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Résumé — Évaluation technique de modélisations isothermes et non isothermes de conditions
opérationnelles de conduites de gaz naturel — Une modélisation d’équipement au sein d’un gazoduc a
été réalisée en dérivant une nouvelle forme d’ensemble d’équations de conservation pour un écoulement
compressible. Une section du troisième réseau de distribution de gaz iranien (Nourabad-PatavehDorahan, N-P-D) a été ensuite étudiée selon des approches de modélisation isotherme (IT) et non
isotherme (NIT) en prenant en compte les effets de la température du sol. Dans la première partie, le
fonctionnement en régime stationnaire du gazoduc N-P-D, comprenant une station de compresseurs à
Pataveh, a été étudié. Pour les valeurs connues de débit massique de gaz naturel et de pression de gaz
d’entrée/sortie aux points Nourabad/Dorahan, les modélisations IT et NIT ont présenté respectivement
des écarts maximaux en pourcentages d’environ 33,7 %, 16,6 % et 23 % en ce qui concerne la tête des
compresseurs, la vitesse de rotation des compresseurs et les taux de consommation de carburant. Dans la
deuxième partie, le fonctionnement instable du gazoduc N-P-D, dû à l’arrêt d’un compresseur à la station
de compresseurs de Pataveh (PCS: Pataveh Compressor Station), a été étudié. Les résultats ont confirmé
qu’à des températures de sol faibles (0 et 20 °C), les compresseurs restants pouvaient compenser la perte
d’un compresseur. Toutefois, à des températures de sol supérieures (40 et 50 °C), les compresseurs
devaient tourner plus vite que la vitesse maximale acceptable pour parvenir à délivrer un certain débit
massique sans réduction de la pression de gazoduc requise. Dans tous les cas étudiés ci-dessus, le temps
de calcul de la modélisation non isotherme a été approximativement trois fois plus long que celui de la
modélisation isotherme.
Abstract — Technical Assessment of Isothermal and Non-Isothermal Modelings of Natural Gas
Pipeline Operational Conditions — Modeling of equipment in a gas pipeline was performed here by
deriving a new form of conservation equation set for compressible flow. Then a section of the third
Iranian gas transmission pipeline (Nourabad-Pataveh-Dorahan, N-P-D) was investigated by isothermal
(IT) and non-isothermal (NIT) modeling approaches taking into account the effects of ground
temperature. In the first part, the steady state operation of the N-P-D pipeline including a compressor
station at Pataveh was studied. For the known values of natural gas mass flow rate, and inlet/outlet gas
pressures at Nourabad/Dorahan points, the IT and NIT modelings showed about 33.7%, 16.6% and 23%
maximum difference percent points for the compressors head, compressors rotational speed and fuel
consumption rates respectively. In the second part, the unsteady operation of the N-P-D pipeline due to
the shutdown of a compressor at Pataveh Compressor Station (PCS) was studied. The results confirmed
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that at lower ground temperatures (0 and 20°C), the remaining compressors could compensate the loss
of one compressor. However, at higher ground temperatures (40 and 50°C), the compressors had to run
faster than the highest permissible speed to be able to deliver a certain mass flow rate without reducing
the required pipeline pressure. In all above studied cases, the computing time for the non-isothermal
modeling was about three times longer than that for the isothermal one.
NOMENCLATURE
A
Cp
D
f
g
h
H
IT
k
LHV
m⋅
N
NIT
p
Qac
R
Re
S
T
U
v
Z

Pipe flow surface area (m2)
Constant pressure heat capacity of natural gas
(J/kg.K)
Pipe diameter (m)
Darcy friction factor
Gravitational acceleration (m.s-2)
Specific enthalpy (J/kg)
Isentropic head (J/kg)
Isothermal
Soil thermal conductivity (W/m.K)
Lower heating value of natural gas (J/kg)
Mass flow rate (kg/s)
Buried pipe depth (m)
Non-Isothermal
Pressure (Pa)
Compressor actual volumetric flow rate (m3/s)
Gas constant (J/kg.K)
Reynolds number
Compressor rotational speed (rpm)
Temperature (K)
Overall heat transfer coefficient (W/K.m2)
Flow velocity (m/s)
Compressibility factor

Greek letters
ε
η
λ
θ
ρ
σ

Pipe wall roughness (m)
Efficiency
Natural gas conductivity (W/m.K)
The pipeline slope
Natural gas density (kg/m3)
Isentropic exponent

