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Rarefied natural gas transport
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Chung Yuan Christian University
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1. Introduction

Natural gas (or simply gas), made up of around 82.0-89.6 mol% methane, 0.9-9.8 mol%
nitrogen, 3.4-9.4 mol% ethane, 0.6-4.7 mol% propane, 0.1-1.7 mol% n-butane, and other gases
(GPSA, 1998; Ivings et al., 2003; Schley et al., 2004), is a gaseous fossil fuel that has methane
as its primary compound and is moved primarily by pipeline. It is desirable to understand
the physical properties in rarefied natural gas transport and the corresponding behavior in
pipelines.

Gas rarefaction was observed in many areas, such as gas bearings (Johnston & McCloskey,
1940; Carr, 1954; Burgdorfer, 1959; Hsia & Domoto, 1983), space vehicles (Ivanov &
Gimelshein, 1998; Tsuboi & Matsumoto, 2005), microfluidic devices (Pfahler et al., 1991;
Pong et al., 1994), etc. The effect of gas rarefaction is quantified by the Knudsen number Kn,
which is defined as the ratio of the molecular mean free path to the characteristic length.
Schaaf & Chambre (1961) have proposed the following ranges to determine the degree of
gas rarefaction in a flow, as shown in Table 1. For Kn<0.01, the flow is in the continuum
regime, where the continuum hypothesis holds. The continuum field equations in
conjunction with no-slip and no-jump boundary conditions describe the flow and thermal
behavior. The rarefaction effect becomes noticeable when the value of Kn becomes greater
than 0.01. The range 0.01-0.1 is referred to as the slip regime, where the conventional
continuum field equations are still valid, but the conventional no-slip and no-jump
boundary conditions may break down. It has been proven that the Maxwell-Smoluchowski
(MS) slip and jump boundary conditions are valid (Arkilic et al., 1997; Beskok & Karniadakis,
1999; Ewart et al., 2007; Weng & Chen, 2008a). The range of 0.1 <Kn <10 represents the
transition regime, where the molecular mean free path is comparable to the characteristic
length, and the conventional continuum field equations may break down. For 10 < Kn, the
flow is in the free-molecular regime, where the collisions among the molecules are negligible.
Although conventional transport systems operate in the continuum regime, pipelines can
operate in the slip regime due to the reduction of working pressure or the enhancement of
working temperature (the molecular mean free path is related to the pressure and the
temperature).

In this chapter, first we will provide the property formulas of gases in power-law form and
present the physical properties of methane at the standard reference state, so as to simply
predict the physical properties of natural gases. Then we will discuss in some detail the use
of the mass, momentum, and energy conservation equations as well as the slip and jump
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532 Natural Gas

boundary conditions as it is applied to fluid motion that is rarefied. Finally, we will develop
the mathematical models of rarefied natural gas transport in basic driving mechanisms. We
will obtain the analytical solutions of flow fields and characteristics, so as to realize the
importance of gas rarefaction in natural gas transport.
After completing this chapter, you should be able to:
e use the property formulas of gases and the physical properties of methane at the
standard reference state.
° use the mass, momentum, and energy conservation equations subject to the slip and
jump boundary conditions.
solve basic rarefied natural gas transport problems.
use the analytical procedure shown in basic transport problems.
apply the analytical solutions of basic transport problems.

Regime Range
Continuum flow Kn <£0.01
Slip flow 0.01<Kn<0.1
Transition flow 0.1<Kn<10
Free-molecular flow 10 < Kn

Table 1. Flow regimes of rarefied gas dynamics (see Schaaf & Chambre, 1961).

