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Abstract: Dehydration of natural gas is of extreme importance to avoid the formation of hydrates
and other associated problems. Different dehydration methods exist; however the solid desiccant
approach can dehydrate natural gas to levels of water vapor lower than other methods. This paper
presents a simple formulation for simulating the dehydration of a wet methane stream flowing though
a porous medium composed of hygroscopic particles. The model assumes small resistance to diffusion
within particles and takes heat and mass transfer rates into account by employing constant transfer
coefficients. The formulation was developed based in the traditional mass and energy conservation
principles, considering a one-dimensional transient scenario. A dimensional analysis is also per-
formed and relevant dimensionless groups are introduced. The set of dimensionless parameters are
similar to effectiveness-NTU groupings, widely used in heat exchangers. The proposed formulation,
despite its simplicity, represents a new contribution, since a similar analysis is apparently unavailable
in the gas dehydration literature. Finally, in order to illustrate the effect of varying the dimensionless
groups, the formulation is solved using a combined finite-volumes/method-of-lines approach. The
results example how the dimensionless parameters can influence the dehydration process.
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1. NOMENCLATURE

A area Subscripts

¢,  constant pressure specific heat adv  advective

h;,  convective heat transfer coefficient b bed

h., convective mass transfer coefficient ) closed pore

1 specific enthalpy e effective or apparent
7" mass flux g natural gas

L cylinder height mn inlet

m  mass 1 inter-particle voids
m  mass flow rate [ adsorbed water (liquid phase)
t time max maximum

T  temperature min minimum

v;  inter-particles velocity op operation

vy bulk velocity out  exit

x  distance from the cylinder entrance P particle

W dry basis adsorbed water concentration s pore

Y dry basis vapor concentration 5 solid phase

Greek Symbols v water vapor

p specific mass or concentration Superscripts

€ total porosity x  dimensionless quantity

T periodical time ~ dry basis
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2. INTRODUCTION

The increasing demand for oil and gas for power generation makes the oil industry continuously
searching for new and larger reserves. In recent years, this goal is being achieved in places that present
extra difficulties for production, e.g. in undersea fields located in deep water or ultra-deep water. An-
alyzing the present natural gas productive chain development scenario, one can identify a tendency
to expand the employment of natural gas and associated products. For commercializing, natural gas
undergoes through specific processing for dehydration and fractionation, resulting in three products:
raw natural gas (methane and ethane), liquefied petroleum gas (propane and butane) and natural gaso-
line (pentane and heavier hydrocarbons). At this stage, the gas must already meet strict specification
standards and be substantially free of contaminants, so as to avoid environmental problems and dam-
age to equipment that will use it as fuel or raw material. From the standpoint of treatment (processing)
and conditioning of natural gas, it should be brought to water levels established by rules to prevent
the formation and deposition of solid hydrates that may, in the long run, reduce the useful diameter
of the transmission line. These unwanted compounds can block, partly or wholly, lines, valves and
equipments. To prevent hydrate formation, different techniques may be used. Among them, there are
processes more widespread such as the dehydration using liquid and solid desiccant, the last being
used in this study. The work of Gandhidasan, Al-Farayedhi et al. (2000) performs a study on the use
of solid desiccants based on silica gel, in which the effects of changes in various parameters on the
process were analyzed. Moreover, a study was developed to estimate the energy required in the re-
generation process. In the study presented by Cavenati, Grande et al. (2006b), a process of removing
carbon dioxide and nitrogen gas through low and moderate flows is discussed, using different goals
for each type of material. This study analyzes the removal of two contaminants in natural gas in a
single-cycle. Different flow directions, temperatures and adsorbent layers were analyzed as variable
parameters. The work done by Kikkinides, Sikavitsas et al. (1995) presents a study of the feasibility
of H,S removal from natural gas by adsorption via pressure variation, reaching appropriate levels of
concentration contaminants. The study by Cavenati, Grande et al. (2006a) uses a process of vacuum
pressure swing adsorption for removal of carbon dioxide in a contaminated stream of natural gas to
achieve adequate levels. The adsorbent used was zeolite 13X. A notable feature of previous works
on desiccant dehydration of natural gas is that, apparently, there is little development compared to
other methods of dehydration. In this context, this work presents a mathematical formulation for heat
and mass transfer for desiccant dehydration of natural gas. The formulation herein presented is based
on normalized dimensionless groups used in studies like those developed for heat exchangers and
mass (Sphaier and Worek, 2009) and for storage of adsorbed natural gas (da Silva and Sphaier, 2010).