Subscripts
ac
c
d
f
is
mech
s

Actual
Critical
Discharge
Fuel
Isentropic
Mechanical
Suction

INTRODUCTION
Mathematical modeling, as an effective and essential tool for
the study of gas transmission pipeline operating conditions,
permits the prediction of pipeline performance under different operating scenarios to control, design and optimize these
pipelines.
From the perspective of flowing gas temperature variation,
the gas pipeline can be modeled assuming either isothermal
(IT) or non-isothermal (NIT). The IT model assumes that any
fluctuation of the gas temperature can be quickly damped via
heat transfer to the ground, causing a uniform temperature
equal to the ground temperature throughout the pipeline. In
most cases, this is not an accurate assumption, due to the fact
that pressure drop, work of friction and heat transfer change
the gas temperature as it travels through the pipeline. One
very important outcome of this reality (Non-Isothermal
pipeline) is that the energy equation must be solved with the
momentum and continuity equations simultaneously.
There are extensive research works on modeling of the
pipeline gas flow. References [1] and [2] have described the
governing equations for compressible gas flows throughout
the pipelines. Reference [3] simulated the natural gas flow
through pipelines without neglecting any part of the momentum equation. It should be noted that in most research works
the convective inertia term in the momentum equation was
neglected which reduced the accuracy of the results.
Reference [4] extended the usage of electrical analogy
method for transient analysis of isothermal gas flow in
pipeline networks which led to the first order ordinary differential equations instead of having to solve the original partial
differential equations.
Reference [2] compared the IT and NIT modeling results
of the natural gas flow through pipelines. This comparison
showed different pressure profiles along the gas pipeline such
that the difference in pressure distribution increased with
increasing the gas mass flow rate. The effect of IT and NIT
type of modeling on the performance of a compressor station
located in the middle of two gas pipelines was not discussed
in Reference [2].
Reference [5] proposed a general flow equation for estimating
the performance of gas pipeline and showed that taking into
account the effects of ambient conditions was necessary to
obtain accurate results.
References [6] and [7] proposed new forms of governing
equations for compressible gas flow in which mass flow rate
was substituted for flow velocity.
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For isothermal and steady state conditions, a variety of
general forms of flow equations have been developed and
proposed by researchers based on various friction equations
for estimating the pipeline pressure drop [8-10].
Pressure drop occurs due to both friction and heat transfer
to the pipeline surroundings. This pressure drop is compensated
by appropriate number of compressor stations existing in a
pipeline. Reference [11] studied the application of dynamic
simulation for the design and control of compressors.
Dynamic behavior of compressor stations was also modeled
by [12, 13]. These modeling approaches involved deriving a
set of nonlinear partial differential equations describing the
pipe flow as well as deriving a set of nonlinear algebraic
equations describing the flow passing through compressors
and valves. The compressibility and friction factors were
considered constant in these research studies as simplified
assumptions.
It is worth mentioning that the number of research works
on NIT modeling is less than those for the IT modeling. This
could be the result of simpler form of conservative equations
for IT modeling as well as its shorter computing time.
Contributions of this paper into the subject are as follows:
– proposing a new form of governing equations for the nonisothermal, unsteady and compressible gas flow through
the pipeline as a function of mass flow rate, pressure and
temperature;
– modeling the gas turbine in compressor station to consider
the effects of part load, ambient temperature and shaft
speed on the gas turbine efficiency;
– evaluating the deviations of predicted isothermal modeling
results from the non-isothermal modeling ones (as an
operating condition which is closer to the real operating
conditions of gas flow in pipelines) for different ground
temperatures;
– evaluating the effect of ground temperature on the gas
pipeline operating condition under steady state and
unsteady conditions;
– comparison of running times required for two isothermal
and non-isothermal approaches in the gas pipeline modeling.

1 GOVERNING EQUATIONS
A gas pipeline is composed of pipeline, junctions and
compressor station with gas turbines and compressors as the
main components. In this paper to simulate the flow in a
pipeline, a set of nonlinear equations were derived and solved
using the Newton-Raphson method. These equations are
introduced in the next section.
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1.1 Pipeline
Equations (1-3) show the governing equations related to gas
flows in pipelines [2, 6, 14]:
Continuity :
ρ

Momentum :

Energy :

ρ

∂ρ ∂(ρv )
+
=0
∂t
∂x

(1)

ρv v
∂v
∂v ∂p
+ ρv + = − f
πD − ρg sin θ (2)
∂t
∂x ∂x
8A

ρv 2 v
dh dp Ω
∂
∂T
−
= +f
πD + (λ )
8A
dt dt A
∂x ∂x

(3)

In which Ω is defined as follows:
Ω=

4UA(T − Tground )

(4)
D
Generally, in gas transmission pipelines, the axial conduction
heat transfer in gas flow is negligible in comparison with the
axial flow enthalpy; therefore the last term in RHS of the
energy equation may be ignored [15]. In this regard, Reference
[2] showed that, while the magnitude of other terms in energy
equation were in order of 102 to 107 (using scale analysis), the
last term in RHS had just the order of 10-5. The overall heat
transfer coefficient is the combined effects of convection heat
transfer between gas and pipe wall and conduction heat transfer between pipe wall and soil. Assuming the soil conductive
resistance to be the dominant heat transfer resistance [16], the
overall heat transfer coefficient can be estimated using the
following Equation [17]:
U=

2k
⎡
⎤
⎛ N ⎞2
2N
+ 4 ⎜ ⎟ − 1⎥
D Ln ⎢
⎢ D
⎥
⎝D⎠
⎣
⎦

(5)

where D and N are the pipe diameter and buried pipe depth
respectively.
Therefore with six unknowns in Equations (1-3) (ρ, v, p, f,
h, T), three supplementary equations were required. The first
supplementary equation was obtained by expressing the friction factor as a function of the Reynolds number and the pipe
roughness. Various correlations have been proposed in
Reference [16] for calculating the natural gas flow friction
factor. Using a reliable explicit friction factor equation could
reduce the computing time.
Haaland Equation [18] (Eq. 6) was used in this paper for
estimating the friction factor. The numerical results of this
equation differ from Colebrook-White equation (which is
very accurate and in implicit form) for about 0.5% in average
[16]:
−2
⎛
⎛⎛
⎞⎞
1.11
⎞
ε
.
6
9
⎟⎟
f = 4 ⎜−3.6 Log ⎜⎜
+
⎜⎝ 3.7 D ⎟⎠
⎟⎟
⎜
Re
⎝
⎠⎠
⎝

(6)
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Enthalpy of real gasses as a function of pressure and
temperature [19] (Eq. 7) provides the second supplementary
equation:
dh = cp dT + (1 +

