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Lecture — 39
Natural Gas Transmission-I

Welcome to the new concept of natural gas transmission under the aegis of chemical process
utilities. Now, before we go into the detail, let us have a brief outlook about that what we
studied in the previous lecture. We discussed about the various elements of pipeline design.
Under this, we discussed about the fluid properties, we discuss about the impact of

environment, we discussed about the effect of temperature and pressure.

We discussed about the typical flow equations for liquid and gas and gave you an idea about
the various codes and standards. We discussed the different societies those who design those
codes and standards. And apart from this, we discussed about the environmental and
hydrological consideration. Now, in this particular chapter we are going to discuss about the
natural gas transmission.

(Refer Slide Time: 01:17)

What we learn in this lecture?

«*Natural gas transmission

v General flow equation in steady state

v Kinetic energy term

v Pressure energy term

v Potential energy term

v Friction loss term ’—

Here we will discuss the general flow equation in steady state. We will discuss about the kinetic
energy term. We will discuss about the pressure energy term. We will have an idea about the
potential energy term and then we will discuss about the frictional loss term.
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Natural gas transmission
(
0 General Flow Equation in Steady State i
Herein, general flow equation for compressible fluids in a pipeline at steady
state condition is derived.

Consider a pipeline that transports a compressible fluid (natural gas)
between points 1 and 2 at steady state condition.

1,70
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So, let us talk about the general flow equation in the steady state. Now, the general flow

equation for compressible fluid in pipeline at steady state condition is usually derived. Now,
let us consider a pipeline that transports compressible fluid from point, maybe this is a natural
gas from point number 1 to point number 2 at a steady state condition. So, the equation can be
written as dm over dt = 0.

(Refer Slide Time: 02:14)

At steady state condition:

dm
dt




Now, let us give you an idea about the pipeline. Now, this is the station number 1 and this is
the station number 2. Now, here the A 1, P 1, rho 1, and u 1. This is the area of cross section
A, P is the pressure, rho is the density and u 1 is the velocity that is the gas velocity and here
this isthe A 2, P 2, rho 2, u 2. So, u is the gas velocity, m is the mass of gas flowing and t is
the time for this equation dm over dt is = 0.
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Now, the mass flow rate of gas at point 1, again | am drawing this can be definedasrho 1 A 1
u 1 and for point 2 rho 2 A 2 u 2. So, if the above equation we can take rho 1L A1u 1l =rho 2
A 2 u 2. If the pipe has a constant diameter, then obviously A 1 will be equal to A 2, so in that
caserholul=rho2u2.

(Refer Slide Time: 04:35)

The mass flow rate of gas at point 1 can be defined as;
Th = pl' Al' u1

Similarly, mass flow rate at point 2 is;

m= pz.Az. Uu,

From the above equation we have;

P1-A1. Uy = pr. Az Uy

If the pipe has a constant diameter, then

P1-Uq = P2.U;



So, in general if we say that m = rho A u, now m upon A = rho u and that is equal to C where
C is gas constant. Now, it is well known that rho = 1 upon v, now v is the gas specific volume.
Therefore, u upon v = C in this particular equation.

(Refer Slide Time: 05:27)

In general
m=p.Au
m_ =C
APt

Where, C is gas constant

It is well known that;

P=;

Where v is gas specific volume, so;

—=C
v



may B0 O P
- B O )
éf G CQGM hdu%%
e GE T g e I
T
At 7 T
ol =¥ |
(l)(b /(}’\ p,\*QN
o <

At

Now from Newton's law of motion for a particle of gas moving in a pipeline, then df = a dm
where du over dt = a that is acceleration. So, df = du over dt dm or du over dt rho A dy and that
is rho A du dy over dt and dy over dt = u. Therefore df = rho A u du.

(Refer Slide Time: 06:44)

From Newton’s law of motion for a particle of gas moving in a pipeline

dF = a.dm

d . .
Where, d—'t‘ = a is the acceleration;

aF = am =" ady=paan®
_dt m—dtp. . y—p . u.dt
And, dy B
dc ¢
Therefore,

dF = p.A. u. du
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Figure; Movement of gas particle in
pipeline

Now, if by using the proportionality constant g c, if we use the proportionality constant g ¢ so
we can write this equation df = A over g c urho du = A g c u v du. So, the impact of all existing
forces that is pressure, weight, friction exerted on a particle of gas in a non-horizontal law
pipeline this can be considered in different equation.
(Refer Slide Time: 07:38)
By using proportionality constant gc above equation can be written as;

A u

A
dF =—. u.p.du=—.—du
Ic 9c Vv

o&n 0}; %f’ \QJNQ‘ Figure: Forces acting on particles

& L in non-horizontal pipeline



Now, let us take the forces f 1 and f 2. This is the f 2 and f 1 acting on the gas particle due to
the gas pressure P 1 and P 2. This can be definedasdf 1=AdP lordf2=AdP 2. So, this
is the force acting on particles in non-horizontal pipeline. Now, the force f 3 exerted on the gas
due to the weight W of the gas particle is f 3 = W this is the angle sine alpha or we can write
in the differential form that is df 3 = dW sine alpha.