3. PROBLEM FORMULATION

In this section, the main formulations for the dehydration of natural gas using solid adsorbents
are presented. The reservoir has only one entrance and one exit for the natural gas flow. Initially,
the reservoir is empty and the pressure and temperature are equal to the surroundings. Then, as the
natural gas flows into the reservoir with higher levels of water vapor the process of dehumidification
begins.

3.1 Simplifying Assumptions

Earlier in the development to solve the presented problem, below are cited some assumptions used
in this work such as: dilute vapor concentration in gas phase (moist gas); velocities are unaffected by
variations in concentration; unidirectional flow; negligible pressure drop or loss; micro-pore diffusion
is fast such that this resistance is negligible; constant specific heats; radiation effects are negligible
due to the relatively low temperature differences; there is no chemical reaction nor any internal energy
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Figure 1. Volume, Porous Area View and Twin Towers Configuration.

generation of any form; the influence of body forces (such as gravity) is negligible; the pores can be
modeled as cylindrical and the porosity is homogeneous; isotropic medium; the inlet fluid properties
as well as the flow rate is uniform; reversible adsorption; ideal gas mixture; no phase change besides
that resulting from adsorption; no heat losses to the environment and flow occurs in inter-particle
voids, while diffusion may occur within particles.

3.2 Mass Balance

Since the mass of the solid portion and that of the natural gas are assumed invariable only a mass
balance for water is required. Denoting ) as a portion of the vessel (that includes all volumes) volume
and S as its bounding surface, an integral mass balance (also termed a “weak” formulation) is written

as:
d [ A 0 oa
" ; (e poi + (1= &) o + p) Acde = — (45,0 A%)m:%1 + (40,1 Ax)m:xo (1)
where:
Jui = Poi®b = € PuiVi = pg Y vy (2)
Finally, simplification yields:
aY Y, pp OW oY
il 1— 4 7 — =0 3
R TR T T ©)
A general mass balance for the particles volume is given by:
1 1
a (p+ (L—€)€ppor) Ar dr = / P pg (Y —Yp) S A, d “)
fy) o
in which:
A, 1 dA,
= — = — 5
5 1% A, dx )
After simplifications, one can conclude that:
Pb ow aY;,
—— 1— — = h, S(Y =Y, 6
,Og at + ( eb) Ep 8t ( p) ( )
Subtracting equation (6) from (3) yields a mass balance for the interparticle voids:
Y oY
&—— + = = —h, S(Y -Y,) (7)

ot ox
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3.3 Energy Balance

Since pressure variations are assumed negligible, the following relations apply:

d [ . . . . . .
& (€ pg (ig +i0; Y) + (1 =€) € pg (ig + tox Yp) + ipp W + is pp) Ap dz =
o

= —(pg (10, Y +ig) (vp-1) Ax)x:zl + (pg (10, Y +1g) (vp-R) A:v)z::so @®)

Finally, simplification yields:

L , s
Zg—i_zvﬂr}/;’)) + __(/LIW) + & !

o . . 0
€ o (lg 10, Y) + (1 — &) e @( Py P
g g

ot

o . .
+ vy %(Zv,iY‘Flg) =0 (9)

The energy balance for the particles is more simple, because there is only vapor diffusion and it is
given by:
d [

dr (1 = €b)€p (ig pg + tvm po) + G pr+is pp) Ap da =
@

_ / o g b po (Y —Y,) + ha (T —T,)) SA, dz (10)

o

Finally, simplification yields:

0. . P J . Pb azs o
(1 Cb)Ep a(lg—i‘%my})) + p—ga(ll W) + ,O_g 875 =
h
= (it =) 4 21} s an
g

Subtracting equation (11) from (9) yields a energy balance for the interparticle voids:

B B h
eba(ig—l—z’wY) + vb%(igﬂ'wy) S (zf hon (Y = Y,) + p—h(T—Tp)) S (12)
g

3.4 Simplified Energy Balances in Terms of Temperatures

Expanding equations (11) and (12), using and multiplying the mass conservation equations (6) and
(7) by 1, and i, ;, for particles and inter particles equations, respectively, yields:

(‘%g aiy,ﬂ— Pb 81[ . . ow 825 o
(1—e)ep (E—FYQ, Y ) + (W + (6 =ty ) BN + (915) =

= ((z’vyf —dya) b (Y =Y,) + fn (T — Tp)) S (13)

Pg
Dig Dl i Oig D\
“ (E“f ot ) o ((9x+y 8x) -

_ ((%,f i) b (Y —Y)) + @(T—Tp)) S (4

Pg
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Using the definitions of specific heats for perfect gases and incompressible substances:

(1—6b)€p<cpg+chpv>al+—<Wcl+ )alJr&( im)a—W:

ot Py ot Py ot
h

= ((iv,f — ) b (Y = Y,) + p—h (T—Tp)) S (15)

g

oT or . . hn
<cpg +chv> (eba + o, a_x) _— ((@U,f — o) b (V = ¥p) + 2 (T - T)) S (16)

Defining dry-basis specific heats:

PgC = Py (Cpg + YCPv) (17
peCe = pylcs+aW) + pglcp, +Yp0,) (L —€)ep (18)

and substituting in equations (15) and (16):

Pe . o, . oW . . hy,
— 4+ = o) — = of — ox) b (Y =Y, —(Tr-1T,)) S 19
G+ o) G = (G = ) b (V = Y3) 4 CH( ) (19)
_ or or _ . Iy,
C (Eb E + v 8x> = — <(ZU7f - Zvﬂ') hm (Y — er) + p_g (T — Tp)) S (20)
where p,. is an effective or apparent density defined as:
pe =+ (L + @) epp, 1)
Introducing the heats of sorption:
ZI;OT - iv,w - il7 iim« - iv,i - 7:1),71" isor - sor + Zsm« - Zv [ Z.l (22)
and, substituting in equations (19) and (20):
Pe ~ aT i hh pb 8W
— Ce = torhm (Y =Y, — (T -1, 8 W — 23
c 825 <(P Z507‘ ( P) + pg ( )) + — pg sor at ( )
oT T h,
¢ — — | =(0- ho (Y =Y,) — — (T =1T,)| S 24
c ( 5 o) = (=P =) - 2o o9

where ¢ is the fraction of i’ . that contributes directly to heating (or cooling) the interparticle voids;
conversely, 1 — ¢ is the fraction of 4’ that contributes directly to heating (or cooling) the adsorbent
particles. In other words:

Z‘v _ivﬂ iv,i_iv,
o =1 1—p = 2wl (25)

Zv,i - Z-1),7r Zv,i - Z1),7r
Note that adding equations (23) and (24) gives:

Pe - or, or orT y oy ., OW

— — | = hy (Y =Y,)S + —&  — 26
at + ( at + Up ax Zsor ( p) + pg Zsor at ( )

which shows that the total heating (or cooling) effect can be subdivided into a sensible part (containing

i’,.) and a latent part (containing ¥, ). This analysis becomes even clearer if the mass balance for the

particles (equation (6)) is used to substitute the convective mass flux

Pec O (00,00 _ i (e OV Mo | o W
pgce o —i—c(eb T +Ub8x = %, b, Ol + (1—e)ep— 5 —l—p leor 5 (27)
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3.5 Removed Water

There are two ways to calculate the amount of mass removed from natural gas, one by the amount
of adsorbed water retained in the solid adsorbent (adsorbent on the first operation or after regen-
eration), and the other by using the water concentration in the natural gas at the inlet and exit of
the dehydration process. Based on what was described above, the expression for the removed water
amount is obtained by multiplying the difference of concentrations at the exit and inlet of the reservoir
by the density of the dry gas, by the gas flow rate and integrating within the operating period:

m; = / mg (Y;n - Yvout) dt (28)
0
4. NORMALIZATION

4.1 Dimensionless groups

The first dimensionless groups are the dimensionless dependent and independent variables in-
volved in the studied problem:

T — (Tp - Tref) T — (T - Tref) (29)
P (Tmzn - Tmax)’ (Tm'm - Tmaz)
(Y;) _ Yv"ef) (Y - Yref) W
Y, = Yr = W = 30
b (Ymm - Ymaac)7 (szn - Ymax)7 Wmax ( )
* * E * my
b= T’ . L’ i Pb Wmaxv (31)

The next groups are the dimensionless parameters, such as the dimensionless dwell time (residence
period), volumetric and heat capacities ratios, dimensionless numbers of transfer units, dimensionless
concentration of water in the adsorbent, dimensionless heat of adsorption and heat capacity ratios,
expressed respectively as:

L res
Tres = — €b, T:es = ! > vr = Za V = (%) Ax (32)
Uy T T
Co Pb L Aa: * VT * CT
C’I‘ = 7’ C = pg /Ub Ail) Cpg’ V’I‘ — 7’ CT = 6 (33)
6 pe 56 h hh AS m hm AS
X = = X, = , N: = , N™ = 34
Cpg P e ! C ! \Y% (34
Wmax . . AY i » AY
Q = & ? Z?:T‘ = ];or pg ) Zfs*or = Z:lSO'I‘ pg (35 )
pg AY pp Cp AT pp Cp AT

These dimensionless groups are similar to those recently developed in (Sphaier and Worek, 2009)
for heat and mass exchangers with adsorbent materials.

4.2 Dimensionless governing equations

For the mass balance of the particles, the dimensionless equations yields:

er ot +(1_€b)€pvra_tf :Ntu(Y _Y;)) (36)
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For the mass balance of the interparticle voids, the dimensionless equations yields:

ay*  oY*
Tres Gt* + ax* tu ( p ) (3 )

For the energy balance for the particles, the dimensionless equations yields:

gt = PR, 0 - )+ e (- 1) + 0, T 68)
For the energy balance of the interparticle voids, the dimensionless equations yields:
6 (7 G+ G ) = (o= DL G 07 =Y 4 N (13 - T (9)
The dimensionless removed water is the given by:
1 1
my Yo —Yr,)dt* (40)

- Q—\[’; 0 ( n out
5. RESULTS AND DISCUSSION

To solve the problem presented, we used the Finite Volume Method (Patankar, 1980) with a uni-
formly spaced mesh following the methodology presented in Sphaier and Worek (2009), and the entire
implementation was done in the Mathematica system (Wolfram, 2003). To express the relationship
between the quantity adsorbed W, humidity and temperature of gas in equilibrium with this phase,
we used the following adsorption isotherm:

Y P,
rd +Y PT’

¢ =9¢(1Y) = 41
where ¢ is the relative humidity of natural gas, presented in references (Basmadjian, 1997) and
(ASHRAE, 1985).

The density of the gas was calculated assuming pure methane gas with ideal gas behavior. Ta-
ble 1 presents the numerical data used in the simulations, all of which were taken from (Kohl and
Riesenfeld, 1980; Cengel and Boles, 1985; Wylen, Borgnakke et al., 2003). The dimensionless in-
let values, Y;» and T, can assume different values for each process. For the adsorption processes,
the inlet condition describes that the fluid is totally saturated with water and the temperature is the
minimum temperature. For the regeneration process, the absolute humidity of the gas is the same as
the adsorption process inlet, however the temperature is the maximum allowed. Several cases and
variable parameters were studied, however the removed water amount is of extreme importance for
the petroleum and natural gas industry and for this reason it is presented in this work.

The different test-cases analyze consists of using different combinations of the dimensionless pa-
rameters. These can be summarized as:

e Case : N = NI' =3, r =1,V: = 107°.
e Case 2: N = NI = 3,r = 1/10,V* = 1075,
e Case 3: N" = NI' = 3,7 = 10, V: = 107°.

Case 4: N* = NI = 6,r = 1,V = 107°.