T ∂ρ
dp
( )p )
ρ ∂T
ρ

(7)

Finally, the gas state equation (Eq. 8) was considered as
the third supplementary equation:
ρ=

p
Z ( p, T ).R .T

(8)

For which, Equation (9) was used for compressibility
factor as a function of the reduced pressure (the ratio of
actual pressure to the gas critical pressure, p/pc), and the
reduced temperature (the ratio of actual temperature to the
gas critical temperature, T/Tc) [20-22]:
⎛ p ⎞⎛T ⎞
p
Z = 1 + 0.257
− 0.533 ⎜ ⎟ ⎜ C ⎟
(9)
pc
⎝ pc ⎠ ⎝ T ⎠
Although there are more accurate equations of state, EOS,
(e.g. AGA, SRK, PR and BWRS [23], and GERG [24]) or
correlations for compressibility factors (e.g. relations presented by Hall and Yarborough [25], Dranchuck et al. [26],
Dranchuck and Aboukasem [27]) than Equation (9), the
simple and explicit form of compressibility factor of
Equation (9) gives the advantage of saving computational
time especially in the optimization applications where natural gas pipeline network have to be simulated repeatedly.
Furthermore, it has been recently shown that the form of
the EOS for natural gas used in the pipeline model has
relatively small influence on pressure-temperature values
in the solution and only really matters in leak-detection
systems, or when pipeline line-pack (inventory) rather than
pressure is controlled by the compressors [28].
In gas pipeline applications, it is preferable to work with
the gas mass flow rate instead of the gas velocity with the
following conversion equation:
v=


m
mZRT
=
ρA
pA

Based on the gas mass flow rate, the following new
form of conservation equations were derived as shown in
Appendix 1 and are proposed here as: see Equations (11-13).
The derivation of the above equations and the equations
proposed in [6] and [7] started with the same governing equations and the same idea of using gas mass flow rate instead of
gas velocity. However, the above proposed forms of conservation equations in this paper as well as the way of their
derivation were different from those proposed by [6] and [7].
The set of partial differential equations (Eq. 11-13) were
solved using fully implicit finite difference method with the
following discretized forms:
φ=

φ ti++11 + φ ti +1
2

(14)

∂φ φ ti++11 − φ ti +1
=
∂x
Δx

(15)

∂φ φ ti++11 + φ ti +1 − φ ti+1 − φ ti+1
(16)
=
2Δt
∂t
where φ denotes for each of the m· , p, T in Equations (11-13).
1.2 Compressor
A schematic diagram of a compressor driven by a gas turbine
engine is shown in Figure 1. Compressors are modeled with
the quasi-steady assumption, therefore the compressor characteristics as well as its suction and discharge states were
assumed to be constant at each time step.
Equations (17-23) show the governing equations of gas
flow passing through a typical compressor.
The ratio of compressor isentropic head to the square of
rotational speed:
2
⎛ Qac ⎞
⎛ Qac ⎞
H
(17)
b
b
b
=
+
+
⎜
⎟
⎜
⎟
1
2
3
⎝ S ⎠
⎝ S ⎠
S2
Compressor isentropic efficiency:
⎛Q ⎞
⎛Q ⎞
ηis = b4 + b5 ⎜ ac ⎟ + b6 ⎜ ac ⎟
⎝ S ⎠
⎝ S ⎠

2

(10)

(18)

(11)

(12)

(13)
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Turbine engine

Compressor

.
mf

.
md , pd, Td
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The actual volumetric flow rate passing through a
compressor as a function of mass flow rate, pressure and
temperature, was also obtained from:
Qac =

.
ms , ps, Ts

m d Z s RTs
ps

(24)

1.3 Gas Turbine (Turbine Engine)

Figure 1
The schematic view of a turbo-compressor unit.

Equations (17) and (18) are empirical equations proposed
in References [29, 30] for compressor operating points, in
which b1 to b6 are constants that could be obtained from a
specific compressor map in a pipeline.
Compressor isentropic head in terms of compressor
pressure ratio:
σ
⎡
⎤
Z RT ⎛ p ⎞
H = s s ⎢⎜ d ⎟ − 1⎥
(19)
σ ⎢⎣⎝ ps ⎠
⎥⎦
The compressor discharge temperature after gas
compression:
σ
⎡
⎤
T ⎛p ⎞
Td = Ts + s ⎢⎜ d ⎟ − 1⎥
(20)
ηis ⎢⎣⎝ ps ⎠
⎥⎦
It is noteworthy that the pipeline modeling presented in
this paper (Sect. 1.1) takes into account the real-gas effects,
while Equations (19) and (20) are based on ideal-gas model.
This is a commonly adopted simplification in pipeline flow
simulations as indicated in Reference [31].
The compressor power consumption in terms of compressor
mechanical efficiency (ηmech):
Powershaft =

H .m d
ηis ⋅ ηmech

(21)

Generally, two-shaft gas turbines are used in gas pipeline
applications because of their operational flexibility [32]. A
schematic diagram of a two-shaft gas turbine is shown in
Figure 2. A gas turbine (including air compressor, combustion chamber, low and high pressure turbines) provides
power to run the air compressor by the high pressure turbine
and to run the pipeline compressor by the low pressure turbine
(sometimes called power turbine).
For any shaft speed and power required by the pipeline
compressor, the driver (turbine engine) operational condition
should be adjusted. Generally, the technical information
regarding the turbine engine includes the maximum output
shaft speed (Smax), and its base load maximum power output
and efficiency at ISO conditions (point labeled with A in
Fig. 3). Ambient temperature and pressure values of 15°C
and 101.325 kPa were considered for ISO conditions. In
most cases though, the turbine does not operate at ISO conditions due to the elevation or temperature of the site in which
the engine is installed as well as running at the partial load
and/or out of design speed. therefore, some corrections are
required for computing the turbine engine overall performance as follows:
1.3.1 Correction for the ambient temperature

The ambient temperature variation changes the values of
output shaft speed, power and efficiency [33, 34] at the
design point. For example, movement of point A to B in
Figure 3 shows the effect of a typical change in atmospheric
temperature from Tiso to Tambient≠iso.

