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Natural  gas  hydrate  (NGH)  extreme  thermodynamic  sensitivity  poses  challenges  for  pressure-preserved
coring  operations  in  reservoir  evaluation  and  commercial  development.  Current  preservation  strategies
employing “pressure-only” approaches  fail  to  address  temperature-induced instability,  leading  to  sample
degradation  and  compromised  geological  characterization.  This  study  investigates  temperature-pressure
synergistic preservation mechanisms using fully coupled thermal-hydraulic-mechanical-chemical (THMC)
numerical  simulation  of  hydrate  cores  from  the  Shenhu  area,  South  China  Sea.  Numerical  modeling
incorporating  hydrate  dissociation  kinetics,  multiphase  fluid  dynamics,  and  heat/mass  transfer  processes
reveals that temperature variations trigger cascading destabilization mechanisms. Results demonstrate that
temperature field evolution follows exponential growth patterns, generating steep radial gradients up to 35
K/cm  that  induce  pressure  surges  from  0.11  MPa  to  0.82  MPa,  establishing  positive  feedback  loops
destabilizing  hydrate  structures.  Hydrate  dissociation  kinetics  conform  to  Kim-Bishnoi  laws,  exhibiting
“S-shaped  decay”  patterns  with  2  times  rate  acceleration  under  elevated  temperatures,  reducing
dissociation  completion  times  from  1200  s  to  600  s.  The  investigation  identifies  “threshold  effects”  in
relative permeability evolution,  where growth exceeding three orders of  magnitude occurs when hydrate
saturation  drops  below  0.15‒0.2,  transforming  core  hydraulic  properties.  Multiphase  fluid  migration
transitions  from  diffusive  regimes  (0‒0.4×10−3  m/s)  to  explosive  patterns  (1×10−3‒1.25×10−3  m/s),
exhibiting  “burst-decay”  kinetics  that  compromise  sample  integrity  through  rapid  methane  release  and
pore  structure  reconstruction.  The  study  establishes  quantitative  criteria  for  developing  temperature-
pressure synergistic  preservation technologies,  with numerical  results  indicating potential  sample quality
loss reduction of 60%‒80%.
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1. Introduction

NGH forms as cage-like crystalline structures when water

and  natural  gas  molecules  combine  under  low-temperature,
high-pressure  conditions  in  permafrost  regions  and  deep-sea
sediments.  With  vast  reserves  and  clean  combustion
properties,  NGH  represents  the  most  promising  alternative
energy source for the 21st century (Sloan ED, 2003). The 2020
U.S. Geological Survey estimates that technically recoverable
NGH  resources  exceed  3×1016  m3,  surpassing  combined
conventional  and  unconventional  gas  reserves  while
underscoring its strategic role in energy transition (Waite WF
et al., 2020; Yu YS et al., 2021). Accurate characterization of
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hydrate-bearing sediment (HBS) properties is fundamental to
resource assessment, extraction optimization, and commercial
development.  Unlike  indirect  methods  such  as  seismic
surveys  and  wireline  logging,  in-situ  pressure-preserved
coring  directly  recovers  undisturbed  samples  for
comprehensive laboratory analysis of phase distribution, pore
architecture,  flow  properties,  and  THMC  coupling  during
production  (Wan  Y  et  al.,  2022).  This  first-hand  geological
evidence  provides  irreplaceable  data  for  precise  reservoir
evaluation  and  efficient  NGH  development  (Dai  S  et  al.,
2017;  Xu  M  et  al.,  2026).  NGH  reservoirs  exist  in  extreme
subsea  environments  hundreds  to  thousands  of  meters  below
the  seafloor,  where  thermodynamic  stability  is  critically
sensitive  to  temperature-pressure  perturbations.  Minor
environmental  disturbances  during  coring  can  trigger  rapid
dissociation,  causing  pore  restructuring,  permeability
alterations,  and  mechanical  property  degradation  that
compromise sample integrity and reliability.

Over four decades, pressure-preserved coring technologies
for major NGH exploration campaigns have evolved through
interdisciplinary  contributions  from  marine  geology,
petroleum  engineering,  oceanography,  and  geotechnical
communities.  Scientific  ocean  drilling  programs  pioneered
early developments with the Pressure Core Barrel (DSDP Leg
76,  1980)  (Rabinowitz  PD  et  al.,  1985),  followed  by  the
improved  Pressure  Core  Sampler  (ODP)  (Kvenvolden  KA
and  Cameron  D,  1983;  Dickens  GR  et  al.,  2000),  FUGRO
Pressure Corer and HYACE Rotary Corer (IODP) (Amann H
et al., 1997; Schultheiss P et al., 2009), Pressure Temperature
Core Sampler and Hybrid PCS (Nankai Trough) (Wakishima
R, 1998; Kubo Y et al., 2014), Pressure Corer Tools with Ball
Valves  (NGHP  and  Gulf  of  Mexico)  (Schultheiss  P  et  al.,
2017),  and  pressure-preserved  systems  for  China’s
Guangzhou  Marine  Geological  Survey  expeditions  (GMGS)
(Lu  QP  et  al.,  2024).  These  collaborative  efforts  across
research  consortiums,  national  laboratories,  and  international
collaborations  have  enabled  successful  core  recovery  under
near  in-situ  conditions  through mechanical  valve  sealing and
accumulator pressure regulation.

Current  NGH  coring  employs  pressure  compensation
systems  with  thermal  insulation  barriers,  using  mechanical
valves  and  accumulators  for  pressure  maintenance  while
relying  on  aerogel  insulation  for  thermal  protection.  Despite
excellent  pressure  control,  significant  temperature
management  deficiencies  persist:  During  drilling  completion
and  core  retrieval,  decreasing  water  depth  and  rising
environmental  temperature  create  drastic  thermodynamic
boundary  changes.  Real-time  monitoring  from  Japan’s
2012‒2013  Nankai  Trough  expedition  revealed  that  even
under  pressure  preservation,  core  temperature-pressure  states
deviated  from  hydrate  phase  equilibrium,  triggering
irreversible dissociation (Collett TS et al., 2015; Inada N and
Yamamoto  K,  2015).  The  ODP  Leg  204  pressure  explosion
caused  by  massive  in-core  hydrate  dissociation  and  methane

release  demonstrated  severe  safety  risks  while  highlighting
complete sample loss potential (Bohrmann G et al., 2002).

Multi-field  coupling  approaches  for  hydrate  reservoir
simulation  have  evolved  significantly  over  recent  decades.
Traditional  thermal-hydraulic-mechanical  (THM)  models
initially  addressed  basic  coupling  mechanisms,  subsequently
expanding to thermal-hydraulic-mechanical-chemical (THMC)
frameworks that incorporate hydrate dissociation kinetics and
chemical  reactions.  Recently,  Li  YL  et  al.  (2024)  proposed
the  thermal-hydraulic-mechanical-chemical-sand  (THMCS)
coupling framework that extends THMC models by explicitly
incorporating solid particle transport  as an independent field,
addressing  sand  production  challenges  during  long-term
hydrate  exploitation.  This  five-field  coupling  approach
represents  an  important  advancement  for  production-scale
reservoir  analysis  where  sand  migration  becomes  critical  for
wellbore stability and production optimization.