(Refer Slide Time: 09:22)

The forces F1 and F» acting on the gas particle due to the gas pressure P1 and P2 can be
defied as;

dF, = AdP, or, dF, = AdP,

The force F3 exerted on the gas due to the weight W of the gas particle is

F3; = W.sin a or, in deferential form; dF; = dW .sina
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Now where the weight of the gas dW =g L over g ¢ A dy rho, now where g | is local acceleration
of gravity. Now, sine alpha = dH upon dy where dH is the change in elevation on substitution
for both dW and sine alpha. So, df 3=g L overgc ArhodH ordF 3=g L overgc A overv
dH.
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Where, the weight of the gas is

dW=&.A.dy.p

dc

Where, g is local acceleration of gravity,

Furthermore;

_ dH
sina = —

Where, dH is the change in elevation,

on substitution for both dW and sin «a

dF, =9 A.p.dH ordF, =92 dH
3 gc p or 3 dgc Vv
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Now, finally the friction force is defined as df 4 = pi D dy tau where pi D dy is the surface area

and tau is shear stress. Now, the summation of all the forces acting on the element of the gas



should be equal to 0. So, therefore A upongcuuponvdu+ AdP+gL overgcAovervdH
+ pi D dy rho tau should be equal to 0. This is the generalized form of Bernoulli’s equation.
Now, in most cases the numerical values of g L and g c it is equal to 1.
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Finally, the friction force is defined as;

dF, =mn.D.dy.t

Where, 1. D. dy is the surface area and 7 is the shear stress.

nhe.summatien.ofiall.theferces acting.onthe.gelement of t
"&¢U3l to zero, therefore;

?41} +AdP+ﬂ—dH+ngZy
FAdP + — dH+1thypt—
dc dc
:jh& aej:sralgf%mﬁ erarform oF BEPhOUI BGUSTION 1k Mbst cases

the numerical values of g and g_are equal to 1.
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Now if you take this value then A over g ¢ u upon v du + A dP + A upon v dH + pi D dy rho
tau = 0. Now, if we multiply both sides by v upon A, then Lupongcudu+vdp+dH+piD
dy v upon A tau = 0, now where u dot du is equal to Kinetic energy, v dp is equal to pressure

energy, dH is equal to potential energy and pi D dy v upon A tau is equal to friction or losses.



(Refer Slide Time: 14:22)
Then,

i.£.du+AdP+é.dH+1t.D.dy.p.t= 0

gc Vv v

Multiplying both sides by =

1 n.D.dy.v
—.udu+vdP+dH+ ——.t=0
9c A

Where, u. du=kinetic energy; vd P=pressure energy; d H=potential energy;
n.D.dy.v

T =friction or losses.
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The friction term or losses created by moving a fluid in a pipeline is defined by Fanning
equation and this is d Fanning = 2 f h square upon g ¢ D dL where u is equal to average gas
velocity, f is equal to friction factor, d is pipeline diameter, L is pipeline. Now, if you substitute
the Fanning equation for losses in the general energy equation this equation will result like 1
upongcudu+vdp+dH+2fusquare upon g c D dL this is equal to 0.

(Refer Slide Time: 16:29)

The friction term or losses created by moving a fluid in a pipeline is defined by the fanning
equation as follows:



2fu?
dFFanning = g(:—D .dL

Where, u =average gas velocity, f =friction factor; D= pipeline diameter; L = pipeline;

On Substituting the fanning equation for losses in the general energy equation will results in;

1 2fu?
—.u.du+vdP + dH + .dL=0

dc 9gc-D

Now, if we divide both the side by v square then equation becomes 1 upon g ¢ u upon v square
du + 1 upon v dp + 1 upon v square dH + 2 f u square upon g ¢ D v square dL that is equal to
0. Let us say that this is our equation number A. The final form of the equation can be obtained
by integrating each term by assuming u upon v = m upon A = C and that is constant. (Refer
Slide Time: 17:49)