The required fuel mass flow rate in gas turbines for
running the compressors:
m f =

Powershaft
LHV ⋅ ηturbine

Equation (23) indicates the mass balance among the mass
flow rate of natural gas entering the turbo-compressor unit
(m· s), the gas turbine fuel consumption rate (m· f) and the mass
flow rate of natural gas passing through the compressor (m· d)
as indicated in Figure 1:
m f + m d = m s

.
Fuel flow (mf )

(22)
Air flow

Combustion
chamber
Load

Air compressor

(23)

In the above equations, subscriptions s and d indicate
compressor suction and discharge points.

High pressure
turbine
Gas generator

Low pressure turbine
(power turbine)

Figure 2
The schematic view of a two-shaft turbine engine.
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Pataveh

Turbine shaft power output

A

ISO &
base load

B

Tambient &
base load

Nourabad

Dorahan
L = 140 km

L = 87 km

D = 1.4224 m

D = 1.4224 m

C
D

0.2

(Speed/maximum speed)

Tambient &
part load

Figures 4
A section of the third Iranian gas transmission pipeline with a
station including three running compressors during steady
state operation and with one compressor shut down during
unsteady analysis.

1

Figure 3
Schematic diagram of a typical gas turbine engine
performance map.

Therefore, some equations are required to estimate these
effects. These equations can be extracted using the map or data
available for a specific turbine which have the following forms:
⎛T
PowerA
(K ) ⎞
= f1 ⎜ ambient
⎟
PowerB
⎝ Tiso ( K ) ⎠

(25)

⎛T
ηA
(K ) ⎞
= f2 ⎜ ambient
⎟
ηB
⎝ Tiso ( K ) ⎠

(26)

⎛T
SB
(K ) ⎞
= f3 ⎜ ambient
⎟
Smax
⎝ Tiso ( K ) ⎠

(27)

tions [33]. For example, movement of point C to D in Figure
3 shows the effect of a typical change in turbine shaft rotational speed from its optimal value.
Equations (30) and (31) were proposed by [33] and [36] to
take this effect into consideration:
Powershaft
PowerC

⎛S⎞ ⎛S⎞
= 2⎜ ⎟ – ⎜ ⎟
⎝ SC ⎠ ⎝ SC ⎠

ηdriver Powershaft
=
ηC
PowerC

2

(30)

(31)

In the above equations, Powershaft and S are the required
turbine engine output shaft power and speed (point D) by the
pipeline compressor.

1.3.2 Correction for the part load operation

2 CASE STUDY

The turbine part load operation decreases the optimal values
of output shaft speed, power and efficiency [33, 35]. For
example, movement of point B to C in Figure 3 shows the
effect of a typical part load operation. Equations which
consider these effects are:

This study was conducted for a section of the third Iranian
gas transmission pipeline (Nourabad-Pataveh-Dorahan (N-PD)), shown schematically in Figure 4, which is responsible
for gas transmission from Nourabad to Dorahan including a
compressor station (equipped with three compressors)
located at Pataveh.
Pipeline inlet gas pressure, inlet temperature and volumetric
flow rate were 7.24 MPa, 40°C, and 80 MMSCMD (million
standard cubic meters per day) respectively. Also the required
pipeline outlet pressure (at Dorahan) was 5.86 MPa.
Table 1 shows the gas properties, soil conductivity, pipe
roughness and the buried pipe depth for the above gas pipeline.
The maximum rotating speed of turbine shaft (Smax), and
the base load maximum power and efficiency at ISO conditions are 7 700 rpm, 25.4 MW, and 35.1%, respectively.
Constant coefficients of four second order polynomial
equations (ax2 + bx + c) which were obtained (by curve fitting) for the functions f1 to f3 and f5 in Equations (25-27) and

⎛ PowerC ⎞
ηC
= f4 ⎜
⎟
ηB
⎝ PowerB ⎠

(28)

⎛ PowerC ⎞
SC
= f5 ⎜
⎟
SB
⎝ PowerB ⎠

(29)

1.3.3 Correction for the operation out of design rotational
speed

For any operating condition of a gas generator (part of the gas
turbine confined in a dashed box in Fig. 2), there is a rotational speed at which the output shaft power and efficiency
are the highest. If the power turbine deviates from this speed,
the power and efficiency decrease with the same propor-
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TABLE 1

1.4
(Power A/power B) - Zhang and Cai [37]

Gas properties, soil conductivity, pipe roughness and buried pipe depth
for N-P-D pipeline

2

Burying
depth
(m)

Gas
viscosity
(Pa.s)

Cp
(kJ/kg.K)

1.7

1.2 × 10-5

2.171

35

Gas
constant
(J/kg.K)
467.8

TABLE 2

(Power A/power B) - This work
(Eff A/eff B) - Zhang and Cai [37]

Power A/power B, eff A/eff B

Soil
Pipe
conductivity roughness
(W/m.K)
(μm)

