case, where an annealing process was
adopted to enhance the hydrate conversion rate and (2) a low
hydrate saturation (Shyq) case, in which an annealing process
was not adopted and where only the initial methane hydrate
formation process was performed. Initially, we observed exo-
thermic peaks from every sampling port in different positions
during CH, hydrate formation. When the reactor temperature
is lowered to gas hydrate forming conditions, gas hydrates
start to form simultaneously throughout the reactor and exo-
thermic peaks from each different port appear within 60 min
time window. However, exothermic peaks are only an indica-
tion for gas hydrate formation within specimen and quantita-
tive analysis on gas hydrate morphology is required.
Therefore, the morphology and texture of the initial methane
hydrate are predicted by pore-habit-specific models depend-
ing on the gas hydrate saturation proposed by Dai et al.*!
(Supporting Information Figure S1). In both hydrate satura-
tion cases (high/low), the methane hydrate distribution is pre-
dicted as a homogeneous pore-filling (H;) structure. Dai
et al.*' classified heterogeneous hydrate distribution types
into (1) hydrate nodules and chunks in fine-grained sedi-
ments, (2) lenses and vein, and (3) patchy saturation. In con-
trast, pore-filling morphology is regarded as homogeneous
gas hydrate distribution in the hydrate-bearing sediment.

Continuous replacement reaction

The gaseous mixture (CO, 20 mol % and N, 80 mol %) was
injected at a constant flow rate after the hydrate formation was
completed. Back pressure regulator effectively maintained the
system pressure during the experiment. During the replace-
ment process, the real-time GC analysis was performed at five
ports, 0.7, 2.4, 4.0, 5.6, and 7.3 m. At each fluid sampling port
customized line filter, PT-type thermocouple, pressure trans-
ducer, and sampling tube (0.006” inner diameter) connected to
the GC multiposition valve was installed. The multiposition
valve was used to control sequential gas injection into the GC.
In the low hydrate saturation experiment (no annealing pro-
cess), clogging in the sampling line was occasionally observed
because of the unreacted free water which remained in the
reactor. However, the clogging problems were solved when
we ran the same experiment at a high hydrate saturation rate
with the full annealing process. The operating pressure and
temperature conditions in this study were 9.8 MPa and
275.15 K, respectively. The actual replacement efficiency was
calculated by deducting the produced methane gas volume
from the GC compositional analysis. The replacement effi-
ciency from each experiment was calculated using the follow-
ing equation

Volume of produced CHsgas

Repl t Effici %)=
epracement iciency (%) Volume of total injected CHy4 gas

X100(%)

The volume of produced CHy gas was calculated from the
totally produced gas volume, the totally injected CH4 vol-
ume, and the compositional analysis from the GC results.
The volume of CH, in the hydrate is the amount of gas con-
sumed in the hydrate formation process which is proportional
to the CH, volume injected in the refill.

Results and Discussion

We performed a blank test run before performing the com-
plete replacement experiment to analyze gas compositional
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

changes (migration of CH,4 throughout the pressure vessel)
without hydrates in the system (Spyq =0%). The CH, dis-
placed by the injected CO, + N, gas in the blank run was
analyzed by GC and is shown in Supporting Information Fig-
ure S2 at a CO, + N, injection rate of 100 sccm. The meth-
ane concentrations at five ports started to decrease at a certain
time, which is called “breakthrough.” Time intervals between
two adjacent ports were about 100—150 min. According to the
blank run results (100 sccm), CO, + N, gas injection should
be maintained for at least 1200 min to recover most of the
gaseous methane gas from the specimen. After the initial
blank test run, methane gas was recharged to start the forma-
tion of gas hydrates. When the system pressure and tempera-
ture were stabilized, CO, + N, gas was injected at rates of
50, 100, and 200 sccm, respectively. The pressure and tem-
perature log during the whole process of “gas hydrate for-
mation”-“CO, + N, gas injection” is shown in Figure 2. We
also performed the same replacement experiments at two dif-
ferent hydrate saturation rates (high Shyq and low Syyq4, as
shown in Table 1). We mainly discuss the result of the high
Shya case in the Results and Discussion section. The low Syyq4
system contains a considerable amount of free water, which
can affect the replacement rate and the smooth flow of the
injected fluid. This can cause the formation of a pure
CO, + N, mixed gas hydrate. We briefly discuss the result of
the low Spyq case in the last part of this section.