2. Physical Properties

Any characteristic of a substance that can be observed or measured without changing the
identity of the substance is called physical property. Some important physical properties in
rarefied gas transport are shear viscosity u, thermal conductivity k&, constant-pressure
specific heat ¢ D7 density p, and molecular mean free path 4. In this part, we provide the
formulas for these properties of gases in power-law form and present the physical
properties of methane at the standard reference state. Then you can use the formulas and
the properties to present further properties of other hydrocarbons, such as ethane, propane,
butane, etc., to calculate further physical properties of natural gases in most common
operating states, and to conduct further analyses of theoretical and experimental researches.
Various tests have been conducted to determine u«, &k, ¢ b and p of methane at different

working pressures or temperatures (Mann & Dickins 1931; Johnston & McCloskey 1940;
Clarke & Smith, 1969; Jansoone et al., 1970; Vennix et al., 1970; Younglove, 1974; Gammon &
Douslin, 1976; Kerley, 1980; Kleinrahm & Wagner, 1986; Kleinrahm et al. 1986; Kurumov et
al., 1988; Friend et al., 1989; Jin et al., 1992; Patek & Klomfar, 2002; Hurly et al., 2003; Schley
et al., 2004; Viswanathan, 2007). Except for density, temperature was found to be a relatively
important factor in the gaseous state. It becomes necessary to have formulas for
temperature-dependent physical properties of methane. The property formulas adopted in
this chapter was originally proposed by Weng & Chen (2008b). According to the nature of
gases, the power-law expressions for the shear viscosity, the thermal conductivity, the
specific heat, and the density can be written, respectively, as,

u=ur[T1j M

r
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T @
Cp=Cp 2+S(Tl_lJ_(T1J _ 3)
s

where the subscript » denotes the property values at a reference state, 7 is the temperature,
o and @ are the viscosity and conductivity indexes, respectively, and s is the specific-
heat coefficient. Here, ideal gas behavior is assumed, which is quite reasonable in most
common operating states. If the shear viscosity, thermal conductivity, and specific heat are
known at two temperatures, one can determine the values of @, @ and s. In Table 2, we
use 300 K and 400 K for the constant determination of methane. In Fig. 1, we then verify
the present formulas (1)-(4). The calculated results compare very well with the data listed in
Friend et al. (1989) and Schley et al. (2004). The percentage absolute errors for u, k, c,,
and p over 260 K <7 <400K are less than 0.674, 2.01, 1.68, and 0.110, respectively. It
should be noted that the data in the literature chosen for the comparison are modified to
take into account the pressure effect.

Physical Property Symbol Unit Value
Shear Viscosity Y7, N-s/m? 1.114%x107°
Thermal conductivity k W/m-K  0.0348
Constant-pressure specific heat c, J/K-kg 2223
Density P kg/m®  0.648

Mean free path A m 0.542 x107/
Ratio of specific heats /4 - 1.304
Prnadtl number Pr - 0.712
Viscosity index w - 0.835
Conductivity index @ < 1.225
Specific-heat coefficient s - 0.758

Table 2. Physical properties of methane at the standard reference state: 288.15K and
101.325 kPa (see Johnston & McCloskey, 1940; Clarke & Smith, 1969; Haberman & John,
1980; Sonntag et al., 1998; GPSA, 1998; Ivings et al., 2003).

In addition, the average distance between molecular collisions, called the molecular mean
free path, plays an important role in rarefied gas transport behavior, related to the
temperature and pressure by

\/ﬂ]%T/Z,u 5)

p

A=
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where R is the specific gas constant. According to the power-law behavior considered here,

the closed form is

T w+1/2
A=2|— (6)
T,
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Fig. 1. (a)-(d) Possible approximations of the physical property data listed in the literature.

T, =298.15K

3. Fundamental Principles

In this part, we introduce the fundamental principles of rarefied natural gas transport. Then
you can use the mass, momentum, and energy conservation equations subject to the slip and
jump boundary conditions to solve further problems involving mass or volume flow rate, to
solve further problems involving force related to momentum change, and to solve further
problems involving losses due to friction and energy input by compressors or extraction by

turbine.
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3.1 Mass balance principle
Conservation of mass is the key to tracking flowing fluid. The conservation statement of
mass for a control volume is

aj\;_tcv = Zmln - Z mout (7)

where 0/0t is the time rate of change in a laboratory frame of reference, M is the
instantaneous mass, m is the mass flow rate, the subscript cv denotes the control volume,
and the subscripts in and out indicate the values for flow into and out of the control
volume, respectively. The conservation statement requires that

dp
—+pV-u=0 8
u P )

where d/dt is the material derivative and u is the velocity vector.

