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h&kﬁ,ns}(ﬁw)eé

area

orifice discharge coefficient

Constant pressure &volume specific heats

Inlet tube diameter

Inlet cylinder diameter
Gravitational acceleration
Specific enthalpy

Nusselt number

Thermal conductivity
Reynolds number
Velocity

thickness

Heat transfer convection coefficient
Mass flow rate

Molecular weight

Pressure
Heat transfer rate

Temperature
Internal energy
Enthalpy
Entropy

time

Specific volume
Volume

Actual work
Actual work rate
Height

Density

(m?)

(kj/kg K)

(m)

(m)
(m/s?)
(kj/kg)

(W/mK)

(m/s)

(m)
(W/m°K)
(kgls)
(kg/kmol)
(bar or Pa)
(kw)

(K or °C)
(kj/kg)
(kj/kg)
(kj/ K)

(s)
(m°/kg)
(m°)
(kj/kg)
(kW or MW)
(m)
(kg/m?)



NP
NV1
NV?2
NV3
NS

P

max
ow
OHT
LPR
MPR
HPR

Pressure Ratio
Ratio the volume of Low Storage Bank to NGV cylinder
Ratio the volume of Medium Storage Bank to NGV cylinder
Ratio the volume of High Storage Bank to NGV cylinder
Entropy Ratio

by pidle
Molar density

Reduce density
Gas gravity

Molar specific volume

Joule-Thomson coefficient
Isentropic Exponent

b gy

NGV on-board cylinder
Control Volume
discharge

exit condition

initial or inlet condition
internal

inside wall

interface wall

outside wall

maximum

outside wall

Overall Heat Transfer Coefficient
Low Storage Bank
Medium Storage Bank
High Storage Bank



av
gen
tot

Optimum

present condition
start of filling process
suction

Target Pressure
reservoir tank
ambient

average

generation

total
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C Start D

Input
Initial in-Cylinder» Conditions (Po©@, T o)
Imnitial Wall Temperatures (Twl(o), Twz(o)Tws(o))
Volume of Cylinmdex (V)
In-Reservoir Conditions (PR(O), TR(O))
Volume of Resexrvoir (INV) WN=—1,2,35,...IN

&

Calculate
Imitial in-Cylindey Thernmodynamic Properties
a =, (P <5 (min ), m ), s s A D
and
Imitial in-Reservoir Thermmodymnamic Properxrties
1 g9, (P 1P, (2 gP), (M P, 5 &), (A D

O,1,.2,._ ..
=i+
time tV=tU+Ax

X

With Using Fguations (42-4), (43-4). (44-4) and (5-3) for oin
Calculate
Inner Surface Wall Temperature (T,,,%*?)
Interface Wall Temperature (T.,%"
Outer Surface Wall Temperatures (T.,:%"")

L

Calculate
Internal energy (U9 1), (a9 1) Using Fguations (48-4), (65-4)
mass (m 971y, (g Wsing Equations (45-4), (63-4)
Density (1), (PprITD Using Fqguations (46-4), (G4-4)

Il

With Having 2 Thermodynamic Properties (P o uasd7 1), (pr91? a9 1)
Calculate
Pressure (Pod )y, (P9
Temperature (I 97y, (T )
Enthalpy (o9, (g9 )
Entropy (s 9", (sx9 "
Heat Capacity (Cp <977, Cv o9"), (Cp 9P, Cv g9

Calculate
Entropy generation (Sgen «)Gotal) and (Sgen g ))Gotald

Usimg Fguations (S2-4), (67-4)
NO |

P =P varger (Z20MIPaAa)

/

YES |

—
Calculate
Total Entropy generation (Sgen ciocald)
Using FEquation (71-<4)

D
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C Start )
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Input
In-Cylinder Conditions (Pc™@®, T

In-Low Reservoir Conditions (Prpr®, Trrr®)
In-Medium Reservoir Conditions (PMPR(O), TMPR(O))
In-High Reservoir Conditions (Puprr®, Tarr®)

From j=0,1.2....
j=i+1
0 D=¢@D+ At

time

YES
PO = Py ppd?
. 4
_ PR — Py D
YES
PrLerW' P=Pc0 = Prypr P
A 4
PR — Pyt
A 4

Calculate
In-Cylinder and In-Reservoir

Thermodynamic Properties

P9 D =P rTarget (20MPa)

( End

LS)L":‘."J o)ﬂ_‘}.’) u)l-’“l-’djj o g (oimias Lso..\.cJ?[‘,.';.l)ﬂ|8-4 Ji,.u




Start

1

Innput
Imnitial in-Cylinder Conditions (o, T 9

Volume of Cylindex (V)