The gas composition profiles (CHy, N,, and CO,) in the
reactor as a function of the length are shown in Figure 3 at a
CO, + N; injection rate of 50 sccm (high Spyq). Initially, the
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pressure vessel was filled with four phases: glass beads (~68
vol %), methane hydrate (~12 vol %), a small volume of
residual water (~3 vol %, water leftover after the methane
hydrate formation), and methane gas (~17 vol %). Figure 3
shows the expected tendency that the CH,4 concentration
decreases with time while the concentrations of CO, and N,
increase with time. As the CO, + N, is injected, methane
gas is displaced by CO,+ N,, triggering spontaneous
replacement reaction in the hydrate phase. This integrated
compositional information along the length becomes essen-
tial for establishing the flow-front of gases in the sandy gas
hydrate layer and a reliable estimation of methane recovery.
At the first and last sampling ports located 0.7 and 7.3 m
away from the inlet, CH4 breakthroughs appear around 150
and 900 min, respectively, just after CO, + N, injection. The
total run time was counted when the methane level at the
outlet is lower than 5% and for the 50 sccm run the total run
time was 3200 min.

Here, we note that both CO, and N, sufficiently possess
the guest exchange ability by attacking and replacing the
encaged CH, in NGH-bearing sediments. A close examina-
tion of the population ratio of N,/CO, along the 1-D flow
path can provide further precise information revealing on-
spot replacement efficiency and unique kinetic patterns dur-
ing chemical exchange. At the initial replacement stage, the
CO, molecules are vigorously consumed by their dominant
occupancy in large cages while N, molecules participate in a
more preferentially occupying small cage. Unlike CO, injec-
tion system, N,/CO, in gas phase can be a convenient vari-
able to see how the injected gases are consumed by CHy
hydrate. Shin et al.? and Koh et al."® measured the CH, cage
occupancy change during CH,—(CO, or CO, + N
exchange reaction. In the case of CO, injection, CH, cage
occupancy (small cage/large cage, initially 0.333) increased.
It reflects that CO, mostly replace CH, in large cages. How-
ever, when CO,/N; is injected, CH4 cage occupancy ratio
remained at initial value (0.333) throughout the replacement
reaction. Addition of N, further replaces CHy in the small
cages and thus CH, cage occupancy during exchange is
remained same. From these experimental observations, we
tried to use N,/CO, ratio in gas phase to overlook the
CH4,—(CO, + N,) exchange behavior. Accordingly, such a
guest-specific preference to cage dimensions can lead to sig-
nificant enhancement of methane recovery and a qualitative
understanding of the replacement behavior. Initially injected
mixed gas (80 mol % N, and 20 mol % CO,) has N,/CO,
ratio of around four. As structure I gas hydrate has two small
cages and six large cages in a unit cell [2(S) 6(L) 46H,0]
and previous experiment observation allows us to assume
constant decay ratio of CH, in large cage and small cage. In
other words, ideally, CO, is consumed three times faster
than N,. Faster CO, consumption during replacement reac-
tion results in increase in N,/CO, ratio in gas phase. As
shown in Figure 4a, the N,/CO, ratio increased with time
and distance from the inlet, reached the maximum (~500
min at the 0.7 m port, ~700 min at 2.4 m, ~900 min at
4.0 m, 1100 min at 5.6 m, and 1300 min at 7.3 m) and there-
after slowly decreased. Furthermore, according to the dis-
tance from the inlet, the peak values of the N,/CO, ratio
varied in the range of 5-10, which reveals more rapid con-
sumption of CO, than N, during the replacement reaction.
Assuming that outer gas hydrate layer started to be replaced
by CO, + N, (ideal replacement efficiency ~85% reported
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Table 1. Details of the Experimental Results for the Replacement Process

