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Abstract

Natural gas, one of the major sources of energy for the 21st Century, provides more than one-fifth of the worldwide energy needs. Storing this
energy in gas hydrate form presents an alternative to its storage, and a smart solution to its flow it with the rest of the fluid without creating
difficulty in gas pipeline systems due to pressure build-up. This study was design to achieve this situation in a controlled manner using a simple
mathematical model, by applying mass and momentum conservation principles in canonical form to non-isothermal multiphase flow, for
predicting the onset conditions of hydrate formation and storage capacity growth of the gas hydrate in pipeline systems. Results from this
developed model show that the increase in hydrate growth, the more the hydrate storage capacity of gas within and along the gas pipeline. The
developed model is therefore recommended for management of hydrate formation for natural gas storage and transportation in gas pipeline
systems.

Selected References

Akinsete, O.0., and S.O. Isehunwa, 2015, Novel analytical model for predicting hydrate formation onset pressures in natural gas pipeline
systems: Journal of Characterization and Development of Novel Materials, v. 7/4, p. 1-15.

Brower, D.V., C.N. Prescott, J. Zhang, C. Howerter, and D. Rafferty, 2005, Real-time flow assurance monitoring with non-intrusive fiber optic
technology: Offshore Technology Conference, Houston, Texas, U.S.A., May 2-5.

Claussen, W.F., 1951, Suggested structures of water in inert gas hydrates: Journal of Chemical Physics, v. 19, p. 259.

Ellison, B.T., C.T. Gallagher, L.M. Frostman, and S.E. Lorimer, 2000, The physical chemistry of wax, hydrate and asphaltene: Offshore
Technology Conference (OTC 11963), Houston, Texas, May 1-4.



Hammerschmidt, E.D., 1934, Formation of gas hydrates in natural gas transmission lines: Industrial and Engineering Chemistry, v. 26/8, p.
851-855.

Koh, C.A., and E.D. Sloan, 2007, Natural gas hydrates: Recent advances and challenges in energy and environmental applications: American
Institute of Chemical Engineers Journal, v. 53/7, p. 1636-1643.

Mogbolu, P.O., and J. Madu, 2014, Prediction of onset of gas hydrate formation in offshore operations: SPE #172837, presented at the Society
of Petroleum Engineers Annual International Conference and Exhibition, Lagos, Nigeria, August 5-7.

Perrin, A., O.M. Musa, and J.W. Steed, 2013, The chemistry of low dosage clathrath hydrate inhibitors: Chemical Society Reviews, v. 42/5, p.
1996-2015.

Ripmeester, J.A., J.S. Tse, C.I. Ratcliffe, and B.M. Powell, 1987, A new clathrate hydrate structure: Nature, v. 325, p. 135.

Sarshar, M., F. Esmaeilzadeh, and J. Fathikaljahi, 2008, Predicting the induction time of hydrate formation on a water droplet: Oil & Gas
Science and Technology, v. 63/5, p. 657-667.

Sloan, E.D., and C.A. Koh, 2008, Clathrate Hydrates of Natural Gases, Third Edition Preface, CRC Press, Boca Raton.

Sloan, E.D., C.A. Koh, A.K. Sum, A.L. Ballad, G.J. Shoup, N. McMullen, J.L. Creek, and T. Palermo, 2009, Hydrates: State of the art inside
and outside flow lines: Journal of Petroleum Technology, v. 61, p. 89-94.

Steed, J.W., and J. L. Atwood, 2009, Supramolecular Chemistry, 2 Edition, Wiley.
Von Stackelberg, M., and H.R. Muller, 1951, On the structure of gas hydrates: Journal of Chemical Physics, v. 19, p. 13-109.

Zerpa, L.E., Z.M. Aman, S. Joshi, I. Rao, E.D. Sloan, C.A. Koh, and A.K. Sum, 2012, Predicting hydrate blockages in oil-, gas- and water-
dominated systems: Offshore Technology Conference, #23490, Houston, Texas, USA, April 30-May 3.



AFRICAN ENERGY IN THE 21° CENTURY
+~  PAVING THE WAY FOR THE FUTURE

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

Mathematical Model of Energy Storage in
Gas Hydrate and its Flow in Pipeline Systems

Akinsete Oluwatoyin Olakunle [1]
Isehunwa Sunday Oloruntoba [1]

[1] University of Ibadan, Nigeria



AFRICAN ENERGY IN THE 215" CENTURY
PAVING THE WAY FOR THE FUTURE

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

Table of Contents

1. Introduction

2. Mechanism of Gas Storage in Hydrate

3. Objectives

4. Methodology

5. Results and Discussion

6. Conclusion and Recommendation



~ AFRICAN ENERGY IN THE 21°" CENTURY
- PAVING THE WAY FOR THE FUTURE

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

Introduction

The growth in Global Energy Demand led oil and gas companies to
seek for hydrocarbon in a more challenging environment of deep
off-shore subsea.