Using actual NGH cores from China’s GMGS expeditions
in the Shenhu area, South China Sea, this study systematically
investigates  temperature-pressure  synergistic  control
mechanisms  and  spatiotemporal  evolution  patterns  in  NGH
core property changes through integrated theoretical analysis,
numerical  simulation,  and  experimental  validation,
establishing  foundations  for  scientifically  based  temperature-
pressure  preservation  technology  (Wan  Y  et  al.,  2022).  This
study  develops  fully  coupled  THMC  numerical  models
incorporating  hydrate  dissociation  kinetics,  multiphase  fluid
migration,  heat/mass  transfer,  and  mechanical  deformation,
validated  against  geological  data  from  China’s  GMGS
expeditions  in  the  Shenhu  area,  South  China  Sea.  Through
systematic  multi-physics  field  response  analysis  under
varying  environmental  temperatures,  the  authors  reveal
temperature  control  mechanisms  governing  hydrate
dissociation  behavior  during  core  retrieval  processes.  These
findings  provide  scientific  guidance  for  optimizing  NGH
preservation technologies. 

2. In-situ physical property characterization of NGH core
 

2.1. Core sample acquisition and reservoir properties

Shenhu area,  located on the northern continental  slope of
the  South China Sea east,  represents  a  key NGH exploration
target  in  Chinese  waters.  This  region  exhibits  highly
heterogeneous hydrate saturation distribution (Qin XW et al.,
2020,  2022).  Integrated  numerical  modeling  and  wireline
logging  indicate  saturations  10%‒40%,  with  enriched  zones
exceeding 40%. Hydrates occur primarily in cementing mode,
closely  bonded  with  sediment  particles  (Zhang  RW  et  al.,
2018).  The  GMGS-1  expedition  in  2007,  led  by  Guangzhou
Marine  Geological  Survey,  conducted  pressure-preserved
coring  using  FUGRO  Pressure  Corer  and  FUGRO  Rotary
Pressure  Corer  (Wang  JG  et  al.,  2014).  Five  sites  were
sampled (SH1, SH2, SH3, SH5, SH7),  with physical  hydrate
recovery  at  sites  SH2,  SH3,  and  SH7.  SH2,  drilled  to  260
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mbsf along the western ridge, confirmed NGH occurrence in a
25  m  interval  above  the  base  of  gas  hydrate  stability  zone
(BGHSZ).  Pore  water  freshening  analysis  revealed  average
hydrate  saturations  of  25%‒46%, uniformly dispersed within
unconsolidated fine-grained clay and sandy clay (Kuang YW
et al., 2019).

To  investigate  THMC  coupling  characteristics  during
NGH  dissociation,  the  authors  selected  pressure-preserved
cores  from  Shenhu  sites  SH2  and  SH3  (SH2-12R,  SH3-7P,
SH3-13P)  as  research  subjects.  Physicochemical  parameters
were  obtained  through  complementary  techniques:  (1)
Pressure-preserved  coring  for  in-situ  sample  recovery;  (2)
wireline data inversion for continuous formation profiling; (3)
pore water chemistry for saturation distribution; (4) controlled
gas release experiments for compositional analysis (Li CH et
al.,  2014;  Wang  JG  et  al.,  2014).  Core  macroscopic
characteristics show gray to dark gray muddy silt  with dense
microstructure  dominated  by  micropores  (<2  μm)  and
mesopores  (2‒10  μm).  Acoustic  and  resistivity  logs  exhibit
distinct  positive  anomalies,  combined  with  methane-
dominated  (>99%)  gas  composition  confirmed  by
chromatographic  analysis,  collectively  indicating  high-
saturation  NGH  enrichment  at  these  intervals  (Lu  C  et  al.,
2022). 

2.2. Multi-physics  coupling  simulation  parameter
determination

Based on comprehensive multi-source data analysis, Table 1
establishes  the  parameter  system  for  THMC  coupled
numerical  simulation.  This  encompasses  key  physical
properties  required  for  multi-physics  coupling  analysis.
Parameter values prioritize measured data from site SH2, with
reasonable supplementation from similar international hydrate
reservoirs for difficult-to-measure parameters, ensuring model
reliability.

NGH  core  permeability  exhibits  enormous  variability
depending  on  hydrate  morphology  (Ji  YK  et  al.,  2022).
Selecting appropriate permeability evolution models is crucial

for  accurately  predicting  fluid  migration  during  dissociation.
This  study  adopts  the  dynamic  permeability  model  by Liang
W et al. (2022), which considers composite pore morphology,
capillary  roughness,  and  elastic  damage  from  hydrate
dissociation  (Wang  JG  and  Peng  Y,  2014).  Relative
permeability is expressed as (Eq. 1): 

krh = k0

(
1−

S hc+
√

S h f

1−Ch,λ

)4

(1)

S hc S h f

Ch,λ

k0

where    and    are  the  saturations  of  grain-coating  and
pore-filling hydrate, respectively,   is the initial roughness,
  is  initial  permeability.  Porosity  and  dynamic  absolute

permeability  of  NGH  cores  are  expressed  as  respectively
(Eqs. 2, 3): 

ϕ =

(
1

1+εv

)
(ϕ0+εv+ (1−ϕ0) (P−P0)/Ks) (2)

 

k = k0

(
1−

S hc+
√

S h f

1−Ch,λ

)4(
ϕ

ϕ0

)3

(3)

ϕ0 P P0

εv εv0

where    is  the  initial  porosity,    and    are  pore  pressure
and initial pore pressure,   (Eq. 4) and   are the volumetric
strains at any given time and initial time, respectively. 

εv = ∇ ·u (4)

where u is displacement vector.

Ch,λ = 0.4096 S hc/S h = 0.999 S h f/S h = 0.001

To  enhance  model  physical  realism  and  predictive
capability, the authors employ parameter calibration based on
NMR-measured permeability and hydrate saturation data from
GMGS-1  Shenhu  cores  by  Li  CH  et  al.  (2014).  Nonlinear
least-squares  fitting  of  measured  data  reflects  permeability
evolution  under  changing  pore  structure,  yielding

,  ,  .  Fig.  1
demonstrates  that  within  hydrate  saturation  range  of  0‒0.5,
model  predictions  agree  well  with  the  relative  permeability
measurements (R2 = 0.9572, RMSE = 0.0667, MAE = 0.0472)

 

Table 1.   In-situ physical parameters for multi-physics field coupling numerical simulation.
Parameter Name Value Unit References

ϕ0Initial porosity ( ) * 0.25 \ (Li CH et al., 2014; Wang XJ et al., 2014;
Zhang RW et al., 2018; Li J et al., 2019;
Kuang YM et al., 2019; Lu C et al., 2022;
Li YL et al., 2024; Wang H et al., 2024)

S h0Initial hydrate saturation ( ) * 0.40 \

S w0Initial water saturation ( ) 0.35 \

S g0Initial gas saturation ( ) 0.25 \

k0Initial permeability ( ) * 98 mD

Pg0In-situ pressure ( ) * 10 MPa

T0In-situ temperature ( ) * 283.15 K

ρsSediment density ( ) * 1250 kg/m3

ρhGas hydrate density ( ) * 913 kg/m3

ρwWater density ( ) * 1054 kg/m3

ESediment elastic modulus ( ) * 460 MPa

KsSediment particle bulk modulus ( ) 15 GPa

νPoisson’s ratio ( ) * 0.15 \

Note: * indicates that the data come from actual measurements at SH2 and SH7 sites.
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(Li  CH  et  al.,  2014).  The  model  effectively  captures
permeability  decline  trends  in  medium-to-high  saturation
ranges,  demonstrating  good  adaptability  for  composite
morphology  hydrate  reservoirs  and  providing  reliable
permeability  evolution  description  for  THMC  coupling
simulation. 