Equation (8) is the mass conservation equation for compressible methane flow. In fact, the
flow of a compressible fluid could be recognized as an incompressible flow while the flow
speed is much less than the sound speed, i.e. Mach number<<1. For incompressible methane
flow, the conservation equation is reduced to

Vau=0 )

3.2 Momentum balance principle

Newton’s second law of motion is the conservation statement of momentum. It leads to the
conclusion that forces can result from or cause changes in a flowing fluid’s velocity
magnitude and/or direction. The conservation statement of momentum for a control

volume is
%zzmu&_Zmun)_+ZFn)+—ZFn)_ (10)

where u is the fluid velocity, Mu is the instantaneous momentum, mu is the momentum
change rate associated with mass flow, F is the force acting on the control volume, the
subscript n denotes the direction chosen for analysis, and the subscripts + and — indicate
the values in the n or -n direction on the control volume, respectively. The conservation
statement requires that

du

where T is the stress tensor and f is the body force vector per unit mass.
The stress tensor for compressible fluids can be related to the flow fields by the following
constitutive relation:

T=(-p+nV-u)l+2uD (12)
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where p is the pressure, 77 is the bulk viscosity, related to the viscosity ¢ by n=-2u/3, 1
is the Kronecker delta tensor, and D is the deformation rate tensor, D = (Vu)T +Vul)/2.
Substituting Eq. (12) into Eq. (11) gives

pc;—‘t‘= Vp+ V(Y -u)+ 2V - (uD)+ pf (13)

For incompressible methane flow with constant viscosity, the conservation equation is
reduced to

du
pz =-Vp+ ,uVZu + pf (14)

3.3 Energy balance principle

The first law of thermodynamics is the statement of conservation of energy. It leads to the
conclusion that energies can result from or cause changes in a flowing fluid’s velocity
magnitude and/or temperature. The conservation statement of energy for a control volume

1S
a(jgf)cv — Zme)in — Zme)out + ZQin - ZQout + Z W + O’ (15)

where e is the specific internal energy, Me is the instantaneous energy, me is the energy
change rate associated with mass flow, Q is the energy change rate associated with heat
conduction, and W is the energy change rate associated with force, and O is the internal
heat generation rate. The conservation statement requires that

7t
piz—V-q+TS:D+p0 (16)

where q is the heat flux vector, o is the internal heat generation rate per unit mass, and the

superscript S indicates the symmetric tensor.
The heat flux vector can be related to the temperature field by the following constitutive
relation (Fourier’s law of conduction):

q=—kVT (17)

Substituting Egs. (12) & (17) into Eq. (16) and recognizing
pde/dt = pc,dT | dt - pTp+(p/ p)dp/dt (Bejan, 2004) gives

dTr dp
pcpzzv-(kVT)+ T—+ D+ po (18)

where £ is the thermal expansion coefficient and ® is a function charactering the viscous
dissipation, defined in index notation as
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n
®= ;(ui,i)z g g ) (19)
For incompressible methane flow with constant thermal conductivity, the conservation
equation is reduced to

dT
pcpzszZT+,u(D+po (20)

where

D =uy g (21)

3.4 Entropy balance principle

Any discussion of the fundamental principles must include the second law of
thermodynamics because it is the basis for formulating and solving engineering problems.
The second law of thermodynamics asserts that heat transfer processes are irreversible. To
treat the second law quantitatively for processes, we use the conservation statement of
entropy for a control volume:

>

were S is the specific entropy, Ms is the instantaneous entropy, ms is the entropy rate
associated with mass flow, Q/T is the entropy rate associated with heat conduction, and
Sgen is the entropy generation rate. The irreversibility of the process is measured by the
value of S,,, . The conservation statement requires that

ds

pE:_v'(q/T)-"pSgen (23)

where s,,, is the entropy generation rate per unit mass. Substituting Eq. (17) into Eq. (23)
gives
ds

pE:V~(kVT/T)+psg€n (24)