Injection Absolute Irreducible Hydrate Replacement
Rate Initial Permeability Water Hydrate Saturation Run Efficiency at
System (sccm)  Porosity (%) ( ,umz) Saturation Conversion (%) (Shya> %) Time (min) 7.3 m (%)
High Spyq 50 32.1 0.217 45.1 82.50 11.94 3200 49.2
100 81.03 11.73 1800 422
200 81.27 11.76 1200 314
Low Shya 50 319 0.212 44.6 39.02 5.64 3200 23.1
100 40.05 5.79 1800 20.5
200 39.86 5.77 1200 15.9

by Park et al.), gas phase composition would be changed
due to gas consumption during replacement reaction. As
stated above, CO, is consumed faster than N,, thus, N,/CO,
ratio in gas phase will increased from initial value of approx-
imately 4. Once the mixed gas hydrate layer formed on the
outer layer of gas hydrates, mixed gas hydrate layer inhibits
the penetration of further diffusion of CO, + N, into CHy
hydrate layer. Lee et al.*? experimentally verified the diffu-
sion limitation of liquid CO, injection into CH, hydrate. The
authors showed the penetration depth is controlled by diffu-
sion/reaction models. Similarly, our system has certain pene-
tration limits and thus exhibits maxima in N,/CO, ratio in
gas phase. Figure 4b shows the total cumulative amount of
gas at each port that increased with the distance from the
inlet. For quantitative analysis, we calculated the replace-
ment efficiency (i.e., the total CH,4 recovery) based on these
GC results (Table 1). The 49% of CH, from gas hydrate was
recovered using CO, + N, for a period of 3200 min. The
replacement process results in Table 1 do not completely
reflect the whole nature of real NGH sediments but can be
effectively used for production-scale design.

Next, we increased the CO, + N, gas injection rate to 100
sccm. Figure 5 shows the gas compositional changes during
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Figure 3. Integrated gas compositional profiles accord-
ing to the distance from the inlet by real-time
GC measurement at a CO, + N, gas injection
rate of 50 sccm.
Red lines represent the fraction of CHy, blue lines repre-
sent the fraction of CO,, and black lines represent the
fraction of N,. Different symbols were used to distin-
guish the ports: Circles (O) correspond to port at 0.7 m,
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figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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1800 min of run time. The first sampling port 0.7 m away
from the inlet shows CH, breakthrough after 150 min of gas
injection. The front of CO, + N, gas started to show up in
the 7.3 m outlet after 600 min of injection. The overall CHy
breakthrough time decreased as the CO, + N, injection rate
increased to 100 sccm. The total run time was counted to
1800 min, which was shorter than that of the 50 sccm run.
The N,/CO, ratio and the amount of cumulative gas for
the 100 sccm run are shown in Figure 6. All of the N,/CO,
maximum peaks are located in the period of 600-800 min.
The ratio values vary from 4 to 6 depending on the distance
from the inlet and are relatively smaller than the results of
the 50 sccm run. Figure 6b shows the amount of total
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Figure 5. Integrated gas compositional profiles accord-

ing to the distance from the inlet by real-time
GC measurement at a CO, + N, gas injection
rate of 100 sccm.
Red lines represent the fraction of CHy, blue lines repre-
sent the fraction of CO,, and black lines represent the
fraction of N,. Different symbols were used to distinguish
the ports: Circles (O) correspond to port at 0.7 m, squares
() to 2.4 m, triangles (A) to 4.0 m, inverted triangles (V)
to 5.6, and diamonds (X) to 7.4 m. [Color figure can be
viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

cumulative gas produced at each port after 1800 min, which
smoothly increased with the distance until it reached 5.6 m
from the inlet. The CH, recovery rate stopped increasing
after 5.6 m and became congested. In the real field test, the
desired gas hydrate production range (length) and estimated
recoverable gas amount (volume) should be precisely
decided for a successful test. Quantitative analysis of
evolved gases showed that the replacement efficiency of the
100 sccm run decreased about 14% compared to the results
of the 50 sccm run. The total runtime decreased about 35%
as the injection rate increased to 100 sccm.