3. Fully coupled THMC multi-physics model for NGH core

For  hydrate-bearing  sediments,  the  thermal-hydraulic-
mechanical-chemical (THMC) coupling process involves four
key  physical  fields:  Chemical  reactions  governing  NGH
dissociation,  two-phase  fluid  flow  in  porous  media,  heat
transfer  with  phase  change  effects,  and  mechanical
deformation under varying pore pressure conditions. 

3.1. Basic assumptions for multi-physics coupling model

Hydrate  dissociation  in  porous  media  involves  complex
coupling  of  fluid  flow,  heat  transfer,  deformation,  and  phase
transitions.  To  establish  a  mathematically  tractable  model
reflecting  primary  physical  mechanisms,  the  authors  propose
the following assumptions for simulating NGH dissociation in
cores.

CH4 ·NhH2O

(i) Since gas release tests confirm >99% methane content;
cores  contain  pure  methane  hydrate  (Type  I  structure)  with
formula  .

(ii) NGH exists as solid phase within pores or adhered to
sediment  particles,  consistent  with  the  permeability  model
composite morphology description.

(iii)  Given  short-term  coring  characteristics,  secondary
hydrate formation from local cooling or pressure fluctuations
during dissociation is neglected.

(iv)  Both  water  and  gas  two-phase  flow  follow  Darcy’s
law,  with  each  phase  having  independent  permeability  and
saturation.

(v)  Given  that  the  pore  scale  is  much  smaller  than  the

macroscopic  characteristic  scale,  sediment  skeleton,  hydrate,
water,  and  gas  maintain  thermal  equilibrium  within
representative volume elements.

(vi)  Temperature  variations  during  pressure-preserved
coring (<20 K) generate from hydrate dissociation.

For  hydrate-bearing  cores,  sediment  forms  the  skeleton
with hydrate, water, and gas occupying pore space. Porosity is
defined as (Eq. 5): 

ϕ =
Vh+Vw+Vg

Vs+Vh+Vw+Vg
(5)

Vi (i = h,w,g)
Vs

where      represent  hydrate,  water,  and  gas
volumes,    is  sediment  particle  volume,  and  phase
saturations are expressed as (Eq. 6): 

S i =
Vi

Vh+Vw+Vg
(i = h,w,g) (6)

S h+S w+S g = 1
During  hydrate  dissociation,  phase  saturation  sum equals

unity:  . 

3.2. THMC multi-physics coupling mathematical framework

For hydrate-bearing sediments, when external temperature-
pressure conditions reach hydrate thermodynamic equilibrium
thresholds,  dissociation  initiates.  The  chemical  reaction
adopts  the  classical  Kim-Bishnoi  kinetic  model  (Kim  HC  et
al., 1987; Hong H et al., 2003). 

CH4 ·NhH2O(S )
T↑,P↓−−−→ CH4(g)+NhH2O(l) (7)

Where the hydrate dissociation rates can be written as: 

ρhS h
∂ϕ

∂t
+ϕρh

∂S h

∂t
= −kd0MhϕS hexp (−∆E/ (RT ))√

ϕ3(1−S h)
3

2k

(
Peq−Pg

)
(8)
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Fig. 1.   a‒Fitting plot of dynamic permeability model based on measured data (after Li CH et al., 2014); b‒prediction accuracy plot of dynamic
permeability model fitting.
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Mh kd0

As

∆E R
T Pg

Peq

k

where   is the molar masses of hydrate,   is the chemical
reaction  kinetic  constant,    is  the  specific  surface  area  for
dissociation  reaction,    is  the  activation  energy,    is  the
ideal  gas  constant,    is  temperature,    is  the  pore  gas
pressure,   is the critical equilibrium pressure of NGH, and
 is the absolute permeability.
According  to  the  assumptions  in  this  study,  the  hydrate

reservoir  consists  of  three  phases  (solid  phase,  liquid  phase,
and  gas  phase)  and  four  components  (sediment  particles,
NGH,  water,  and  methane  gas)  (Leverett  MC,  1941;
Gershenzon  NI  et  al.,  2016; Ma  TR  et  al.,  2017).  The  mass
conservation  equations  for  the  water  and  gas  two-phase
components are: 

ρw

(
S w
∂ϕ

∂t
+ϕ
∂S w

∂t

)
+∇
(

krwkρw

µw

(
Pe0

(
−1
λ

)(
(S e)

−1/λ−1
)

∇S w+ρw
−→g −∇Pg

))
= NhMwkd0ϕS hexp (−∆E/ (RT ))√

ϕ3(1−S h)
3

2k

(
Peq−Pg

)
(9)

 

Mg

RT

(
S gPg

∂ϕ

∂t
+ϕS g

∂Pg

∂t
+ϕPg

∂S g

∂t

)
− MgϕS gPg

RT 2

∂T
∂t
+

∇
(

krgkMgPg

µgRT

(
MgPg

−→g
RT

−∇Pg

))
=

Mgkd0ϕS hexp (−∆E/ (RT ))

√
ϕ3(1−S h)

3

2k

(
Peq−Pg

)
(10)

krw krg

S e S wr

S gr

Nh Mh Mw Mg

where    and  are  the  relative  permeabilities  of  water  and
methane respectively,   is the effective water saturation, 
and    are  the  residual  saturations  of  methane  and  water
respectively,   is the hydration number,  ,   and   are
the molar masses of hydrate, water, and gas respectively.

The  hydrate  dissociation  process  involves  both  heat
conduction  and  heat  convection.  When  hydrate  transforms
from solid phase to gas and liquid phases (Kamath VA, 1984;
Youslf MH et al., 1991), it absorbs heat. Therefore, the energy
conservation law during hydrate dissociation is: 

CT
∂T
∂t︸   ︷︷   ︸

Heatstorage

+∇ (−KT∇T )︸          ︷︷          ︸
Heatconduction

+∇
(
ϕS gCgρg

−→ugT +ϕS wCwρw
−→uwT

)
︸                                        ︷︷                                        ︸

Heatconvection

=

Qh︸︷︷︸
Latentheat

(11)

ρi S i Ci λi (i = h,w,g)
i

ρs S s Cs λs

C1 C2

where  ,  ,  ,    are  the  density,  saturation,
specific  heat  capacity,  and  thermal  conductivity  of  the  −th
phase  respectively.  ,  ,  ,    are  the  density,  saturation,
specific  heat  capacity,  and  thermal  conductivity  of  the
sediment  phase,  respectively.    and    are  fitting
coefficients.