Of these hydrocarbon resources, Natural Gas is likely to dominate
and remain as the foremost Source of Energy for the 21t Century
due to its:

— Relative abundance
— Clean burning attributes and
— Wide geographical distribution

This energy resource for the future could also be found in
enormous guantities in permafrost and offshore region of the world
in Hydrate form.
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Introduction

* @Gas hydrates are ice-like crystalline
inclusion compounds composed of
hydrogen-bond water molecules
structures that form cavities with
specific geometry and size (Fig. 1),
inside which gas molecules are
enclathrated (Sarshar et al., 2010)

* Conditions favouring hydrate
formation are:

— Right combination of Pressure and
Temperature

— Presence of hydrate former (e.g. C.H,,.>,
n =1-5)
— Sufficient amount of water

* Three known existing structures: S-1, S-I
and S-H

'eel

Figure 1: Gas Hydrate Structure
Source: www.pet.hw.ac.uk/hydrate/hydrates _what_ html
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Mechanisms of Gas Storage in Hydrate

* Water molecule consists of a single atom of ; f
Oxygen (-ve) bonded to two (+ve) Hydrogen ‘ 0
atoms. ; H 0 SR

e Asaresult of induced electrostatic charges on 0 -
the molecules, the water molecules will align
forming hexagonal pattern — The hexagonal
crystal structure of the host molecules (H,0) in
hydrate.

 This alignment (of H and O, atom) is called foo i | Ko K Y
hydrogen bond. |

 The presence of hydrate formers stabilizes the / \
aligned molecules — by Van der Waal forces. f

* No bonding exists between guest and host Figure 2: Hydrate cage faces
molecules, hence guest molecules rotates Source: Steed and Atwood, 2009
freely inside the cage built by the host
molecules.
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Flow of Hydrate in Pipeline

Stages of
Formation Sub-cooling Nucleation Growth

Water Agglomeration &
Entrainment Pluaaina

WVaters Emstryr=ainaryeere FHy drate G rowwtin SLggagiaormeraticonrs P lsscacgirscs

* For Natural Gas to dominate and remain as the foremost source of energy
for the 215t Century, it must not only be produced but also be transported.

* Pipeline remain the cheapest, most efficient and safest means of
transporting this valuable energy resource to the market.

* Water is often associated with produced natural gas.

* H,0 -Gas interphase is a good nucleation site where gas- H,0 clusters and
grow to a critical size (growth stage), as more gas is supplied to the liquid
phase.

* The crystals in the growth stage agglomerate into larger hydrate masses
which in the long run may form a plug.
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Objectives

e This study was designed by developing a
Mathematical model applying mass and momentum

conservation principles to multiphase flow in
pipeline system.

— Predict hydrate formation onset pressures.

— Monitor and control hydrate growth (gas storage

capacity) in gas pipeline system for different gas
composition.
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Methodology

* The governing equations employed are the conservation equations of
mass and momentum.

* Conservation of Mass Equation

0 0
a_t(pkak)+a_x(pkakuk)zo (1)

* Conservation of Momentum Equation

0 0
_(akpkuk)-l_ _(akpkukz T akp) = Fk

ot 0X (2)
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Characteristic Method — Technique for solving PDEs

* Writing the system of governing * Characteristic Equation
equations in composite form

; A +AX+AY+AZ+Q=()
0 U . o F (6)
0 t o x (3) * The characteristic zeros are:
* In Primitive form

A
21 :(ul —C\, Uy TC,U, —C, , U, +Cz)

cx OO | oo B o o
938_+:RA8—+*RC:0 (4) (7)
! X * Characteristic Velocity:
* Applying the mathematics of
Eigenvalue and Eigenvector Ay = u, - c, (8)
/1 5 — U | + C I
‘;1 _ /UI: 0 (5) By = WMoy =
P = U + c

Presenter’s notes: Method of Characteristic (MC)

1. PDEs are the basis for nearly all technical processes in fluid mechanics.

2. MC is a technique for solving PDEs

3. Valid for any hyperbolic PDE

4. The method aim is to reduce a PDE to ODE along which the solution can be Integrated.
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Resulting into the General Equation for the system

dP [ _ 260, p, 80, 26,Di6,8 N 20, p.c;u,  2a,p.c, \dP

ot P P P P ) dx
(2a.p.c1 du
+ 2 P2 61, -2a,p,c; - 2a,pcu, +2a.pc: d—'
\ C'l X
[ 2a.p,clu, 2a,p.cic do )
|- 2= Ly 2t 22 4 9pc'u, —2pc |—
. a, &, dx
7 2 2
&, 0.6. du ¢, da
+ 2P —a,pC - _p-c- l - 0
\ Cl dt a'l dt

Presenter’s notes: Significance of Characteristic Velocities

U; — Local fluid Vel. C;— Sonic Vel.