Dividing both sides of the equation by v?;

1 u 1 1 2f u?
—.—Z.du+—dP+—2dH+ —ZdLZO
dc Vv 1% 1% gc-Dv

Note:

The final form of the equation can be obtained by integrating each term, assuming % =

% = C = constant.
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So, the kinetic energy term that can be written as integration from 1 to 2 C upon g ¢ du over v
u over v square and that is equal to 1 to 2 du over v. Since v = u upon C this can be represented
as C or g c integration from 1 to 2 du u c and that is C squared upon g c integration 1 to 2 du u
and that is the kinetic energy = C square g cInu 2 over u 1.
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Kinetic energy term;

2
u = Cf du C* (*du
Since; V=E gcl' % gcl), u
. . C* u,
= Kinetic energy = —In—

dc U



Let us talk about the pressure energy term. So, it is from 1 to 2 dp upon v 1 to 2 rho dp. Now,
fromgas law P V =n Z RT, Z is the compressibility factor of gas and R is the gas constant. So,
n =m upon M and rho = m upon V.

(Refer Slide Time: 19:59)

Pressure energy term;

2

fdp_fz P
v lp.

1

From real gas law; PV =nZRT

Where Z is the compressibility factor of the gas and R is the gas constant for;
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The equation for the density of a gas is rho = P M upon Z RT, M is the average molecular
weight of the gas. So, if we substitute this into the integration 1 to 2 rho dp that it becomes 1
to 2 P M upon Z RT dp = M upon Z average T average R1to 2 P dp. Thiscanbe 1t0 2P M
Z RT dp that is equal to M Z average T average R P 1 square — P 2 square upon 2 where T
average is defined as T average =T 1 + T 2 upon 2.

(Refer Slide Time: 21:34)

The equation for density of a gas is; P.M

Where, M is the average molecular weight of the gas;

After substitution into [ 12 p.dP

M 2
= ——— | PdP
f Z R. T Zanga,,ng1
M P -p2
J M 1 2
ZRT ZavgTavgR 2

Where Ta . is defined as follows;
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Now T 1and T 2 are the upstream and downstream gas temperature and P average is obtained

based on the relations 1 to 2 integration P dp that is P average = integration 1 to 1 P dp upon

integration 1 to 2 P dp and that is P average =2 upon 3P 1+ P2 —-P 1 dotP2uponP1+P 2

where P 1 and P 2 are the upstream and downstream gas pressures.
(Refer Slide Time: 23:04)

T1 and T2 are the upstream and downstream gas temperature and Pa

J.P.P.dP
BT
L P
2 P,.P,

Where, P;and P, are the upstream and downstream gas pressure.

vg

is obtained based on the relatio



Cont...

T,gand P, are obtained for the gas, now for compressibility factor or Z

that can be obtained from Kay's rule and compressiility factor charts.

avg!

To calculate Z,,, for a natural gas using Kay's rule, T,,, amd P, of the gas

are needed, and also pseudocritical pressure and temperature of the
natural gas.

Pseudocritical values can be obtained with Kay's
rule as follows. s Wl e
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Now, T average and P average they are obtained for the gas for the compressibility factor Z
average that can be determined from the Kay’s rule and the compressibility factor chart. TO
calculate the Z average for a natural gas using Kay’s rule T average and average P of the guests
are needed and also pseudocritical pressure and temperature of the natural gas. So, if we talk
about the pseudocritical values this can be obtained by the Kay’s rule which is as follows T
dashC=TCAYA+TCBYB+TCCYCandPdashC=PCAYA+PCBYB+PCC
Y C + and so on.

(Refer Slide Time: 24:14)

Pseudocritical values can be obtained with Kay’s rule as follows.
T'c=TcaYa+Tcp-Yp+Tcc-Ye+

P'¢c=Pcp.ya+Pcp.yp+ Pcc.yc+



Cont...