The  equilibrium  differential  equation  expressed  in

displacement form considers the effects  of  pore pressure and
temperature changes, and its tensor form is expressed as: 

G∇2u+
G

1−2ν
∇ (∇u)−α∇P+

−→
fk = 0 (12)

G α ν
−→
fk u

where    is  the shear modulus,    is  the Biot coefficient,    is
Poisson’s ratio,   and   are the body force and displacement,
respectively.

This  system  of  coupled  equations  describes  the  complex
interactions  between  chemical  dissociation  kinetics,
multiphase  fluid  flow,  heat  transfer,  and  mechanical
deformation  in  NGH-bearing  cores  under  temperature
perturbations.  Detailed  derivations  of  the  governing
equations,  constitutive  relationships,  and  parameter
definitions are provided in Appendix A. 

4. Model setup based on in-situ coring practice
 

4.1. Boundary condition settings

Building  upon  the  sophisticated  engineering  practices  of
pressure-preserved coring operations during the GMGS series
expeditions  in  the  Shenhu  area,  South  China  Sea,  this  study
establishes  a  comprehensive  boundary  condition  framework
that  authentically  captures  the  complex  physical  constraints
encountered  in  actual  seafloor  operations.  Fig.  2  shows  the
complete  engineering  workflow.  First,  polycrystalline
diamond  compact  (PDC)  coring  systems  retrieve  hydrate-
bearing  cores.  After  sampling,  the  cores  are  immediately
sealed  into  dedicated  pressure-preserved  barrels.  Precision
accumulator  units  inside  the  barrels  sustain  hydrostatic
pressure  close  to  in-situ  levels.  Meanwhile,  high-strength
barrel  walls  provide robust  radial  confinement for  the cores..
This  engineering  design  effectively  ensures  core  internal
pressure  stability  while  strictly  limiting  radial  expansion
deformation  of  the  cores.  Considering  that  modern  pressure-
preserved  corers  typically  incorporate  dedicated  axial
expansion  buffer  spaces  to  accommodate  large-volume  gas
release  during  hydrate  dissociation  processes  (methane  gas
volumes  can  reach  160  times  that  of  the  original  solid
hydrate),  thereby  preventing  excessive  axial  stress
concentration  phenomena,  this  engineering  characteristic
manifests  as  axial  free  boundary  conditions  in  numerical
simulation.

r = rmax

ur = 0 z = 0
z = zmax σz = 0

Pis

To simulate the coring conditions under the above in-situ
environment,  the  boundary  conditions  set  in  the  model
preprocessing  stage  are  shown  in  Table  2:  Radial
displacement  constraint  boundary  condition  at 
( ).  Axial  stress-free  boundary  conditions  at    and

  ( ),  the  pressure  inside  the  tube  is  maintained
constant  at  the  in-situ  pressure  measured  during  the  coring
process  through  the  accumulator  regulation  system,  which  is
reflected  as  a  constant  external  pressure  boundary  condition

  =  10  MPa.  As  shown  in  Fig.  3,  combining  the
environmental  temperatures  recorded  in  the  NGH  coring
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practices  of  India’s  NGHP-01  and  Japan’s  2012  Nankai
Trough  (Dai  S  and  Santamarina  JC,  2014;  Inada  N  and
Yamamoto  K,  2015),  the  environmental  temperatures  are  set
to 293.15 K, 298.15 K and 303.15 K, representing the driving
forces  of  different  environmental  temperatures  on  the  in-situ
state  of  the  core.  To  balance  computational  accuracy  and
efficiency,  the  core  model  established  in  this  study  has  a

radius  of  25.5  mm and  a  length  of  300  mm,  consistent  with
standard  pressure-preserved  core  dimensions.  The  specific
geometric configuration and mechanical boundary conditions
are shown in Fig. 4. 

4.2. Simulation parameter determination

To  accurately  simulate  the  THMC  coupling  behavior
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Core bit
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W07B (57 mbsf) W08B (64 mbsf)

 
Fig. 2.   a‒Hydrate reservoir coring methods in the Shenhu area during GMGS series expeditions; b‒cross-section of NGH core cutting inside
the coring tube during GMGS-5 exploration expedition (after Wei JG et al., 2019; Xu M et al., 2026).
 

Table 2.   Gas hydrate core boundary condition settings.
Boundary expression r = 25.5 mm z = 0 mm z = 300 mm

Boundary conditions ur = 0 uz = 0 σz = 0

∂Pg

∂r
= 0

P = Pis P = Pis

T = T (t)
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Fig. 3.   a‒Pressure and temperature distribution recorded during the recovery of core NGHP-1-12A-06E with the HYACE Rotary Corer in the
voyage  NGHP-01  Expedition  (after Wei  JG  et  al.,  2019; Xu  M  et  al.,  2026);  b‒temperature  boundary  condition  settings  during  numerical
simulation.
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during  NGH  coring  in  the  Shenhu  area  of  the  South  China
Sea,  this  study  systematically  collected  and  determined  the
key  physical  property  parameters  required  for  numerical
calculations as shown in Table 3. The parameters prioritize in-
situ test data from the GMGS series expeditions to ensure the
reliability  of  model  inputs,  supplemented  by  relevant
literature data, covering multiple physical processes including
hydrate dissociation kinetics, multiphase fluid properties, heat
transfer characteristics, and soil mechanics. Among these, the
hydrate  chemical  parameters  adopt  standard  values  from  the
classical  Kim-Bishnoi  dissociation  model  (Kim  HC  et  al.,
1987; Zhang  LM et  al.,  2019).  Thermal  property  parameters
(specific  heat  capacity  and  thermal  conductivity)  for  each
phase  are  adopted  from  hydrate  characteristic  datasets
reported by Sloan ED and Koh CA (2008) and Zhang Y et al.
(2022),  whereas  the  thermal  properties  of  the  sediment
skeleton  use  measured  silty  clay  data  from  the  Shenhu  area
(Wang  JG  et  al.,  2014).  Fluid  property  parameters  such  as
viscosity  and  density  of  water  and  methane  adopt
experimental  values under standard temperature and pressure
conditions  (Wu  NY  et  al.,  2010;  Liu  CL  et  al.,  2012).  Soil
mechanical  parameters,  particularly  the  elastic  modulus  and
Poisson’s  ratio  of  sediments,  directly  adopt  triaxial
compression  test  results  of  fine-grained  sediments  in  the
Shenhu area (Wei JG et al., 2021). 

4.3. Numerical methods for coupled model

This  study  employs  COMSOL  Multiphysics  software  to

solve  the  thermal-hydraulic-mechanical-chemical  (THMC)
coupled  processes  of  NGH  cores  simultaneously  within  a
unified  framework.  The  COMSOL  solver  utilizes  the  pre-
configured  COMSOL  Geomechanics  module  for  the
geomechanically part, while domain ordinary differential and
differential-algebraic  equations  are  used  to  solve  the  NGH
dissociation field of the core.  Two-phase fluid flow and core
heat  transfer  employ  the  general  form  partial  differential
equation module to avoid convergence difficulties when using
traditional  separate  solution  methods  for  different  physical
processes.