Again, we doubled-up the CO, + N, injection rate to 200
sccm (Figure 7). During 1200 min of run time, the gas com-
positions changed sharply inside the pressure vessel, demon-
strating a CHy4 breakthrough time of 300 min at 7.3 m from
the inlet and an overall CH, breakthrough time of 50-300
min. The run time also decreased in the 200 sccm injection
run as the CH, was rapidly depleted in the reactor. When
the CO, + N, injection rate increased to 200 sccm, all of the
maximum N,/CO, peaks were located in 100-400 min (Fig-
ure 8a). The N,/CO, varied from 4 to 7 depending on the
distance from the inlet. However, we observe that the N,/
CO, did not constantly increase as in the results of the 50
and 100 sccm injection runs. Rather, the maximum peaks
were focused on 2.4-4.0 m from the inlet. As the injection
rate increased to 200 sccm, the replacement reaction
occurred mainly at 2.4—4.0 m from the inlet, and the N,/CO,
ratio suddenly dropped at 5.6-7.3 m. Figure 8b shows the
total amount of cumulative produced gas at each port after
1200 min. The cumulative amount of CH, abruptly increased
after 2.4 m. The CH, recovery rate evolved in the 2.4-5.6 m
section and afterward congested. For the quantitative analy-
sis, the replacement efficiency of the 200 sccm run based on
these GC results is shown in Table 1. When compared to the
results of the 50 sccm run and the 100 sccm run, the replace-
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[Color figure can be viewed in the online issue, which is
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ment efficiency of the 200 sccm run decreased about 36%
and 26%, respectively. In contrast, the total run time
decreased about 35% and 23%, respectively. The CO, + N,
gas injection rate was inversely proportional to the replace-
ment efficiency, whereas the total run time was significantly
shortened.

The changes in the CO, + N, gas injection rate signifi-
cantly changed the behavior of the replacement reaction in
the 1-D experiment. The two main variables, replacement
efficiency and total run time, were sensitively changed
according to the CO, + N, gas injection rate. As shown in
Figure 9a, a high flux of CO, + N, gas resulted in shallow
penetration to the gas hydrate layers due to short residence
time, and thus replacement efficiency decreased. Otherwise,
the low flux of the CO, + N, gas results allowed deep pene-
tration to the gas hydrate layers and demonstrated higher
replacement efficiency. In addition, we present the low Syyq4
case results in Table 1. With a low hydrate saturation in the
reactor, approximately 8.5 vol % of the reactor is filled with
the unreacted free-water phase (only 3% of the unreacted
water phase remained in the high hydrate saturation case).
The untransformed water (free-water) phase may sufficiently
react with the injected CO, + N, gas mixture to a form pure
CO; + N, hydrate and eventually hinder a complete under-
standing of the actions which occur inside the 8 m reactor.
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Figure 7. Integrated gas compositional profiles accord-
ing to the distance from the inlet by real-time
GC measurement at a CO, + N, gas injection
rate of 200 sccm.