Where, T' c=average pseudocritical temperature of the gas; P' = average
pseudocritical pressure of the gas; Ty, Tcp, T¢c =Critical temperature of
each component; Py, Pcp, Pec= critical pressure of each component;
Y. ¥p, Y= mole fraction of each component;

Finally, pseudo-reduced pressure and temperature can be obtained as

. /\ 1}
follows; i a/: « fe> 2

The obtained values of ', and P, can be used in

Compressibility factor charts to calculate (i
Now, where T dash C this is the average pseudocritical temperature of the gas. P dash C this is
the average of pseudocritical pressure of the gas and T CA, T CB, T CC these are the critical
temperatures of each component. Where P CA, P CB, P CC these are the critical pressures of
each component; Y A, Y B, Y C these are the mole fraction of each component. So, finally
pseudo-reduced pressure and temperature can be obtained as T dash r = average T upon T dash
C or P dash r = average P upon P dash C. Now, to obtain the values of T r dash and P r this can
be used in the compressibility factor chart to calculate Z average.
(Refer Slide Time: 25:17)

Finally, pseudoreduced pressure and temperature can be obtained as follows;

or P’r =

The obtained values of T',. and P’,. can be used in Compressibility factor charts to
calculate Zay,.
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Chart; Compressibility
factor for natural gases

Reference; Mohitpour et al., (2007); ISBN; 0-7918-0257-4. 2

Now, this is the compressibility factor chart for natural gas and you can see here this is the
compressibility factor and this is the pseudoreduced factor. So, by substituting the values you
can get the values of either Z or pseudoreduced pressure whatever required.

(Refer Slide Time: 25:44)
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Now let us talk about a potential energy term. So, on integration of the potential energy term
of main equation which we derived earlier, so it will result integration 1 to 2 1 upon v square
dH = 11to 2 rho square dH 1 to 2 P M upon Z RT squared dH and that is equal to average P
square M square 2 f upon average Z square average R square average T square into delta H =
OwheredeltaH=H2-H 1.

(Refer Slide Time: 27:03)



Potential energy term

On integration of the potential energy term of main equation will result in;

P%, .. M?*2f
—dH = f p%dH = f (—)Zd e AH =0
fl ZRT zzwg RZ,,.T2,,.

Where, AH=H2-H1.
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Now, let us talk about the friction loss term. So, if we integrate the energy loss energy losses,
this can be evaluated as 1 to 2 2 f u square upon g ¢ D v square dL this is equal to 2 f C square
upon g c D L, L is the pipeline length. So, the general form of the flow equation is obtained by
adding all the terms together and equating them to zero. So, it is C square upon g ¢ In u 2 upon
ul+ M upon average Z average T R P 1 square — P 2 square upon 2 + average P M square 2 f
upon average Z average R T average delta H + 2 f C square upon g ¢ D and that is equal to 0.
(Refer Slide Time: 28:58)

Friction loss Term

On integration of energy losses can be evaluated as follows;

2 2f u? 2fC?
f f dL—f

—. = L
1 9c-Dv? gc.D




Where, L is the pipeline length.
The general form of the flow equation is obtained by adding all the terms together and setting

them equal to zero.

2 2 2 2
C? u, M P, - P, P2, M?2f .AH+2fCZ

+ L=0
dc Zangang 2 Z%vg- thlvg- T%vg- dc D
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Now, if the kinetic energy term is neglected for all high-pressure gas transmission lines, the
contribution of kinetic energy term compared to other terms is insignificant. So, we can write
M upon Z average T average R P 1 square — P 2 square upon 2 + P average square M square
2f upon Z average square R average square P average square delta H + 2 f C square upon g ¢
D L that is equal to 0. Now, this equation can be further simplified upon if you take the
following assumption or following substitution. C = dot m upon A, C square = dot m upon A
square and A = pi D square upon 4.

(Refer Slide Time: 30:19)

If the Kinetic energy term is neglected (for all high-pressure gas transmission lines, the

contribution of the kinetic energy term compared to other terms is insignificant), so;

M P,2—p,>? P2 . M?22 2fC?
ZygTavgR 2 Z%,,.R2,,. T%yy. gc.D

L=0....(2)



The above equation can be further simplified upon the following substitutions;

. : : 2
For pipe C = ﬂ’ Cc? = (ﬂ)z' A= nD

X v
':‘\oy vl %)
v 7&.7)
7
1 ()y,v
\b v "
v N D)
(/ = ﬁv V\’D

Now, the gas relationship at a base or the standard conditionisPb Qb =dotnbZbRTh. Q
b is the volumetric gas flow. So, if dot n b = dot m upon capital M and C = dot m upon A, then
C square = m upon pi D square by 4 whole square and C square = 16 Q b square M square P b
square upon pi square R square T b square Z b square D to the power 4.

(Refer Slide Time: 31:29)

Gas relationship at a base or standard condition is;
Pb' Qb = n'b.Zb. RTb

Where, Qpis the volumetric gas flow
m
tD?