3.5 Maxwell’s and Smoluchowski’s principles of boundary conditions

The effect of gas rarefaction is quantified by the Knudsen number Kn, which is defined as
the ratio of the molecular mean free path A to the characteristic length /.. When the value
of Kn is greater than 0.01, the conventional no-slip and no-jump boundary conditions may
break down. The slip boundary conditions are based on Maxwell’s expression (Maxwell,
1879):

2-0, 1 3y-1 Pr (_‘It)

T, +—
N /2 1t A
Om p(ZRTgW /72')l 47 pRTgW

Ug) = Uygy +

(25)
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The jump boundary conditions are based on Smoluchowski’s expression (Kennard, 1938):

2-0, 2(y-1) 1
o, r+l 1%,0(21%Tgw/7z

Tju =Ty

)1/2 (-4:) (26)

Here, uy and T, are the velocity slip and temperature jump, respectively, u,,,; and T,
are the wall velocity and wall temperature, respectively, Ty is the stress tensor expressed in
index notation, g; is the heat flux vector expressed in index notation, o,, and o, are the
tangential momentum and thermal accommodation coefficients, respectively, the subscript
gw denotes the gas values near the wall surface, and the subscripts » and ¢ denote the gas
values near the wall surface in the normal and tangential directions, respectively. Note that
o, and o, are the parameters that describe the gas-wall interaction and related to the gas
composition, temperature, and velocity over the surface as well as the solid surface
temperature, roughness, and chemical state. The two accommodation coefficients range
from near 0 to 1, where the two values, respectively, represent specular accommodation and
complete (or diffuse) accommodation.

Let » and ¢ denote the two coordinates near the wall surface and let u, and u, denote the

components of velocity field. According to Egs. (12) & (17), the shear stress z,,, the

tangential heat flux ¢, and the normal heat flux g, are

o /{ Ouy autj . o7 . or o
= o , 4 =—Kk—| , 4, =—Kk—
ot or aw ot aw or aw
Substituting Eq. (27) into Egs. (25) & (26) gives
2-0,, ,0u 3 y-1¢cpp HorT
Ugp = Uy T = ﬂa—t + 2—7/—p—/128— (28)
m 7w Ty u t aw
2-0, 2y 1 0T
T, = + € < —1—
Ju = Zwall o, y+1Pr or (29)

w

4. Basic Transport Problems

Weng & Chen (2008c) have indicated that, on the basis of pressure or temperature difference,
the three basic driving mechanisms are (1) pressure (2) buoyancy and (3) thermocreep, as
shown in Fig. 2. Pressure and buoyancy are two conventional mechanisms. Thermal creep
phenomenon (or simply transpiration) is a tangential flow along the wall surface from a
cooler region to a hotter region. Previous work focuses mainly on creep effect on pressure-
driven flow or buoyancy-driven flow. The effect during an externally applied pressure
gradient or internally induced density variation is to hasten the flow, resulting in a
streaming potential, whereas, in the absence of an external pressure gradient or internal
density variation, the creep induces fluid flow when wall surface temperature gradient
exists. In this part, we develop the mathematical models of rarefied natural gas transport in
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the three basic driving mechanisms and obtain the analytical solutions of flow fields and
characteristics. Then you can apply the analytical solutions of basic transport problems to
determine further flow (or/and thermal) characteristics, predict and analyze further
transport behavior of rarefied natural gas in pipelines, and understand why gas rarefaction
in natural gas transport is so important; moreover, using the analytical procedure, you can
conduct further analyses of theoretical researches.

(a) Pressure-driven flow( p > p) (b) Buoyancy-driven
£ VA L7 7 VA LI 777 /7 ﬂOW(Y;/VV>75)

_T_\ .\_\.:.\__‘_____ .l/lic ....... 75 pO ‘g
T e L Iy noo 1
’ Uy
B B

I
¢ 1 L, | L,
~ - |
R u_x o _T_ . Heated A Heated
I, v --—7 w I, wall i wall
- X /0N
p() =z 77 777 777 777 ‘ 771 ll?) ﬂ'x;/ | \\
i * | [ i | N
| | |
Entrance region Fully developed region ]5 po

Fig. 2. Three basic driving mechanisms of rarefied gas dynamics (see Weng & Chen, 2008c).