Case 5: N7' = NI = 12,r = 1,V: = 107°.
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e Case 6: N = NI = 3, r = 1,V = 1073,
e Case 7: N" = NI = 3,r =1,V = 1074

Figure 2 presents the variation of the dimensionless removed water with the isotherm parameter
r (the separation factor. As can be seen, the lower values of the separation factor leads to better
water removal. Desiccants allowed to work with this behavior should then be better choices for the
application on dehydration.

m*
L //’
L /
0'05f /’ _ r=1
,
L
v t* - — r=1/10
r=10

-0.05|

Figure 2. Study of Removed Water Amount Behavior - Separation Factor Variation 7.

Table 1. Values Used in the Numerical Solution

Parameters Symbols  Values
Maximum Temperature (K) Trnax 400
Minimum Temperature (K) Tonin 300
Specific Mass of Methane (kg/m?) Py 0.5936
Specific Heat of Methane (J/kg-K) Cpy 2253.7
Specific Heat of Adsorbent (J/kg-K) Cp, Cs 921
Specific Heat of Liquid Water (J/kg-K) a 4180
Specific Heat of Water Vapor (J/kg-K) Cp,, 1872.3
Maximum Concentration of Water on Adsorbent (kg H,O/kg adsorbent) Wonax 0.45
Molecular Mass of Methane (kg/kmol) M, 16.043
Molecular Mass of Water (kg/kmol) M, 18.015
Methane Gas Constant (J/kg-K) R, 518.35
Particle Porosity €p 0.366
Bed Porosity €p 0.3
Maximum Concentration of Vapor (kg vapor/kg methane) Yinax 32.096
Minimum Concentration of Vapor (kg vapor/kg methane) Yinin 10-¢
Adsorption Heat (J/kg H,0) isor 2.7 x 106
Heat Capacity Ratios Cr 570V
Dimensionless Period of Residence T 0.3V;
Dimensionless Concentration of Water in Adsorbent Q 19557
Dimensionless Heat of Adsorption i 0
Inlet Initial Dimensionless Concentration (Adsorption) Y 1
Inlet Initial Dimensionless Temperature (Adsorption) s 0
Inlet Initial Dimensionless Concentration (Regeneration) Y 1
Inlet Initial Dimensionless Temperature (Regeneration) T 1
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Figure 3 illustrates the variation of the removed water with the number of transfer units for » = 1.
From this figure, one can observe that as the number of transfer units is increased, the water removal
capacity also increases. This can be explained by the definition of these parameters, as shown by
equaiton (34). As an example, one could increase of NTU by increasing the heat and mass transfer
coefficients or transfer area, favoring the water humidity removal from the natural gas.

m*
| ///
L /
005 — r=1
)
Ly
¢ —-- r=1/10
05
05! r=10

Figure 3. Study of Removed Water Amount Behavior - NTU Variation N — N# |

The next results (displayed on figure 4), analyze the effect of varying the volumetric capacity ratio.
As can be seen, the results shows a behavior that is quite irregular. The best response obtained was
the one of an intermediate value for V.

m*
021 !

i A0 — Vv =10°
010 .

T —— - V=100

~--""05 1\ 15« 20 '
-01 ~ =

[ ‘ Y vy =10"*
-02f

Figure 4. Study of Removed Water Amount Behavior - Volumetric Capacity Rate Variation V.

6. CONCLUSIONS

This study presented a simple mathematical model for simulating the process of natural gas dehy-
dration using solid desiccants. A system of one-dimensional governing equations for heat and mass
transfer within the adsorbent material were obtained. Dimensionless groups associated to this prob-
lem were presented and the formulation was normalized using these groups. A numerical solution of
the problem was implemented using the Finite Volumes Method combined with the Method of Lines.
Then, simulation results were carried-out for illustrating the effect of varying the dimensionless pa-
rameters on the amount of mass of water removed. The results showed, for the simulated conditions,
that a smaller value for the separation factor yields a better water removal. In addition higher NTUs
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also lead to better performance. In spite of the relevance of this study, the results are still preliminary
and future research should definitely be conducted. As future works, it is interesting to study the vari-
ation of other parameters about the desiccant and with respect to the initial conditions. Others studies
can be done with respect to the temperature and pressure, and joint analysis of these variations. The
possibility of a 2D formulation and the use a more efficient programming language (such as Fortran
or C) for the numerical solution are other aspects of future works.
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