4

c=2 =y

|3

If n, = and

S

Then 2 = 16Q%. M?. P
n2. R2.T;.Z%. D*




Now, gas gravity is defined as G = M guess upon M air where M air is approximately 29. Now,
if we substitute and rearrangement to solve Q b, then the equation becomes Q b square = pi
square R g c upon 32 Z b square T b square upon P b square P 1 square — P 2 two square — 58
g delta H P average upon RT average Z average upon 58 Z average T average G L D to the
power 5 upon f.

(Refer Slide Time: 32:41)

Gas gravity is defined as

_ Mgas

G = o~
M, Where, M ;- = 29.

Upon substitution and rearrangement to solve for Qy, the equation (2) becomes;
58G.AH.P%,,
2 TAR.g. Zy'Ty” RTavgZavg- | D°

32 ' p,? 58Z 44 Tapg- G- L " f
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Now, after taking the square root of Q b, the general flow equation of natural gas in pipeline

_—

can be Q b =pi R g cupon 1856 Z b T b upon P b whole square root P 1 square — P 2 two
square — 58 G delta H P average square upon RT average Z average 58 Z average T average G
L 1 upon f D to the power 2.5.

(Refer Slide Time: 33:26)

After taking square root of Q,, the general flow equation of natural gas in a pipeline is;

pz_ pz _ 58G.AH. PZ,,
0, = Rg: Z,Ty, | 1 "% RTggZsy, lDz.s 3)
b 1856 P, 58Zupy-Tavg-G-L " |f 77

Cont...

Note;

The above equation can be used in imperial or S.I.
units; for any size of length of pipe; for laminar,
partially turbulent or fully turbulent flow; and for low
medium or high pressure system.



Now, this equation can be used in the imperial or you can say S.I. units for any size of length
of pipe, for laminar, partially turbulent or fully turbulent flow and for low medium or high-
pressure system.

(Refer Slide Time: 33:44)
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Where, Q;=gas flow rate at base Tqyg=average temperature

conditions Pa,,g=average pressure 7
g=proportionality constant Z rn=compressibility factor
Z b=c9mpressibi|ity factor at base C?;?

condition =length of pipeline

T)y=temperature at base condition 1 o o
P=pressure at base condition ;=transmussnon factor, dimensionless
P=gas inlet pressure to pipeline
P,=gas outlet pressure to pipeline
(=gas gravity, dimensionless
F=friction factor, dimensionless
AH=elevation pressure

Now, as far as the notations are in question then Q b is the gas flow rate at base condition, g ¢
is the proportionality constant, Z b is the compressibility factor at base condition, T b is the
temperature at base condition, P b is the pressure at base condition. P 1, P 2 these are the gas
inlet and outlet pressure in the pipeline. G is the gas gravity which is dimensionless. F is the

friction factor, again it is dimensionless. Delta H is the elevation pressure.

Average T is the average temperature, P average is the average pressure, Z average the average
compressibility factor at P average and T average and L is the length of pipeline whereas 1
upon f square root that is the transmission factor which is dimensionless.

(Refer Slide Time: 34:45)



So, I am taking all constant as a C. So the previous equation becomes Q b = C P 1 square —P 2
square —58 G delta H P average square upon RT average Z average whole divided by 58 Z
average T average G L 1 upon f D to the power 2.5. If the pipeline is horizontal delta H is
insignificant to compare the value of P 1 square — P 2 square, so, P 1 square — P 2 square is
greater than greater than 58 G delta H P average square upon RT average Z average.

(Refer Slide Time: 35:43)

On taking all constant as C, the equation (3) becomes;

58G.AH. P2,

PZ _ PZ _
0, =C 1 2 R Tuy Zayg . 1D2.5
58Zupg Tang-G-L f

If the pipeline is horizontal or AH is insignificant compare to the value of P — P2

58G.AH.P%,,
R.Tag - Zayg

P:-P:>»
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Then the elevation term is omitted and the final equation becomes Q b = C 1 square — P 2
square upon Z average T average G L 1 upon f D to the power 2.5. So, this equation shows the
effect of transmission factor and the diameter of the pipeline on flow of gas in pipeline.
(Refer Slide Time: 36:12)

Then the elevation term is omitted and the final equation becomes;

P? - P2 1
Qb =C. .| =

Z4vg-Tavg-G. L' [f
The above equation shows the effect of transmission factor and diameter of pipeline on

2.5

flow of gas in pipeline.
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Now, in this particular segment we discussed about the design equations and especially the
impact of kinetic energy, potential energy, friction terms, etc. For reference we have listed a
reference for your convenience. If you wish to have further reading, you can take the help of

this particular reference. Thank you very much.