Consider a sufficiently long open-ended parallel-plate channel of length / and width w.
The flow section in the fully developed region is situated far from the entrance, and the flow
is then fully developed. Assume that the flow originates from a reservoir in a reference state,
enters the channel with a uniform velocity, and terminates in a discharge area. Let x and y

denote the usual rectangular coordinates, let u, and u, denote the components of the

velocity field, let the subscripts 0 and 1 denote the reservoir and discharge-area values,
respectively, and let the subscript i denotes the inlet values.

4.1 Pressure-driven flow

If the driving mechanism is pressure, as shown in Fig. 2(a), then the reservoir pressure p,, is
greater than the discharge-area pressure p; and the discharge-area temperature 7 is equal
to the reservoir temperature 7;, . Modeling the flow as a two-dimensional isothermal steady
compressible flow, the field equations are given by (Egs., 8 & 13)

oow) , Alowy)

ox oy - (30)
2 2 2 0%u
ox oy ox ax?r o 3| ax? Oxdy
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ou ou o*u, 0%u 2 o%u
pluy —=+u, —= =—a—p+,ur 2y + 2y LA P 2y (32)
Ox oy Ox oy 3| oxdy oy

The corresponding slip boundary conditions for a stationary unheated channel (Eq., 28) are

2-0
Om oy

Quy

X

Z/lslzi

(33)
&w

Here, we have neglected the body force for simplicity. By using a perturbation analysis
(Weng & Chen, 2008a), the momentum conservation equations (31) & (32) for the flow
through a sufficiently long channel can be reduced to the form:

d 0%u
Ly, 5 (34)
dx dy
Proceeding with the analysis, we introduce the following dimensionless parameters:
X = 1 Y = l U = M_x V = u_y P= i
[, [, U, U, De 5
ko2 weo LePi=pME  _ pNART /2,
le /J;% Hy

where We is the pressure drop from the entrance to the exit, A is a material constant, and
the subscript ¢ denotes the characteristic values. Here, the characteristic length /., velocity
u.,and pressure p. are, respectively, defined as

_p ) 2
lCZW, uC:(pl pO)C, pcz ﬂrz (36)

Hy prlc

Substituting Eq. (35) into Egs. (30), (33), (34) gives
o(rpu), apr) _, a7)
oX oY
2
4P _ e 9U (38)
dx &

u‘_YZ =+ 2- Om Kna_U 39
u, o, oY aw (39)
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Solving momentum conservation equation (38) subject to the slip boundary conditions (39)
gives

U()(,)/):L—CZP(X)[Y2 _y-22%m

2We dX Kn(X)j #0)

m

Substituting Eq. (40) into mass conservation equation (37) and integrating once in Y , we can
derive an equation for the cross-flow velocity:

1 [ 1 dPPPOO) (s 02 2-0, d>P(X)
V(X,Y)——24We[F e (2Y —3Y )—12 —Kn(X) — Y (41)

m

Evaluating this at Y =1, where /' must vanish, we can derive an equation for the pressure:

1 2 2-0
— P+ AP=CX+C
12 o, ! 0 (42)
where
2 —
Co = —(We+ P, +22%m A(We+ P,),
12 Om @)
2 —
€, = (we? + 27, We)- L 2= %n Awe
12L L o,
The corresponding mass flow rate is
w
. pj uxdy 1 —
M=0—=PJ‘UdY=L We+2 P, +62-%m (44)
poul, 0 24L Om
or
. P ). —
M=L]1+62"%mkn (45)
12L o,

where L is the dimensionless channel length, P is the dimensionless average pressure,

P=(P+P)/2,and Kn is the average Knudsen number calculated at P .