The  numerical  model  addresses  four  key  physical  fields:
NGH dissociation kinetics with NGH saturation as the solving
variable, two-phase fluid flow governed by gas phase pressure
and water phase saturation as primary variables, heat transfer
field  using  temperature  as  the  solving  variable  considering
multiphase  fluid  convective  and  conductive  effects,  and
mechanical  deformation  field  handling  stress-strain
relationships in the porous medium. Strong coupling between
these  physical  fields  is  achieved  through  state  variables
including  saturation,  pressure,  temperature,  and  mechanical
deformation,  enabling  accurate  description  of  complex
response  behaviors  in  NGH  cores  under  temperature
perturbations  and  ensuring  relatively  stable  and  robust
convergence  in  COMSOL  Multiphysics  software.  Detailed
numerical  equations  and  solution  algorithms  are  provided  in
Appendix B. 

4.4. Grid independence and convergence analysis

To  ensure  numerical  solution  reliability  and  accuracy,
particularly  in  regions  with  steep  gradients  such  as  hydrate
dissociation fronts,  systematic  grid independence verification
and  convergence  analysis  were  conducted.  Three  mesh
configurations  were  established  to  evaluate  mesh  sensitivity:
coarse  mesh  (15420  elements),  medium  mesh  (22850
elements), and fine mesh (428360 elements). Mesh refinement
was  strategically  concentrated  in  critical  regions  where  steep
gradients  occur,  including  the  dissociation  front  zone,  with
local element sizes ranging from 0.25 mm to 1 mm.

S h Pg

T

As  shown  in  Table  4,  grid  independence  assessment
focused  on  key  variables  that  drive  the  THMC  coupling
processes:  Hydrate  saturation  ( ),  pore  pressure  ( ),  and
temperature  ( ).  Monitoring  points  were  established  at
critical  locations  including the  core  geometric  center  and the
hydrate  dissociation  front  to  capture  maximum  gradient
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Fig. 4.   Core model geometry and mechanical boundary condition settings.

 

Table  3.    Physical  property  parameters  for  multi-physics  field
coupling simulation numerical calculation.
Parameter Value Unit Parameter Value Unit
Nh 6 \ S wr 0.10 \
Mh 0.124 kg/mol S gr 0.05 \
Mw 0.018 kg/mol cs 950 J/kg·K
Mg 0.016 kg/mol ch 2010 J/kg·K
k0

d 3.60×104 mol/m2·Pa·s cw 4200 J/kg·K
∆E 81084.20 J/mol cg 2180 J/kg·K
R 8.314 J/mol·K λs 1.2 W/m·K
e1 44.36 \ λh 2.0 W/m·K
e2 8068.02 K λw 0.50 W/m·K
µw 1.01×10-3 Pa·s λg 0.06 W/m·K
µg 1.84×10-5 Pa·s C1 56599 J/mol
m 0.6 \ C2 16.744 J/mol·K
Pe0 0.1 MPa α 0.4 \
λ 2 \ −→g 9.81 m/s2
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variations.  The convergence criterion was defined as  relative
errors  below  2%  between  consecutive  mesh  refinements  for
all primary variables.

Convergence analysis demonstrates that the medium mesh
achieves grid-independent solutions with acceptable accuracy
while  maintaining  computational  efficiency.  Quantitative
results  show  that  relative  errors  between  medium  and  fine
mesh  configurations  remain  below  the  established
convergence  criteria:  Maximum  pressure  deviation  <  1.8%,
temperature  variation  <  0.5  K,  and  hydrate  saturation
difference  <  1.5%.  These  metrics  confirm  that  the  medium
mesh  resolution  provides  adequate  accuracy  for  capturing
steep gradient phenomena in hydrate dissociation fronts.

The  convergence  analysis  validates  that  the  chosen
medium  mesh  configuration  (22850  elements)  provides
reliable  numerical  solutions  while  reducing  computational
cost  by  65%  compared  to  the  fine  mesh.  This  mesh  density
ensures  accurate  representation  of  THMC  coupling
mechanisms  in  hydrate-bearing  sediments,  particularly  in
regions  where  rapid  phase  transitions  and  steep  property
gradients  occur  during  temperature-induced  dissociation
processes. 

5. Coupled  results  of  hydrate  dissociation  under
temperature-driven

Building  upon  the  comprehensive  numerical  framework,
this  chapter  systematically  investigates  the  multi-physics
coupling  response  characteristics  of  NGH  cores  under
temperature-driven  conditions,  and  elucidates  fundamental
mechanisms  controlling  hydrate  stability  degradation  and
resulting  impacts  on  core  structural  integrity.  The
investigation  encompasses  four  critical  aspects:  Temperature
and  pressure  field  evolution  dynamics,  hydrate  dissociation
kinetics  and  phase  transition  processes,  mechanical  response

characteristics  under  unconfined  conditions,  and  multiphase
fluid  migration  patterns.  These  findings  provide  essential
insights  into  the  complex  feedback  mechanisms  between
thermal  disturbances  and  hydrate  core  stability,  offering
crucial  guidance  for  optimizing  pressure-preserved  coring
protocols. 

5.1. Evolution  characteristics  of  temperature  and  pressure
fields

The pressure field evolution manifests distinctive stepwise
response  characteristics  to  thermal  boundary  conditions,
exhibiting  consistent  pressure  disturbance  propagation
patterns  across  temperature  scenarios  while  demonstrating
significant  amplitude  variations.  Fig.  5  shows  the  temporal
evolution  curves  of  pore  pressure  at  the  geometric  center  of
the  core  under  three  different  boundary  temperature
conditions:  Under  293.15  K  conditions,  internal  pressure
fluctuations  remain  relatively  subdued,  generating  local
overpressure  of  approximately  0.11  MPa  with  pressure
equilibration  achieved  within  10  s.  At  298.15  K,  enhanced
hydrate dissociation elevates local overpressure to 0.38 MPa,
compressing equilibration time to 7 s.  Under extreme 303.15
K  conditions,  intensive  hydrate  decomposition  triggers
pressure  surges  reaching  0.82  MPa,  with  explosive  pressure
propagation characteristics and equilibration compressed to 4 s.

S g

S g

Gas compressibility effects amplify pressure pulses when
methane  accumulation  exceeds  critical  saturation  (  >  0.3).
Real  gas  behavior  under  confined  conditions  contributes
25%‒40%  of  total  surge  magnitude.  Permeability  threshold
transitions  occur  when  hydrate  saturation  drops  below    <
0.2. These transitions trigger explosive permeability increases
exceeding  three  orders  of  magnitude  (about  1  mD  to  >1000
mD).  The  sudden  permeability  changes  enable  rapid  gas
mobilization.  The  temperature-pressure  coupling  intensity
scales exponentially with boundary temperature. This scaling
establishes  positive  feedback  mechanisms that  accelerate  gas
hydrate structural degradation. Pressure surges exceeding 0.5
MPa occur within 5‒10 s when boundary temperature exceeds
298 K. These rapid pressure changes pose significant risks for
pressure-preserved  coring  operations.  The  pressure  buildup
rates  exceed  0.1  MPa/s  and  can  overwhelm  conventional
pressure  relief  systems.  Safe  operation  requires  temperature
exposure limits below 295 K and pressure monitoring systems
with response time under 3 s.