Red lines represent the fraction of CHy, blue lines repre-
sent the fraction of CO,, and black lines represent the
fraction of N,. Different symbols were used to distin-
guish the ports: Circles (O) correspond to port at 0.7 m,
squares ((_]) to 2.4 m, triangles (A) to 4.0 m, inverted tri-
angles (V/) to 5.6, and diamonds (X) to 7.4 m. [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Moreover, clogging occurs occasionally during a continuous
CO, + N, injection into the reactor. These results suggest
that one should be aware of the effect of free water in the
reservoir when designing gas production tests which involve
a CH,—CO, replacement reaction. As shown in Table 1, the
low hydrate saturation results show significantly low replace-
ment efficiency rates (15-23%). To focus on the replacement
reaction, we tried to eliminate the free-water phase by apply-
ing an annealing process which would greatly enhance the
hydrate saturation rate. We assume, in the high hydrate satu-
ration case, that most of the mobile free-water phase is trans-
formed into the methane hydrate phase and that the
remaining 3 vol % of the free-water phase is out of the gas
diffusion limit range in the space. Therefore, we concen-
trated on the results of the high hydrate saturation case in an
effort to observe the replacement reaction more accurately.
The qualitative comparison of the N,/CO, ratio vs. the
injection rate is shown in Figure 9b. The N,/CO, ratio visu-
alizes the behavior of replacement front during whole run
time. Thick solid lines represent the connection line between
the maximum points in each graph. In the 50 sccm run, the
replacement reaction occurred in a gentle manner throughout
the whole run time as the injection rate was relatively slow.
When the injection rate was doubled up to 100 sccm, the
slope of the red solid line steeply increased compared to the
black solid line of the 50 sccm run. A further increase in the
injection rate to 200 sccm abruptly changed the replacement
behavior in the reactor. A sharp peak appeared in the early
part of the injection and the reaction diminished after 600
min of injection. These qualitative changes in the N,/CO,
ratio are due to the fluid contact time and mass transfer
capacity into the methane hydrate layer. At the lowest possi-
ble injection rate in the 50 sccm run, a fully widespread
replacement reaction occurs throughout the reactor, shown as
a successive increment in the maximum peaks in each port.
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However, the total run time nearly doubles when compared
to the 100 and 200 sccm run times. In the medium case of
the 100 sccm run, a successive increment in the maximum
peaks is also observed, but the absolute values are lower
than those in the 50 sccm run. We also conjecture that a
replacement reaction occurs throughout the reactor with a
shorter run time than in the 50 sccm in 100 sccm runs. How-
ever, at the highest volumetric injection rate of 200 sccm,
distinct sharp peaks arise in the first and second fluid sam-
pling ports, and the peak diminishes after the third fluid sam-
pling port. It is assumed, at this high volumetric injection
rate, that a vigorous replacement reaction occurs around the
inlet and that the replacement front may not be uniformly
distributed past a certain distance away from the inlet. The
vigorous replacement reaction which occurred in the early
ports may result in a sudden increase in the partial pressure
of CHy in the fluid mixture; thus, the replacement capacity
decreases past a certain point. This trend is also represented
as the lowest total CH, recovery yield among the three injec-
tion rates (Table 1).

For the quantitative analysis of replacement efficiency, the
compositions of produced gas along 1-D length are shown in
Figure 10. Replacement efficiencies of each run in Table 1
are based on the CH, proportions from Figure 10 and the
total produced gas volume. Table 1 and Figure 10 show the

quantitative analysis of the replacement efficiencies
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[Color figure can be viewed in the online issue, which is
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depending on the distance from the inlet and the gas injec-
tion rate. A maximum of 49% of the replacement efficiency
resulted from the 50 sccm run and the replacement efficiency
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Figure 10. Percentage of total cumulated gases from
each port at three different injection rates.

Solid lines represent the results from the 50 sccm run,
dotted lines represent the results from the 100 sccm run,
and dashed lines represent the results from the 200 sccm
run. Symbols indicate gas molecules; orange squares rep-
resent N, red circles represent CHy4, and blue triangles
represent CO,. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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decreased as the injection rate increased. However, in the
real production scheme, the time constraint is critical and it
is essential to optimize productivity in a limited time win-
dow. As expected from Figure 10, CH, productivity is
closely connected with the gaseous flow in 1-D scale. For a
real production scheme, from these results, the optimum dis-
tance between injection and production wells could be
deduced. Furthermore, the run times for both injection and
methane gas recovery rates can be roughly inferred from this
graph, which would be used as a tool for making decision in
the operation of a production well and establishing the over-
all methane hydrate production plans. Also, CH, break-
through time for each ports depending on the CO, + N,
injection rates are shown in Figure 11. CH, breakthrough
times for Port 1-3 (0.7-4.0 m) were linearly regressed, how-
ever, exponentially regressed to fitting the CH, breakthrough
times for Ports 4 and 5 (5.6-7.3 m). In other words, CH,
breakthrough time exponentially increases at low CO, + N,
injection rate when the reaction length is longer than 5.6 m.