In-Reservoir Conditions (Pr@, Tgr)
Volume of Reservoir (WNWV) WN=1,2.3_...IN

1

Calculate
TImnitial in- Cylinder Therimodynamic Properties
a D, (P D, (i

<>, (am

C(O))9 s C(O))’ Ch C(O))
and

Imnitial in-Reservoir Thermodynamic Properxrties
a g, (P g, Gir ), (M 1), (5 BRP). G gD

From

a
time t9V V=P At

1

Internal energy (uc9 ), (ugd ')

Calculate
mass (I C(jﬂ_’l)), Cann R_(i+1)
Density (P9, (pr9*D

Using FEguations (A48-4), (65-4)
Wsing FEqguations (45-4), (63-4)
Using Eguations (46-4), (64-4)

1

With Having 2 Thermodynamic Properties (pc

- G I, (e
suRr9T)
Calculate
Pressure (P91, (Pr9)

Temperature (I (i+1)), (TRG+1))
Enthalpy (o9, (gt 1)

Entropy (s <", (s "
Heat Capacity (Cp

i+1
<9 >, Cwv

Gy (Cp v, Cv g

rrsboree

Entropy generation (Sgen o) (total) and (Sgen
r)(total) Using FEguations (52-4), (667-<4)

NO |
PO —p Tarm/a)

YES |
Calc

'lllate
Total Entropy generation (Sgen (total))

Using FEguation
(S1-4>
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Start

1

Input
Imitial in-Cylinder Temperature (L)
Imitial in-Cylinder Pressure (PoO)
Volume of Cylindex (V)
In-Reservoir Pressure and Temperature (Pr, Tgr)

Calculate
Imitial in-Cvlinder internal energy (uc)
Imitial in-Cylinder density (po@©@
Imitial in-Cylinder mass flow rate (ria )
Imitial in-Cvyvlinder mass (mm o)
Initial in-Cylinder entropyvy (s c(o))
Initial in-Cvylinder enthalpy (h <©»

INn-Reservoir enthalex sh r)

' |

From j=0,1,2,...
j?j+1 -
time tV P =tP+Aax

1

Calculate
Internal energy (a9 Using Equation (44-4)
mass (xm P Using Eqguation (45-4)
Density (pcF1D) Using Fqguation (S52-4)

With Having 2 Therimmodynamic Properties (pc
Calculate
Pressure (P9t
Temperature (L o971
Enthalpy (a9
Entropy (s <97
Joule Thomson Coefficient (puT c(j+1))
Heat Capacity (Cp <9, ov 971

+2 +2
G > c(] ))

N

Calculate

Entropy generation (Sgemn ~971)
(S0-4)

Using Fguation

~no |

PO o Target(Z()/a)

YES
= 4

Calculate
Total Entropy generation (Sgen (total))

Using Equation (S1-4)




Start

1!

Input
Initial Temperature (Lo)
Initial Pressure (Po©)
Volume of Cylindex (V)

Calculate
Imnitial internal energy (o)
Imnitial density (o)
Initial mass (@)
Initial mass flow rate (zin o
Initial entropy (s c(o))

o> b)

i

From j=0,1,2,...
ji=j+a
time t9V=t@PcAax

1

Calculate
Pressure (P9 1) Using Equation (S9-4)
mass C(i+1)) Using Eqguation (45-4)
IDensity (pc(i+1)) Using FEguation (46-4)

1

With Having 2 Thermmodynamic Properties (pc(j"'l) 0 Pc(j"'l))
Calculate
Internal energy (uc
Temperature (I G712
Enthalpy (W91
Entropy (s o7
Joule Thomson Coefficient (purt c(j+1))
Heat Capacity (Cp 9, v 47

(i-"l))

Calculate
Entropy generation (Sgen 971 Using EFguation
(62-4)

no |

P, =P target (ZO0MPa)

/

YES
s
Calculate
Total Entropy generation (Sgen cotal) Using Equation (S52-4)
=z
End
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Quantity Normal Range | Expanded Range
Relative Density 0.554 10 0.87 0.07to 1.52
Gross Heating Value 477 to 115 Btu/scf | 0 to 1800 Btu/scf
Gross Heating Value 18.7t0 45.1 Mj/m® | 0to 66 Mj/m’
Mole Percent Methane 45 to 100 0 to 100
Mole Percent Nitrogen 0 to 50 0to 100




Mole Percent Carbon Dioxide 0to 30 0 to 100
Mole Percent Ethane 0to 10 0 to 100
Mole Percent Propane Oto4 Oto12