1.3
1.2

(Eff A/eff B) - This work

1.1
1.0
0.9
0.8

Constant coefficients of the functions f1 to f3 and f5
in Equations (25-27) and (29)

0.7

Function

a

b

c

f1

– 4.3115

6.6618

– 1.3618

f2

– 2.4918

4.4951

– 1.0074

f3

– 0.4081

0.6405

0.7222

1.00

f5

– 0.397

1.0165

0.3777

0.98

Efficienty/(Efficicenty@design point)

(29) are shown in Table 2. Also, a logarithmic function was
obtained for f4 in the form of f4 = 0.2457 Ln(x) + 1.
Figure 5 compares the functions used in this paper taking
into account the effects of ambient temperature and part load
operation on the gas turbine performance with those proposed
by Zhang and Cai [37]. This figure shows maximum and
average difference values of about 10.3% and 3.9% for f1,
3.6% and 1.23% for f2, and 3% and 0.8% for f4 respectively.
One kilometer was considered for pipeline discretisation
or step size for both IT and NIT modeling approaches. When
the distance step size was decreased from 1 km to 0.5 km, the
maximum change in temperature and pressure values along
the pipeline were about 3 × 10-4% and 7 × 10-6% respectively.
Furthermore, one minute was considered as the time step size
for unsteady operation modeling.

260
a)

270

280
290
300
310
Ambient temperature (K)

320

330

0.96
0.94
0.92
0.90
0.88
0.86
0.84

Zhang and Cai [37]

0.82

This work

0.80
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
b)
Load (%)
Figure 5
Comparison of f1, f2, f4 values with the corresponding ones
proposed by Zhang and Cai [37]. a) The effect of ambient
temperature on power output and efficiency (f1, f2); b) the
effect of part load operation on gas turbine efficiency (f4).

3 DISCUSSION AND RESULTS
3.1 Modeling Verification
To verify the modeling procedure and results proposed in
this paper, the modeling results were compared with those
reported in Reference [38] for the same input values. The
case study in Reference [38] is shown schematically in
Figure 6. It included a pipeline with a compressor station
(equipped with two compressors) located at the middle. This
pipeline transmitted 350 MMSCFD gas volume flow rate
with inlet and outlet gas pressures of 104.6 and 56.8 baras
(absolute pressure in bars) respectively. Pipe diameter and
roughness were also 0.4953 m and 18 μm respectively.

During steady state operation with the specified inlet and
outlet gas pressures (104.6 and 56.8 baras respectively) and
compressor rotating speeds (13 116 rpm), the natural gas
mass flow rate passing through the pipeline computed by our
modeling procedure had only 0.9 percentage point difference
with the results reported in [38].
After an hour of steady state operation, one compressor
was shut down and forced the other running compressors to
provide the maximum power of 3 580 kW. During the
unsteady operation, the pipeline inlet pressure and outlet
mass flow rate remained unchanged. Reference [38] modeled
the problem with the isothermal assumption with the flowing
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Pinlet = 104.6 bara

Poutlet = 56.8 bara

Tinlet = 26.7 °C
L1 = 92.2 miles (148.4 km)

L2 = 100 miles (160.9 km)

Figure 6

400

60

300
200

p (bara)

Station flow (MMSCFD)

The schematic view of the case study reported in [38].

[38]

100

50
40

Present IT modeling

0
0

2

4
Time (h)

a)

6

[38]
Present IT modeling

30
0

8
b)

2

4
Time (h)

6

8

Figure 7
The comparison between the results reported in Reference [30] and the results obtained from the presented numerical modeling:
a) time variation of mass flow rate in compressor station, b) time variation of the pipeline outlet pressure.

gas average temperature value of 26.7°C. Compressor
constants of Equations (17) and (18) were obtained from the
given compressor map in Reference [38] and are shown in
Table 3.
TABLE 3
Compressor constant values based on information provided
in Reference [38]
b1
3.6476 × 10-4

b2

b3

4.8921

-6.4415 × 104

b4

b5

b6

21.7834

1.9451 × 106

-1.5115 × 1010

The comparison between the results of the presented
modeling approach and the results of Reference [38] are
shown in Figure 7. The comparison yields maximum and
average difference values of about 4% and 1.2% respectively, for the time variation of pipeline outlet pressure, and
4.7% and 2.5% for the time variation of station mass flow
rate which shows a good agreement.
3.2 N-P-D Pipeline (Steady State Operation)
In this section, the differences caused by the IT and NIT
approaches in gas pipeline modeling were estimated and the
effects of ground temperature on the gas pipeline performance was investigated for the steady state operation of N-P-D
pipeline.

3.2.1 The comparison of gas temperature variation
computed by IT and NIT modeling approaches

The gas temperature variations along the pipeline obtained
from the IT and NIT modeling approaches are shown in
Figure 8 for various ground temperatures (0, 20, 40, 50°C).
Two factors which affected the natural gas temperature
variation in a pipeline were heat transfer between the gas (pipe
walls) and soil, as well as Joule-Thomson effect (temperature
decrease with pressure drop in natural gas).
For those cases in which the natural gas temperature was
higher than the ground temperature, both the above mentioned factors caused the natural gas to cool down along the
pipeline. These cases included both inlet and outlet Pataveh
Compressor Station (PCS) pipelines for the ground temperatures of 0, 20°C (with the natural gas temperature variations
shown in Fig. 8a, b) as well as outlet PCS pipeline for the
ground temperatures of 40, 50°C (with the natural gas
temperature variations shown in Fig. 8c, d).
For those cases in which the natural gas temperature
was lower than the ground temperature, the variation of the
natural gas temperature along the pipeline was the resultant
of two mentioned opposite effects (heat transfer from the
soil to the natural gas, and cooling down as a result of
Joule-Thomson effect). The above mentioned cases
included inlet PCS pipeline for the ground temperatures of
40, 50°C (Fig. 8c, d).
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Figure 8
Comparison of the gas flow temperatures in Nourabad-Dorahan pipeline obtained from IT and NIT modeling approaches for various ground
temperatures.