The boundary configuration permits gas-water exchange at
both  end  faces,  generating  the  spatial  pressure  distribution

 

Table 4.   Grid independence and convergence analysis results.
Mesh configuration Core center Dissociation front

Peak pore pressure/MPa Temperature/K Saturation Peak pore pressure/MPa Temperature/K Saturation
Coarse (15420) 10.55 284.8 0.380 10.002 283.5 0.380
Medium (22850) 10.79 285.2 0.384 10.008 283.9 0.384
Fine (428360) 10. 82 285.6 0.385 10.01 284.1 0.384
Note: Grid independence and convergence analysis at a boundary temperature = 303.15 K. All physical quantities evaluated at t = 300 s.
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Fig. 5.   Temporal evolution curves of pore pressure at the geometric
center of the core under different boundary temperature conditions.

542 Xu et al. / China Geology 9 (2026) 535−552

https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257
https://doi.org/10.31035/cg2025257


z/L ⩽ z/L ⩾

depicted in Fig. 6. Pressure disturbances originate from the core
center  (the  primary  hydrate  dissociation  zone)  and  propagate
symmetrically  toward  both  ends  with  attenuation.  Differential
boundary constraints at core termini create pronounced central
pressure  concentration,  with  end-zone  pressure  amplification
(  0.1  and     0.9)  diminished by 1.1%‒8.2% relative
to  the  central  region,  forming  parallel-advancing  pressure
fronts. As NGH saturation diminishes, axial pressure gradients
exhibit  progressively  diminishing  trends  throughout  the
dissociation process.

r/R

Numerical  simulation  results  indicate  that  the  radial
temperature  distribution  exhibits  a  typical  inward  diffusion
pattern,  with  temperature  gradients  decreasing  from the  core
surface toward the center,  forming concentric isothermal line
distributions. Under 293.15 K boundary conditions, during the
initial  stage  (t  <  200  s),  the  surface  temperature  rapidly
responds to 290‒291 K while the center temperature remains
at  the  original  in-situ  temperature  of  283.15  K,  with  radial
temperature  gradients  reaching  8‒12  K/cm.  During  the
intermediate  stage  (200‒1000  s),  the  temperature  front
advances  inward,  forming  a  transitional  temperature  zone  of
285‒287  K  at  the  =0.6  position.  In  the  later  stage  (t  >
1000 s), as the overall NGH saturation decreases to relatively
low  levels,  the  temperature  distribution  exhibits  typical

r/R

inward  heat  conduction  patterns.  When  boundary
temperatures  increase  to  298.15  K  and  303.15  K,  the  radial
temperature  gradients  during  hydrate  dissociation  become
significantly  steeper,  reaching  15‒20  K/cm and  25‒35  K/cm
respectively,  with  correspondingly  increased  temperature
propagation  depths.  Under  303.15  K  conditions,  the  high-
temperature  region (T >  295 K)  can  extend to  the   =  0.4
range.

z/L ⩽ z/L ⩾

⩽ z/L ⩽

The axial temperature distribution is jointly controlled by
end  heat  dissipation  effects  and  endothermic  reactions  from
hydrate dissociation. The core ends (  0.1 and   0.9),
due  to  large  exposed  surface  areas  and  favorable  heat
dissipation  conditions,  exhibit  temperature  rise  rates
20%–30% faster  than  the  central  region,  creating  a  “thermal
end  effect”.  The  central  region  (0.2    0.8)  displays
relatively  uniform  temperature  distribution,  where  high
hydrate saturation significantly reduces local temperature rise
rates  through  endothermic  dissociation  reactions,  forming
temperature  “cold  spot” phenomena.  The  temporal  evolution
process  can  be  divided  into  three  typical  stages:  Rapid
response  stage  (0‒180  s),  where  surface  temperature  rises
sharply  while  internal  temperature  remains  essentially
unchanged;  penetration-diffusion  stage  (180‒900  s),  where
the  temperature  front  steadily  advances  inward,  forming
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Fig. 6.   Pore pressure field perturbation in the core during the initial stage of natural gas hydrate dissociation at boundary temperature of 303.15 K.
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distinct  temperature  gradients;  and  equilibration  stage  (after
900  s),  where  overall  temperature  gradients  tend  toward
uniformity,  but  complete  thermal  equilibration  time  is
prolonged due to the overall influence of hydrate dissociation.

Distinct  phase  transition  regulation  effects  are  observed
during temperature propagation. In hydrate dissociation active
zones,  as  shown  in  Figs.  7,  8,  due  to  the  absorption  of
dissociation  latent  heat,  local  temperature  rise  rates  are
significantly  reduced,  forming  characteristic  “temperature
plateau”  phenomena.  This  phenomenon  persists  for
approximately  2000  s  under  293.15  K  ambient  temperature
conditions,  while  shortening  to  200‒300  s  under  303.15  K
conditions,  indicating  that  higher  ambient  temperatures  can
more  rapidly  overcome  phase  transition  retardation  effects.
Upon  completion  of  NGH  dissociation,  the  core  center
temperature  exhibits  an  accelerated  heat  transfer  trend  until
approaching  the  applied  boundary  temperature.  The  axial
temperature  distribution  presents  relatively  uniform
characteristics,  primarily  attributed  to  the  axial  boundary

z z
conditions set in the model. However, in the core end regions
(   <  30  mm  and    >  270  mm),  due  to  boundary  effect
influences, temperature rise rates are 5% higher than those in
the  central  region.  Temperature  field  analysis  at  the  1000  s
moment indicates that under 298.15 K ambient conditions, the
core  average  temperature  reaches  285.2  K,  which  is  4.7  K
higher  than  under  293.15  K  conditions.  This  temperature
difference  directly  drives  subsequent  multi-physics  field
response variations. 

5.2. Hydrate dissociation kinetics process

Based on monitoring data from the core geometric center
position  shown  in  Fig.  9,  the  hydrate  dissociation  process
exhibits  typical  “S-shaped  decay”  kinetic  patterns.  The
hydrate  saturation  evolution  curves  display  distinct
temperature dependency: Under 293.15 K conditions, hydrate
saturation slowly decreases from an initial  value of 0.4,  with
the  dissociation  process  requiring  approximately  1200  s  for
basic  completion,  whereas  under  303.15  K  conditions,  the
dissociation  process  significantly  accelerates,  requiring  only
about  600  s  for  completion,  representing  approximately  a  2-
fold increase in dissociation rate. This temperature sensitivity
reflects  the  Arrhenius  characteristics  of  hydrate  dissociation
kinetics,  where  exponential  reaction  rate  growth  under  high-
temperature conditions directly shortens the dissociation time
window.