1. Sonic velocity generates Shock waves (i.e. pressure propagating waves)

2. These waves arises at the point of disturbances (caused by solid precipitation) along the flow path.
3. They are characterized by abrupt change in P, T and p

4. At that point(s) pressure progressively builds up.
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Result

* The Pressure vs Time Equation

2
(D122 Pout T (D11 Pout + O =0 (10)

* Hydrate Volume Fraction
2 —
CD310( -I-CD3205 —(1323L—0 (11)

* Pressure vs Pipe length

In R)it n (D12 (P _Pp )_ (I)211 L =0 (12)
2 out in
F)in (D141 CI)141
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Table 1: Gas Compositional and Physical Data

Compo
nent

Gas A

0.01349

0.01029

0.91139

0.05931

0.00467

0.00040

0.00045

0.00000

0.00000

0.00000

Mole Fraction

Gas B

0.01320

0.01380

0.90000

0.06700

0.00510

0.00040

0.00050

0.00000

0.00000

0.00000

Gas C

0.02094

0.01040

0.89358

0.06873

0.00543

0.00039

0.00046

0.00006

0.00001

0.00000

Gas D

0.00350

0.02490

0.86560

0.06780

0.01530

0.00510

0.00610

0.00370

0.00370

0.00430

Gas E

0.03110

0.00640

0.73030

0.08040

0.04280

0.00730

0.01500

0.00540

0.00600

0.07530

0.63

25.42

3000

657

435

900

304.8

D GasA GasB GasC GasD GasE
Gravity 0.61 0.61 0.62 0.62

M, 17.54 17.69 17.91 17.94

P., (psia) 3000 3000 3000 3000

P. (psia) 672 671 673 658

T.(CR) 359 360 362 377

L (miles) 900 900 900 900

D (mm) 3048 3048 3048 3048

o 0° 0° 0° 0°

€ 0.0006 0.0006 0.0006 0.0006

0.0006
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Pressure  Onset Time  Pipeli  Gas storage Capacity as a function of Hydrate

Buildup  Pressur  (hr) ne Growth (A) 2 1800 5
(MPa) e (kPa) Size 11 - S o
(mm) i g \/
B =
T 160 = —
P f——
[
C1 C1 C1 C1 C1 g 1,500
(91%)  (90%) (89%) (86%) (73%) | @ ﬂ]/M
8 1400 \
w Growth | Agglomeration|  Plugging
EISOUHHHHHHHHHHHH
% 3048 2540 232 1524

0.0-1.4 6.48 0.08 304.8 1.531 1.474 1474  1.468 1.460
Decreasing Pipeline Diameter (mm) with Increasing Temperature ('C)
—Gas(90%Cl) —Gas(89%Cl) Gas (86%C1) —Gas(73%C1)

Chart 1: Gas hydrates storage capacity growth along pipeline
0.0-3.3 144.26 7.48 254.0 1.555 1503 1502 1.497 1.489

10.0
9.0
" //
E 70 / —T=-12.2°C
0.0-9.0 487.70 1122 2032 1615 1561 1561 1556  1.548 S 60 T
E 5.0 // ’_'_,_,..--/"""' —T1=-6.7C
2 40 o ——T=-117C
g 3.0 —T=10.0°C
0.0-33.0 1524  1.709 1650 1.650 1.644  1.635 20 —T=6T7C
10 ——T=378C
0.0

000 2000 4000 6000 8000 100.00
Time (hrs)

Table 2: Pressure Buildup due to Hydrate Growth

Chart 2: Pressure Build-up on Hydrate formation over time across
temperature range -12.2 to 37.8 °C
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Discussion

One of the objective of this study is
to predict onset pressures of
hydrate  formation along the
pipeline:

The process begins early as soon as
gas is entrained in guest molecule.
This provides early warning for
detecting minute hydrate particles.

As production continues and fluid
flow along the pipeline, the hydrate

precipitates growth enters the
second stage “growth” - Large
number of hydrate crystal

appearance occur with increase gas
storage capacity.

XL
B2

Africa Region

Noteworthy in this study was the
prediction of the Critical Zone -
transitory zone between the “growth”
and “agglomeration” stages.

Below this critical zone the individual
hydrate particles with stored gas can
remain entrained to flow along with
the fluid never (allowed) reaching the
point of agglomeration.

Conversely, when the critical zone is
exceeded, the agglomeration stage
sets in leading to the formation of
larger  hydrate  masses  which
ultimately leads to complete plugging
with its resultant negative effects.

Society of Petroleum Engineers
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Conclusion

e Simple but accurate time-dependent mathematical models were
developed.

* Predict hydrate Storage Capacity — a function of Hydrate Growth

 Pressure predictive tool in giving early warning signal in detecting the
onsets of minute hydrate particles appearance, large number of hydrate
crystal appearance and point at which massive hydrate clustering sets in

e Detect a critical zone marked by critical maximum onset pressure
(Optimum Operating Condition)
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Recommendation

 The developed models are recommended for easier and faster
monitoring and management of hydrate formation for natural
gas storage and transportation in natural gas pipeline systems.
(Because pipeline transportation could face difficult problems of

solid deposition & blockages and causing serious economic
implications — loss of production, pipeline rupture and loss of lives)

* To reduce Gas Flaring by storing the gas in hydrate form.

(1 cuft of hydrate contains up to 182scf of gas, while, 1 cuft of dry
natural gas @ 900psi and 60°F will give off 66 scf of gas when
depressurized. (Ellison et al., 2000))