Furthermore, experimental variables obtained from the
experiments were compared with physical models of diffu-
sion/reaction to examine the kinetic trends in replacement
reaction in 1-D scale. Methane replacement efficiencies
depending on CO,/N, gas injection rates are fitted with
Avrami crystallization kinetics model**** (Figure 11 and
Table 2) using following equation

o=1—exp (—ki1")

where, o is the hydrate conversion ratio at time ¢, k is the
rate constant with the growth stage, and n is the Avrami
exponent. Replacement reaction has similar physical changes
of crystallization, therefore, it first occurs at the hydrate sur-
face and further diffusion of CO,/N, into the inner layers
allow the propagation of replacement reaction. As shown in
Figure 12, Avrami model is well-fitted with both high Sy,q
case and low Sy,q case. This is largely due to the nature of
continuous-flow scheme of CO, + N, gas mixture during the
whole experiments because Avrami model is applicable in
the initial reaction stage in the hydrate films. In every
experiments, CO, + N, mixture gas injection was stopped
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Table 2. Parameters Regressed for Avrami Model

System ky n
High Spyq 0.07534 0.55909
Low Shya 0.05706 0.39116

when the methane level at the outlet is lower than 5%.
Unlike soaking experiments, which use static CO, pressure,
our experimental scheme uses dynamic CO, + N, pressure.
Therefore, penetration into the methane hydrate is shallow
and overall kinetics follows the Avrami model. Low Avrami
exponent values (Table 2) suggest that mass transfer in the
continuous-flow system is limited by diffusion controlled
replacement reaction. In summary, our experimental
continuous-flow replacement reaction in 1-D scale is domi-
nated by fast surface replacement reaction.

For the successful employment of the replacement reaction
in a real production plan, one must consider many other fac-
tors influencing the actual productivity on-site. To test the
concept of CH, replacement with CO, + N,, a complete
understanding of the CO, + N, replacement mechanism under
complex sediment structure is necessary. For the testing of
CH4—(CO, + N,) replacement in bench-scale, we built a new
reactor with 1-D functionality (8 m) and conducted continuous
gas injection experiments. Also we tried to simulate the
hydrate-bearing sediment at specified conditions of pressure
and temperature by forming pore-filling type gas hydrates
within glass beads. The qualitative movement of complex
multiphase fluids was analyzed and further quantitative pro-
ductivity assessments were performed with three gas injection
rates of 50, 100, and 200 sccm. Several key variables of
CO, + N, gas injection rate, total run time, CH, breakthrough,
and CH,4 recovery rate were also clearly examined.

The key findings are as follows: (1) replacement efficiency
is inversely proportional to the CO, + N, gas injection rate
as the decrease in the injection rate corresponds to an
increase in the productivity due to an increase in contact
time. Adequate contact time is needed for replacement reac-
tion to proceed smoothly. However, in the production field,
if a production test is performed with a very low CO, + N,
gas injection rate or with an extended run time, problems
can arise related to production delay and increased operation
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cost. Thus, an ideal critical injection rate and the amount of
injected CO, + N, gas should be determined during the
establishment of a quantitative production plan; (2) propaga-
tion of the frontline of multicomponent fluid was analyzed in
a scale of 8 m. Qualitative analysis on the compositional
profiles at each port indicated that at least 5.6 m is needed
to show an understandable recovery rate in this system.
Extension of this variable will assist the design of an injec-
tion/production well; and (3) ideal replacement efficiency
obtained (~85%) from a microscopic approach on the
hydrate in the bulk state was revealed to be lower (~49%).
Complex flow of a multicomponent fluid and the lowered
diffusivity in the porous media are the main reasons for
restraints for lowered replacement efficiency.
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