Notably,  dissociation  curves  under  all  temperature
conditions  exhibit  three-stage  characteristics  of  “slow
initiation-rapid  dissociation-gradual  completion”:  The  initial
stage  (0‒200  s)  represents  a  heat  conduction-controlled
preheating  period  with  relatively  slow  dissociation  rates;  the
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Fig. 7.    Temporal evolution curves of temperature at the geometric
center of core under different boundary temperature conditions.
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Fig. 8.   Temperature gradient in core cross-section during natural gas hydrate dissociation at boundary temperature of 293.15 K.
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intermediate  stage  is  the  dissociation-dominated  period  with
rapid  saturation  decline;  and  the  later  stage  shows  gradually
decreasing dissociation rates until complete dissociation. As a
consequence  of  hydrate  dissociation,  pore  connectivity
undergoes  significant  changes,  with  fluid  transport  capacity
remaining  severely  limited  until  hydrate  saturation  decreases
below  approximately  0.15‒0.2,  after  which  continuous  pore
networks form to facilitate mass transport.

Significantly  influenced  by  temperature  spatial
distribution characteristics, the equilibrium pressure of NGHs
(Fig.  10)  exhibits  distinct  radial  stratified  distribution
characteristics, while the axial distribution tends to be uniform
throughout the entire dissociation process. The spatiotemporal
distribution  evolution  of  hydrate  saturation  presents  highly

S h

non-uniform  characteristics.  In  the  dissociation  front  region,
hydrate  saturation  gradients  are  extremely  large,  dropping
sharply from the initial  value of  0.4  in  undissociated regions
to  near-zero  in  completely  dissociated  regions,  with  gradient
changes  completed  within  a  radial  distance  of  10‒15  mm.
Numerical  results  show  that  when  the  boundary  temperature
is 293.15 K, hydrates in the boundary region (r > 20 mm) are
essentially  completely  dissociated  within  600  s,  while  the
central  region  (r  <  8  mm)  maintains  relatively  high  hydrate
saturation (  > 0.20) throughout the entire 1000 s simulation
time.

Quantitative  analysis  of  dissociation  rates  reveals  that
local dissociation rates are closely correlated with temperature
and  pressure  gradients,  particularly  in  the  later  stages  of
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Fig.  9.     a‒Temporal  evolution  curves  of  hydrate  saturation  at  the  geometric  center  of  NGH  core  under  different  boundary  temperature
conditions;  b‒temporal  evolution  curves  of  relative  permeability  at  the  geometric  center  of  NGH core  under  different  boundary  temperature
conditions.
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Fig. 10.   Equilibrium pressure distribution of NGH in the central cross-section of the core at boundary temperature of 293.15 K.
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dissociation when pressure distribution becomes uniform, and
the  spatial  distribution  of  temperature  becomes  the
determining factor  for  hydrate  dissociation rates.  In the most
active  dissociation  regions,  instantaneous  dissociation  rates
can  reach  250  kg/(m3·s),  which  is  2‒3  orders  of  magnitude
higher  than  steady-state  dissociation  rates.  Cumulative
dissociation analysis shows that at 1800 s, the overall hydrate
dissociation  rate  in  the  core  reaches  60%  under  293.15  K
conditions,  while  dissociation  is  essentially  complete  under
303.15  K conditions.  A 10  K temperature  increase  results  in
approximately 40% improvement in dissociation rate. 

5.3. Mechanical response and deformation characteristics

Under experimental conditions without confining pressure
constraints,  the  macroscopic  mechanical  response  of  NGH
cores  exhibits  extremely  weak  characteristics,  with  overall
deformation magnitudes in the range of 10−12‒10−11 strain, far
below the  detection  precision  threshold  of  conventional  rock
mechanics  testing.  Therefore,  macroscopic  deformation  and
stress  response  can  be  considered  negligible  in  engineering
terms.  The  fundamental  reason  for  this  phenomenon  lies  in
the  lack  of  lateral  constraint  provided  by  effective  confining
pressure.  Under  temperature  and  pressure  disturbances,  the
core  primarily  undergoes  free  expansion  or  contraction
without  forming  significant  stress  concentration  and  strain
accumulation. This is in stark contrast to large-scale formation
subsidence  and  wellbore  instability  caused  by  hydrate
dissociation  under  in-situ  formation  conditions.  The  absence
of  confining  pressure  eliminates  the  constraining  effect  of
external  stress  fields  on  the  core  skeleton,  significantly
weakening  the  mechanical  response  during  thermo-hydro
chemical coupling processes.

Porosity evolution becomes the most  important  structural
parameter  change  under  unconfined  conditions,  with  its
change  mechanism  primarily  controlled  by  pore  pressure
fluctuations  rather  than  volumetric  strain  in  the  traditional
sense.  The  increase  in  pore  pressure  acts  directly  on  pore
walls,  generating  outward  expansion  forces.  As  shown  in
Fig. 11, when pore pressure increases from in-situ 10 MPa to
10.82 MPa, the pore volume undergoes corresponding minute
changes,  with  porosity  increasing  from  an  initial  0.25  to
0.25045.  This  porosity  growth  pattern  essentially  belongs  to
pressure-driven  pore  expansion,  distinct  from  volumetric
expansion caused by effective stress reduction in conventional
consolidation theory. The physical mechanism involves high-
pressure gas released from hydrate dissociation directly drives
outward deformation of pore walls, causing elastic expansion
of the pore network under internal pressure,  accompanied by
the opening and connection of partial microfractures.

Fig. 12 demonstrates the spatiotemporal evolution process
of  axial  stress  in  the  core  under  303.15  K  boundary
conditions,  validating  the  weak  characteristics  of  mechanical
response  in  hydrate  cores  under  unconfined  conditions.  The

stress  distribution  exhibits  distinct  radial  symmetry  and  time
dependence:  In  the  initial  stage  (t  =  1.4‒3  s),  pressure
disturbances  caused  by  intense  hydrate  dissociation  lead  to
stress  concentration  in  the  central  region,  with  maximum
compressive  stress  reaching  0.075  MPa;  as  time  progresses,
the  stress  amplitude  rapidly  decays  to  approximately  0.09
MPa  and  tends  toward  uniform  distribution,  with  the  entire
evolution  process  essentially  completed  within  160  s.  The
stress  magnitude  consistently  remains  within  the  0.01‒0.1
MPa  range,  far  below  the  stress  levels  of  conventional  rock
mechanics testing.

The  numerical  results  further  confirm  the  unique
mechanism  of  core  mechanical  response  under  unconfined
conditions: The rapid stress decay and spatial homogenization
process  reflects  a  free  expansion  deformation  mode  rather
than  the  stress  accumulation  process  in  traditional
consolidation  theory.  This  weak  mechanical  response  makes
porosity  evolution  the  most  important  structural  parameter
change,  with  its  change  mechanism  primarily  controlled  by
pore  pressure  fluctuations  rather  than  volumetric  strain,
providing a mechanical basis for understanding core structural
stability during pressure-preserved coring processes. 

5.4. Multiphase fluid migration characteristics

Based  on  THMC  coupled  numerical  simulation  results,
the  multiphase  fluid  migration  characteristics  of  NGH  cores
under  different  boundary  temperature  conditions  exhibit
significant  nonlinear  evolution  patterns  and  spatial
heterogeneous distribution modes. As shown in Fig. 13, under
293.15 K boundary conditions, fluid migration manifests as a
relatively  slow  seepage  diffusion  process.  The  spatial
distribution  characteristics  of  fluid  migration  are  closely
related to the advancement pattern of the hydrate dissociation
front,  presenting  distinct  zonal  migration  phenomena.  Gas
phase migration velocity ranges from 0 m/s to 0.4×10−3 m/s,
while  water  phase  migration  is  relatively  lagged  with
velocities around 0‒0.33×10−3 m/s.