Mole Percent Total Butanes Otol Oto6

Mole Percent Total Pentanes 0t00.3 Oto4

Mole Percent Hexanes Plus 0t00.2 0 to Dew Point
Mole Percent Helium 0t00.2 Oto3
Mole Percent Hydrogen 0to 10 0to 100
Mole Percent Carbon Monoxide Oto3 Oto3
Mole Percent Argon 0 Oto1l
Mole Percent Oxygen 0 Oto21
Mole Percent Water 010 0.05 0 to Dew Point
Mole Percent Hydrogen Sulfide 0t00.02 0to 100
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20- Molar Heat Capacity

21- Isentropic Exponent

22- Joule - Thomson Coefficient
23 -Enthalpy

26-Internal energy

27- Entropy

28- Molar Internal Energy

29- Molar Entropy
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AAPD P Range T Range Number of Ref Mixture
(%) [MPa] [K] Data

0.0084 1-15 253.15-323.15 28 Capla et al. [39] NG1
0.064 1-15 253.15-323.15 28 Capla et al. [39] NG2
0.216 2-35 270-340 30 Patil et al. [38] NG3

0.06013 1-15 253.15-323.15 28 Capla et al [39] NG4

0.0997 0.2-10.5 250-325 77 Hwang et al [40] NG5

0.0533 0.2-10.5 275-325 60 Hwang et al [40] NG6
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AAPD | ConstantP | T, [K] | Number Ref
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0.474 3 304-525 51 Day et al. [42] Pure CH,
0.468 7 313-513 40 Day et al. [42] Pure CH,
1.72 7 376-474 21 Day et al. [42] 0.89CH,
+ 0.11C,H,
1.44 7 375-428 20 Day et al. [42] 0.75CH,
+ 0.25C, H,
2.211 13-55 361-367 24 Ashton and Haselden [43] Mix11
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NIST [41] slo
Temperature Pressure Temperature | Pressure Density( | Internal
Error (%) | Error (%) | (K) (NIST [41]) (Pa) B kg/m®) Energy
(NIST Temperat_ure (Pa_l) (kj/kg)

R

0.001 0.005 300 100005 300 100000 0.6443 -152
0.012418 -2.28225 293.7 1665000 93,6635 1703887 11.28 -174.4
0.01812 -1.48459 294.5 1860000 294 4466 1888030 12.6 -174.5
0.021009 -0.91282 295.3 2054000 295238 2072922 13.93 -174.6
0.022237 -0.42275 296.1 2949000 296.0342 2958548 15.26 -174.6
0.022572 -0.03657 296.9 2444000 296.833 2444894 16.58 -174.7
0.022548 0.229874 297.7 2638000 297 6329 2631950 17.91 -174.7
0.022541 0.471437 298.5 2833000 298.4327 2819707 19.23 -174.7
0.022823 0.626358 299.3 3027000 299 2317 3008158 20.55 -174.7
0.023592 0.772587 300.1 3222000 3000292 3197298 21.88 -174.7
-0.00824 0.852574 300.8 3416000 300.8248 3387122 23.2 -174.7
-0.00601 0.932815 301.6 3611000 301.6181 3577627 24.52 -174.7
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-0.00295 0.986757 302.4 3806000 302.4089 3768811 25.84 -174.7
0.000995 1.018215 303.2 4001000 303.197 3960672 27.16 -174.7
0.005863 1.030303 304 4196000 303.9822 4153209 28.48 -174.7
0.011689 1.048587 304.8 4392000 304.7644 4346424 29.8 -174.7
0.018495 1.02819 305.6 4587000 305.5435 4540317 31.11 -174.7
-0.00634 1.01607 306.3 4783000 306.3194 4734890 32.43 -174.7
0.002545 1.011192 307.1 4980000 307.0922 4930147 33.75 -174.7

0.01244 0.973642 307.9 5176000 307.8617 5126090 35.06 -174.7
-0.00906 0.944533 308.6 5373000 308.6279 5302775 36.38 -174.6
0.002933 0.922879 309.4 5571000 309 3909 5500057 37.69 -174.6
-0.01633 0.872832 310.1 5768000 3101506 5718091 39 -174.6
-0.00227 0.847848 310.9 5967000 310.907 5916834 40.32 -174.6
-0.01932 0.79632 311.6 6165000 311.6602 6116295 41.63 -174.6
-0.00323 0.768142 312.4 6365000 312.4101 6316480 42.94 -174.5
-0.01812 0.715002 313.1 6564000 313.1567 6517400 44.25 -174.5
-4.8E-05 0.68366 313.9 6765000 313.9002 6719064 45.56 -174.5
-0.01283 0.643171 314.6 6966000 314.6404 6921483 46.87 -174.5
-0.02454 0.59417 315.3 7167000 315.3774 7124667 48.18 -174.5
-0.00356 0.550861 316.1 7369000 316.1112 7328629 49.48 -174.4
-0.01325 0.512626 316.8 7572000 316.842 7533382 50.79 -174.4
-0.02192 0.478899 317.5 7776000 317.5696 7738938 52.1 -174.4
0.001843 0.436577 318.3 2980000 318.2941 7945313 53.4 -174.4