4.2 Buoyancy-driven flow

If the driving mechanism is buoyancy, as shown in Fig. 2(b), then the wall temperature 7,
is greater than the ambient temperature (thatis, 7, =7, and 7,, > 7 ) and the discharge-area
pressure p; is equal to the reservoir pressure p,. Modeling the flow as a two-dimensional
steady incompressible flow, the field equations under the Boussinesq approximation
(Boussinesq, 1903) are given by (Egs., 9, 14, 20)
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ou
Ouy My _y (46)
ox oy
Ou, ou, | 0p *u, 0%u,
pr[”xE""uy oy ]__g"'prgﬁr(T_T;’)"'lurL axz +(’9y—2 (47)
ou ou oD 0%u o%u
y Yy P Yy Yy
Pl ——+u, —— ===+ | ——+ 48
”(xax yayJ dy r(aXZ ay2} ( )
or  or o*T  O°T
Prcpr[”ngF”yaJ:kr[&c—ﬁ@)—z] (49)

where p is the pressure defect, related to p by p=p—p,, where p, is the hydrostatic

pressure. The corresponding slip and jump boundary conditions for a stationary
isothermally heated channel (Egs., 28 & 29) are

2 0 -1c T
ug =42m g Hxl 3 Fr P o0 (50)
O-m Gy aw 277 ]/r lu}" ax aw
2- 2
Tju = Tw + e ZFr 1 /Ira_T (51)
o, y,+1Pr. " 0Oy

gw

Here, we have neglected the internal heat generation for simplicity. It should be noted that
assuming a small temperature difference between the wall and the ambient gas supports the
constant-property assumption (Weng & Chen 2008b) and that considering the low-speed
flow of a low-Prandtl-number fluid supports the neglect of viscous dissipation in the energy
equation (Chen & Weng 2005; Weng & Chen 2008b).

We can think of the fully developed region as the flow section situated far from the entrance
such that u, is negligible. Based on this characterization, the mass conservation equation

(46) requires that ou, /dx=0. In most treatments, u, =0 and ou,/dx=0 are taken as a

starting point in the analysis of fully developed flow. The momentum conservation
equations (47) & (48) then become

d’u
0=p, T ~T,)+ u, 5 (52)
y

A solution of Eq. (52) in the form u(Y) is only possible if T is a function of y position

only, i.e., 0T /0X =0. It implies that the assumption of a hydrodynamically fully developed
flow necessarily means that the flow is also thermally fully developed. The energy
conservation equations (49) and the slip boundary conditions (50) then be reduced to
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d’T
dy
2- 0
ug =t =—m g Mo (54)
o v,
Proceeding with the analysis, we introduce the following dimensionless parameters
x=X y-2 y-ts oLl (55)
[, [, u, I, =L
Here, the characteristic length /. and velocity u. are, respectively, defined as
T, T, )2
lc =w, uc — prgﬂr( w r)]c (56)
Hy
Substituting Eq. (55) into Egs. (51)-(54) gives
2
Yo (57)
dY
2
d_(;’ =0 (58)
dY
u, o, "dy | ow (59)
T, —T, 1. 2m0e 2 1 do| (©0)
T,-T. o, y,+1Pr. ' dY|

Equations (57) & (58) subject to (59) & (60) have the following velocity and temperature
analytical solutions:

U(Y) = —%(YZ _y-2Zm Kn,J (61)
o) =1 62)

The corresponding mass flow rate is

M =

w
J‘uxdy 1 _

0_=IUdY=l 2-0m i L , (63)
u.l, 0 2\ o 6

m
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4.3 Thermocreep-driven flow

If the driving mechanism is thermocreep, as shown in Fig. 2(c), then the reservoir
temperature 7| is less than the discharge-area pressure 7; and the discharge-area pressure
p; is equal to the reservoir pressure p,. Modeling the flow as a two-dimensional steady
incompressible constant-property flow, the momentum and energy equations under the
fully developed flow limit (u, =0 and du, /0x=0) are given by (Egs., 9, 14, 20)

dp d’u
O = _d_ I zx (64)
X dy
2 2
D€yl 8_T:k aT+,u it (65)
r-pr—-x ax r ay2 r dy

Here, we have used the Prandtl boundary layer theory (Prandtl, 1904) to omit nonessential
terms shown in field equations. It should be noted that assuming a small temperature
difference between the reservoir and the discharge area supports the constant-property

assumption.
Proceeding with the analysis, we introduce the following dimensionless parameters:

Yoty X oyt g TZL p_ 2
chr lc Uc TI_TO Pc
2 3 2 (66)
_Pr gﬂr(Tl —Tg )lc _ Ue
Gr = . , Be=— ¢
MU, cpr(Tl_TO)

Here, the characteristic length /., velocity u., and pressure p. are, respectively, defined as

T, - Ty I?
u, = prgﬂr(/ul O)IC . D, :,Orug (67)
r

l.=w,

Substituting Eq. (66) into Egs. (64), (65), and (50) gives

2
dap _dU _, 68)
dX  dy?
00 0%0 av\’
Pr,U—=—-+Pr, Ec| — (69)
0X Y? dY
u_s1:i2—0'm KnrdU| +i7/r __ILana_® (70)
u, O dY|gW 2 y, Ec 6ng

From Egs. (68) and (70), a solution of Eq. (68) in the form U(Y) is only possible if dP/dX
and 0®/0X are constants (let Cy and C), respectively). The constant value in temperature
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gradient implies that the flow under the assumption of hydrodynamically fully developed
flow is also thermally fully developed.
The momentum equation (68) can be integrated twice to obtain the streamwise velocity:

U(y) =%COY2 + Y + Gy (71)

Substituting Eq. (71) into the energy equation (69) and integrating the resultant with respect
to Y twice and the thermally fully developed condition 0®/dX =C; with respect to X

once, we obtain the temperature:

1 a1 5 1.,
OX,Y)=PrC{| —CyY" +—=C,Y" +=CyY
(X,Y) 1(24 0 52 563 j
(72)

—Pr Ec(%cgy“ +%C0C2Y3 +%C22Y2j +CyY +Cs+C X,

Integrating the pressure gradient dP/dX =C, with respect to X once, we obtain the

pressure:
P(X)=P0+C6+COX (73)

By applying the boundary conditions given in Eq. (70), the inlet condition P(0) =Py —M?/2
(Chen & Weng, 2006), the outlet conditions P(L)=F, , the midline condition
00(X,1/2)/0Y =0, and the edge conditions O(L,0)=1 and ©(0,0)=0, the six unknown
constants Cy, C;, C,, C3, C4, Cs, and Cg can be obtained as

_IME 1
o T
1 1
C2==5C0, G ==5FnCo+PncCr,
, (74)
Cy= 2’ (1468, )coC) ~12,,.C? +EcC? )
Cs =0, Cq VE
2
where
2-0, 3 y-11_ [ U J’l
- Kn, -2 Kn? L=—r\, M =—t=|Udy
P Om Pne 2r y Ec .Gr u., Jo (75)
.ol
By using the flow-rate expression M = IUdY , the channel length L can be obtained as
0
1 - B
L=——([1+6p4, M +—"< 76
Sy 08 M+ (76)
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5. Summary

In this chapter, the property formulas of natural gases are provided in power-law form. To

simply predict the physical properties of natural gases, the physical properties of methane at

the standard reference state are presented. The basic flows are analyzed by using important
principles including conservation of mass, Newton’s second law of motion, and the first and
second laws of thermodynamics.

The following checklist provides a study guide for this chapter. When your study of the

entire chapter has been completed, you should be able to

e  use the property formulas of gases to present further properties of other hydrocarbons,
such as ethane, propane, butane, etc.

e use the physical properties of methane, in conjunction with the properties of other
gases as necessary, to calculate further physical properties of natural gases in most
common operating states.

e use the property formulas of gases and the physical properties of methane at the
standard reference state to conduct further analyses of theoretical and experimental
researches.

e use the mass conservation equation to solve further problems involving mass or
volume flow rate.

e use the momentum conservation equation subject to the slip boundary conditions to
solve further problems involving force related to momentum change.

e use the energy conservation equation subject to the jump boundary conditions to solve
further problems involving losses due to friction and energy input by compressors or
extraction by turbine.

e use the analytical procedure shown in basic transport problems to conduct further
analyses of theoretical researches.

e apply the analytical solutions of basic transport problems to determine further flow
(or/and thermal) characteristics, predict and analyze further transport behavior of
rarefied natural gas in pipelines, and understand why gas rarefaction in natural gas
transport is so important.
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