As is shown in Figure 8d the gas temperature along the
inlet PCS pipeline varied very smoothly.
An important point is that as Figure 8a-d show, a jump in
temperature due to the gas compression at PCS was ignored
by the IT modeling approach.
3.2.2 The comparison of gas pressure variation computed
by IT and NIT modeling approaches

The gas pressure variation along the pipeline obtained from
the IT and NIT modeling approaches are shown in Figure 9
for various ground temperatures (0, 20, 40, 50°C).
In general, with gas temperature drop (increase of gas
density) for a fixed mass flow rate (m· = ρAv), the volumetric
flow rate (Av) and frictional resistance (absolute value of the
first term in RHS of Eq. 2) decrease and therefore, a lower
pressure drop occurs in the pipeline. Therefore, for a fixed
mass flow rate, a higher flowing gas temperature caused a
higher pressure loss in the pipeline.
The comparison of Figure 9a, b with Figure 8a, b shows
that NIT modeling approach predicted the higher pressure
drop in both inlet and outlet PCS pipelines than that for IT
modeling. This is due to a higher gas flow temperature along
the N-P-D pipeline predicted by NIT modeling approach.

This resulted in a need for a higher pressure increase at the
compressor station for this type of pipeline modeling.
Figure 9c, d shows that the NIT modeling approach
predicted a lower pressure drop for inlet PCS pipeline and a
higher pressure drop for outlet PCS pipeline in comparison
with the IT modeling. This observation is consistent with the
temperature variations predicted by the two modeling
approaches shown in Figure 8c, d in which the NIT modeling
predicted the lower gas flow temperature along the inlet PCS
pipeline and the higher gas flow temperature at the outlet
PCS pipeline in comparison with the IT modeling.
3.2.3 The comparison of compressor operational
parameters and fuel consumption rates at the PCS
computed by IT and NIT modeling approaches

Table 4 compares the compressor head, compressor rotational speed and fuel consumption rate obtained from the IT
and NIT modeling approaches for various ground temperatures
(0, 20, 40, 50°C).
This table shows the higher values of the above mentioned
parameters predicted by NIT modeling approach in comparison with the IT modeling approach with the difference percent points of 33.7%, 16.6% and 23% respectively for 0°C
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Figure 9
Comparison of the gas flow pressures in Nourabad-Dorahan pipeline obtained from IT and NIT modeling approaches for various ground
temperatures.

TABLE 4
Comparison of compressor heads, speeds and fuel consumption rates obtained from IT and NIT modeling
in N-P-D pipeline for various ground temperatures
Head (kJ/kg)

Compressor speed (rpm)

Rate of fuel consumption (kg/s)

Tground
(°C)

Isothermal
(IT)

Non-isothermal
(NIT)

Difference %

Isothermal
(IT)

Non-isothermal
(NIT)

Difference %

0

17.208

25.936

33.7

4 929.4

5 910.5

16.6

0.4934

0.6404

23

20

25.508

30.159

15.4

5 914.5

6 358

7

0.6193

0.6928

10.6

40

35.443

34.7

-2.1

6 919.5

6 807.5

-1.6

0.7611

0.7473

-1.8

50

41.066

37.091

-10.7

7 431.7

7 033.1

-5.7

0.8387

0.7753

-8.2

ground temperature case, and 15.4%, 7% and 10.6%
respectively for 20°C ground temperature case. However,
Table 4 shows the lower values of the above mentioned parameters predicted by NIT modeling approach in comparison
with the IT modeling approach with the difference percent
points of 2.1%, 1.6% and 1.8% respectively for 40°C ground
temperature case, and 10.7%, 5.7% and 8.2% respectively for
50°C ground temperature case. These observations were consistent with the pressure jumps at PCS predicted by the two
modeling approaches shown in Figure 9. For example, Figure
9a shows that for the ground temperature of 0°C, NIT modeling approach predicted a higher pressure jump at PCS in

Isothermal Non-isothermal
(IT)
(NIT)

Difference %

comparison with the results of IT modeling approach. In
general, a higher pressure jump at the compressor station
means a higher compressor head, compressor rotational
speed and fuel consumption rate.
It should be noted that the comparison of NIT modeling
results for various ground temperatures in Table 4 also shows
that there are higher values of compressor head, speed, and
fuel consumption for the higher ground temperatures. This is
due to the fact that at the higher ground temperatures, higher
natural gas temperatures existed along the pipeline which
caused greater pressure losses in the pipeline. Therefore, for
the transmission of a specified natural gas mass flow rate
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Figure 11
Time variation of pipeline outlet pressure (at Dorahan)
obtained from NIT modeling approach for various ground
temperatures starting from shutting down one compressor
until the pipeline reached the steady state condition.