When  the  boundary  temperature  increases  to  298.15  K,
multiphase fluid migration enters a rapid response stage. The
accelerated  hydrate  dissociation  rate  triggers  substantial
methane gas release, causing pore pressure surges. Gas phase
migration  velocity  rises  to  0.66×10−3  m/s  and  water  phase
migration  velocity  increases  to  0.53×10−3 m/s.  A  significant
characteristic of this stage is the formation of distinct “viscous
fingering”  phenomena,  where  high-pressure  methane  gas
rapidly advances along preferential flow channels.

Under  extreme  high-temperature  conditions  of  303.15  K,
multiphase  fluid  migration  exhibits  explosive  characteristics.
Large-scale hydrate dissociation triggers chain reactions, with
gas  phase  migration  velocity  reaching  1×10−3 m/s  and  water
phase  migration  velocity  increasing  to  1.25×10−3  m/s.  The
most  significant  phenomenon  under  these  conditions  is  the
spatial  differentiation  of  multiphase  fluid  migration,  where
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gas phase fluids primarily diffuse radially outward, forming a
radial  migration  pattern  with  the  core  center  as  the  source
point.

The interphase interaction mechanisms during multiphase
fluid migration exhibit strong temperature dependence. Under
low-temperature  conditions,  water-gas  two-phase  flow
primarily  manifests  as  competitive  migration,  while  under

high-temperature  conditions,  gas  phase  pressure  gradients
become the dominant controlling factor.  Capillary effects are
diluted,  and  gas-water  two-phase  migration  presents  quasi-
independent parallel flow characteristics.

Like  the  depressurization  measurements  conducted  by
Guo XY et al. (2023) for NGH dissociation processes, the gas
production  during  NGH  dissociation  caused  by  rising
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Fig. 11.   a‒Axial distribution of pore pressure along the core at boundary temperature of 303.15 K; b‒temporal evolution curves of porosity at
the geometric center of the core under different boundary temperature conditions.
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Fig. 12.   Spatiotemporal evolution distribution of axial stress in the core at boundary temperature of 303.15 K.
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environmental temperature also exhibits typical “burst-decay”
kinetic  characteristics.  As  shown  in  Figs.  14,  15,  the  gas
production  rate  curves  present  a  classic  single-peak
distribution pattern: In the initial stage (0‒5 s), with the rapid
propagation  of  boundary  temperature  and  the  disruption  of
hydrate  phase  equilibrium  conditions,  methane  production
rate rises sharply and reaches its peak within 2‒4 s. The peak
gas  production  rate  under  303.15  K  conditions  is
approximately  8  times  higher  than  that  under  293.15  K
conditions, reflecting the exponential influence of temperature
on hydrate dissociation kinetics.  After  reaching the peak,  the
gas  production  rate  exhibits  exponential  decay.  This  decay
process  is  closely  related  to  the  reduction  in  hydrate
saturation, the decrease in effective dissociation area, and the
increase in mass transfer resistance. 

5.5. Comprehensive  parameter  comparison  and  temperature
sensitivity analysis

The comprehensive parameter analysis in Table 5 reveals
fundamental  scaling  laws  governing  THMC  coupling
processes.  Three  distinct  temperature  sensitivity  regimes
emerge:  Pressure-related  parameters  exhibit  exponential
amplification,  temporal  parameters  follow  power-law

acceleration,  while  saturation  parameters  demonstrate
logarithmic growth.  This hierarchy of temperature sensitivity
indicates  that  pressure  management,  rather  than  dissociation
kinetics or gas production, becomes the critical limiting factor
in  elevated  temperature  environments.  The  data  identifies
298.15  K  as  a  critical  thermal  threshold  where  coupling
nonlinearity  undergoes  regime  transition,  transforming
manageable  pressure  responses  into  potentially  hazardous
conditions.  This  threshold  behavior  suggests  that  THMC
coupling  exhibits  bistable  characteristics,  where  small
temperature  increments  beyond  critical  values  trigger
disproportionate  system  responses  due  to  positive  feedback
mechanisms  between  thermal,  hydraulic,  and  mechanical
processes.  The  scaling  relationships  establish  that
temperature-controlled  coring  protocols  must  prioritize
pressure  containment  over  process  acceleration,  as  the
exponential  nature  of  pressure  scaling  overwhelms  the
moderate  benefits  of  enhanced  dissociation  rates  at  elevated
temperatures. 

6. Conclusions

This  study  investigates  temperature-driven  THMC
coupling  mechanisms  in  NGH  cores  through  fully  coupled
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Fig. 13.   Spatial distribution of gas migration velocity within the core at boundary temperature of 293.15 K.
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numerical  simulation.  Numerical  experiments  at  temperature
boundaries  (293.15‒303.15  K)  reveal  complex  feedback
relationships  between  thermal  disturbances  and  hydrate  core
stability.

(i)  Temperature  field  evolution  exhibits  exponential
growth  characteristics  generating  radial  gradients  of  8‒35
K/cm, triggering pressure surges from 0.11 MPa to 0.82 MPa
through  stepwise  propagation  mechanisms  and  establishing
intense  positive  feedback  loops  that  destabilize  hydrate
structures.

(ii)  Hydrate  dissociation  follows  “S-shaped  decay”
patterns  with  2  times  rate  acceleration  under  elevated
temperatures, reducing completion time from 1200 s to 600 s
through three stages of heat conduction-controlled processes.

(iii) Relative permeability demonstrates critical “threshold
effects”  with  explosive  growth  exceeding  three  orders  of
magnitude  when  hydrate  saturation  drops  below  0.15‒0.2,
indicating distinct  percolation phenomena that  fundamentally
transform hydraulic properties.

(iv)  Multiphase  fluid  migration  evolves  from  slow
diffusion  (0‒0.4×10−3  m/s)  to  explosive  patterns  (1×10−3‒
1.25×10−3 m/s), exhibiting characteristic “burst-decay” kinetics
and spatial  differentiation with pronounced viscous fingering
phenomena.

(v)  Under  unconfined  conditions,  macroscopic
deformation  remains  negligible  while  porosity  evolution
becomes  the  critical  structural  parameter  controlled  by
pressure-driven  pore  expansion  mechanisms  distinct  from
conventional consolidation theory.

These  findings  quantify  THMC  coupling  mechanisms
during  temperature-driven  hydrate  dissociation  in  pressure-
preserved cores. However, current assumptions neglect three-
dimensional  effects  including  circumferential  heterogeneity,
anisotropic  stress  distributions,  and  complex  fracture
networks. Natural multi-component hydrate systems mixtures
exhibit  distinct  dissociation  characteristics  requiring
component-specific  phase  equilibria  and competitive  kinetics
modeling.  Addressing  these  research  directions  through
advanced  numerical  schemes,  wellbore-formation  coupling,
and  real-time  monitoring  protocols  will  enhance  pressure-
preserved  coring  technology  toward  reliable  field
applications. 
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