Figure 10
Time variation of compressor operating points (at the station
showed in Fig. 4) obtained from NIT modeling approach for
various ground temperatures from shutting down one
compressor until the pipeline reached the steady state
condition (about 24 h).

between two specified inlet and outlet pressures, there was a
greater pressure jump at the PCS (which meant higher compressor head, speed, and fuel consumption) when higher
ground temperatures were studied. For example, the comparison of results in Table 4 shows that the compressor head,
speed and fuel consumption were respectively 43%, 19%,
and 70% higher than that for the ground temperature of 50°C
in comparison with the 0°C case study.
3.3 N-P-D Pipeline (Unsteady Operation)
At this section, the steady operation of the N-P-D pipeline
introduced in Section 3.2 became unsteady due to a compressor shut down at the PCS. The goal was to provide the
required pressure at the pipeline exit (5.86 MPa at Dorahan)
for the specified values of the pipeline inlet pressure (7.24
MPa at Nourabad) and outlet mass flow rate (80 MMSCMD
at Dorahan).
The results based on NIT modeling approach and the
above mentioned boundary conditions showed two different
responses for various ground temperatures (0, 20, 40, 50°C).
For the ground temperatures of 0 and 20°C, the operating
point of the two remaining compressors at the PCS moved
towards the higher allowable speeds (from 5 910 to 6 914 rpm
for 0°C ground temperature case and from 6 358 to 7 417 rpm
for 20°C ground temperature case as are shown in Fig. 10) to
provide the required outlet gas pressure (Fig. 11).

In contrast, for the ground temperatures of 40 and 50°C,
the speed of two remaining compressors had to increase
higher than that of the permissible limit (7 700 rpm) to provide the assumed required pipeline outlet pressure. For this
reason for ground temperatures of 40 and 50°C, the boundary
condition of the required pressure at the pipeline exit (5.86
MPa at Dorahan) was replaced with the maximum permissible speed (7 700 rpm for the two remaining compressors at
the PCS). Figure 10 shows that after one compressor shut
down, the operating point of the two remaining compressors
moved on the maximum permissible speed line for the
ground temperatures of 40 and 50°C.
As Figure 11 shows, there was the pipeline outlet pressure
drop of 3.8% and 8.2% respectively for the ground temperatures of 40 and 50°C in 24 hours (the time at which the
pipeline approximately reached the steady state operational
condition).
Twenty four hours after shutting down one compressor,
the steady state pipeline outlet pressure drop for the ground
temperature of 50°C was about 2.15 times of 40°C ground
temperature.
Therefore, the compressor station may not be able to
provide the required outlet pressure at Dorahan in the above
mentioned emergency situation for the higher ground
temperatures.
Finally, it is worth mentioning that the results of IT modeling
approach for unsteady operation of N-P-D pipeline showed
34.1%, 14.8% and 27% lower percent point values for
compressor head, compressor rotational speed and fuel
consumption rate respectively for 0°C ground temperature
case in comparison with NIT modeling results. The above
percent points changed to 16%, 6% and 10.1% respectively
for 20°C ground temperature case.

ogst100125_Sanaye

6/06/12

Pipeline outlet temperature (°C)

446

15:26

Page 446

Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 67 (2012), No. 3

60
55
50
45
40
35
30
25
20
15
10

0

5

Tground = 0°C

10

15

20

25 30
Time (h)

Tground = 20°C

35

Tground = 40°C

40

45

50

Tground = 50°C

Figure 12
Time variation of pipeline outlet temperature (at Dorahan)
obtained from NIT modeling approach for various ground
temperatures starting from shutting down one compressor
until the pipeline reached the steady state condition.

Furthermore IT modeling approach showed 3.2% and
9.9% higher percent point values for pipeline outlet pressure
drop for ground temperatures of 40°C and 50°C respectively
in comparison with NIT modeling results. The above mentioned results were obtained based on the final steady state
numerical values of parameters which did not change noticeably after 24 hours of compressor shut down in the PCS.
Also Figure 12 shows the slight variations of pipeline outlet
temperature (at Dorahan) with time during unsteady operation
for various ground temperatures.

CONCLUSION
The steady state pipeline modeling results showed that the IT
modeling of the gas flow caused errors in predicting the gas
pressure along the pipeline. Furthermore IT modeling
approach also ignored the noticeable temperature change at
the compressor station. The above mentioned factors caused
errors in estimating operational parameters of compressors
such as compressor speed and its fuel consumption rate predicted by IT modeling approach.
The effects of ground temperature on the performance of
the gas pipeline may be explained in another way too. Higher
ground temperatures, increased the gas flow temperature,
volumetric flow rate and pressure loss. These factors increased
the required compressor power and fuel consumptions.
The unsteady operation of the N-P-D pipeline due to a
compressor shut down was also studied at various ground
temperatures. The results showed that, at the lower ground
temperatures, the remaining running compressors could provide the pipeline outlet pressure by increasing the rotational
speed in the allowable range. However at higher ground

temperatures, there was need for higher compressor rotational
speed than the maximum allowable limit to provide the
required pipeline gas pressure. Assuming a fixed maximum
allowable rotational speed for compressors also caused the
lower pipeline outlet pressure than that required (with higher
pressure drop at higher ground temperature).
The computing time for the NIT modeling approach was
about three times of corresponding value for IT modeling
approach. As an example, for the ground temperature of 0°C,
the computing time for IT and NIT modeling discussed in
Section 3.2 were about 0.47 second and 1.44 second respectively on Intel (R) Core (TM) i5 2.53 GHz. Therefore in optimizing tasks using evolutionary methods, the non-isothermal
modeling may impose an excessive computing time.
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APPENDIX 1
Continuity

∂ρ ∂(ρv )
+
=0
∂t
∂x

(a-1)

∂z ∂z ∂p ∂z ∂T

∂ρ ∂ ⎛ p ⎞ ⎛ 1 ∂p
p ∂T p ∂z ⎞ ∂t =∂p ∂t +∂T ∂t
= ⎜
−
⎟=⎜
⎟ ⎯⎯⎯⎯⎯→
∂t ∂t ⎝ ZRT ⎠ ⎝ ZRT ∂t ZRT 2 ∂t Z 2 RT ∂t ⎠
∂ρ ∂p ⎛ 1
p ∂z ⎞ ∂T ⎛
p
p ∂z ⎞
= ⎜
− 2
− 2
⎜−
⎟
⎟+
2
∂t ∂t ⎝ ZRT Z RT ∂p ⎠ ∂t ⎝ ZRT
Z RT ∂T ⎠

(a-2)

∂(ρv ) 1 ∂m
=
∂x
A ∂x

(a-3)

Substituting (a-3) and (a-2) into (a-1), gives:
∂p ⎛
p ∂z ⎞ ∂T ⎛ p p ∂z ⎞ ⎛ ZRT ⎞ ∂m
=0
⎟
⎜− −
⎟+⎜
⎜1 −
⎟+
∂t ⎝ Z ∂p ⎠ ∂t ⎝ T Z ∂T ⎠ ⎝ A ⎠ ∂x

Momentum

vv
∂v
∂v 1 ∂p
+v +
=−f
πD − g sin θ
∂t
∂x ρ ∂x
8A

(b-1)

∂v ∂ ⎛ m ⎞ 1 ∂m
m ∂ρ
= ⎜ ⎟=
−
∂t ∂t ⎝ ρA ⎠ ρA ∂t ρ2 A ∂t

(b-2)

∂ρ ∂p ⎛ 1
p ∂Z ⎞ ∂T ⎛
p
p ∂z ⎞
= ⎜
− 2
− 2
⎜−
⎟
⎟+
2
∂t ∂t ⎝ ZRT Z RT ∂p ⎠ ∂t ⎝ ZRT
Z RT ∂T ⎠

(b-3)

∂v
=
∂x

( ρA) = 1 ⎛⎜ 1 ∂m − m ∂ρ ⎞⎟

∂ m

∂x

A ⎝ ρ ∂x

∂ρ ∂p ⎛ 1
p ∂z ⎞ ∂T
= ⎜
− 2
⎟+
∂x ∂x ⎝ ZRT Z RT ∂p ⎠ ∂x
v=

ρ2 ∂x ⎠

⎛
p
p ∂z ⎞
−
⎜−
⎟
⎝ ZRT 2 Z 2 RT ∂T ⎠

m
m ZRT
=
ρA
pA

Substituting (b-3) into (b-2) and (b-5) into (b-4), and then the final equations as well as (b-6) into (b-1) gives:

pA ∂Z ⎞
∂p ⎛ mZ
∂Z pA 2 ⎞ ∂p ⎛ A
pA ∂Z ⎞
∂m ∂m ⎛ pA ⎞ ∂T ⎛ pA
+
+ m
+
+
+
⎜
⎟+
⎜
⎟+
⎟ + ⎜−
⎜−
⎟+ Z
2
⎝
⎝
⎠


∂
t
RT
Z
∂x ⎝ p
∂p mRT
R
T
∂
p
x
t
RTm
t
RT
ZRT
∂T ⎠
∂
∂
∂
⎝
⎠
⎠
m

∂T ⎛ mZ
∂Z ⎞
p2 A2
+ m
=0
πDZ + g sin θ
⎜
⎟+ f
 ( RT )2
∂x ⎝ T
∂T ⎠
8A
mZ

(b-4)

(b-5)

(b-6)
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Energy

ρ

ρv 2 v
dh dp Ω
−
= +f
πD
8A
dt dt A

dh
dT ⎛ T ⎛ ∂ρ ⎞ ⎞ 1 dp
= cp
+ ⎜1 + ⎜ ⎟ ⎟
dt
dt ⎜⎝ ρ ⎝ ∂T ⎠ p ⎟⎠ ρ dt

(c-2)

⎛ ∂ρ ⎞
p⎛ 1
1 ∂Z ⎞
−
⎜ ⎟ = ⎜−
⎟
⎝ ∂T ⎠ p R ⎝ ZT 2 TZ 2 ∂T ⎠

(c-3)

Substituting (C-3) into (C-2) and the result into (C-1) gives:
ρv 2 v
⎛ ∂T
∂T ⎞ ⎛ T p ⎛ 1
1 ∂Z ⎞⎞ ⎛ ∂p
∂p ⎞ Ω
πD ⇒
ρ cp ⎜ + v ⎟ + ⎜−
⎟⎟ ⎜ + v ⎟ = + f
⎜ 2+ 2
⎝ ∂t
8A
∂x ⎠ ⎝ ρ R ⎝ ZT
TZ ∂T ⎠⎠ ⎝ ∂t
∂x ⎠ A
cp

(c-1)

2
⎛ RTZ ⎞
m m
∂T ∂T ⎛ A p cp ⎞ ∂p ⎛ RTZ RT 2 ∂Z ⎞ ∂p ⎛ A T A ∂Z ⎞ Ω
+
−
−
−
−
f
+
+
−
−
π
D
⎜
⎟
⎜
⎟
⎟
⎜
⎜
⎟ =0
8 A3
p ∂T ⎠ ∂t ⎝ m Z m ∂T ⎠ m
∂x ∂t ⎝ m ZRT ⎠ ∂x ⎝ p
⎝ p ⎠