-0.0049 0.398408 319 8185000 319 0156 8152520 54.71 -174.4
-0.01066 0.363909 319.7 8391000 319 7341 8360575 56.01 -174.3
-0.01547 0.332632 320.4 8598000 3004496 8569495 57.31 -174.3
-0.01933 0.292773 321.1 8805000 3211621 8779297 58.62 -174.3
-0.02226 0.255931 321.8 9013000 321.8716 8989992 59.92 -174.3
-0.02421 0.233313 322.5 9223000 3225781 9201532 61.22 -174.2
-0.02509 0.203445 323.2 9433000 3232811 9413848 62.52 -174.2
-0.02485 0.167533 323.9 9643000 3239805 9626872 63.82 -174.2
-0.02342 0.147015 324.6 9855000 304676 9840533 65.11 -174.2
-0.02072 0.052116 325.3 10060000 3053674 | 10054760 66.4 -174.2
-0.01671 0.005067 326 10270000 326.0545 | 10269480 67.69 -174.1
-0.04193 0.051334 326.6 10490000 326.7369 | 10484618 68.97 -174.1
-0.03501 -0.00092 327.3 10700000 3074146 | 10700098 70.25 -174.1
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-0.02659 -0.05353 328 10910000 328.0872 | 10915844 71.52 -174.1
-0.01661 -0.01594 328.7 11130000 3287546 | 11131774 72.79 -174
-0.03537 -0.0688 329.3 11340000 3094165 | 11347807 74.05 -174
-0.02202 -0.03338 330 11560000 3300727 | 11563860 75.31 -174
-0.03718 -0.08359 330.6 11770000 3307229 | 11779847 76.55 -174
-0.02024 -0.04733 331.3 11990000 3313671 | 11995678 77.79 -173.9

-0.0316 -0.09224 331.9 12200000 3320049 | 12211264 79.02 -173.9
-0.04094 -0.13287 332.5 12410000 3326361 | 12426511 80.24 -173.9
-0.04821 -0.08957 333.1 12630000 3332606 | 12641323 81.45 -173.9

-0.0234 -0.12137 333.8 12840000 3338781 | 12855602 82.65 -173.8
-0.02644 -0.14726 334.4 13050000 3344884 | 13069246 83.84 -173.8
-0.02727 -0.16677 335 13260000 3350013 | 13282151 85.02 -173.8
-0.02583 -0.10529 335.6 13480000 3356867 | 13494208 86.19 -173.8
-0.05184 -0.1117 336.1 13690000 336.2742 | 13705309 87.35 -173.8
-0.04567 -0.11023 336.7 13900000 336.8538 | 13915339 88.49 -173.7
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Abstract

In recent years the use of natural gas as the primary fuel for vehicles has increased
dramatically in Iran. In the initial investigation it is found in cases (for example selecting
optimum pressures for low and medium storages), there is potential to increase efficiency
of CNG stations. In this thesis, the author is looking for ways to improve the performance
of these stations with thermal and thermodynamic simulations of CNG stations. In this
research station, the main sections of CNG station, including compressor, storage tanks,
filling process to NGV cylinder have been studied. For determination the thermodynamic
properties of natural gas, AGA8 equation of state is used.

The first and second laws of thermodynamics have been employed as theoretical tools in
order to investigate filling process and final in-cylinder and in-reservoir conditions of a
CNG station.

The results showed that ambient temperature has the big effect on refueling process, chiefly
final NGV cylinder and storage bank conditions. Also it is found that, the compositions of
natural gas have big effects on the CNG filling process and final in-cylinder values.The
results also showd that the initial pressure of cascade storage bank has big effect on the
storage bank volumes for bringing up the NGV cylinder to its target pressure.

The charged mass for the Pars gas (lowest methane percentage in the composition with
87% methane) and the Khangiran gas (highest methane percentage in the composition with
98% methane) are 7.5 and 9.1 kg respectively. This shows the significantly of natural gas
compositions on the charged mass (21% here). It should be pointed out that the charged

mass is directly related to driving range of a NGV.



Also, the result shows the initial pressure of storage bank has a big effect on the storage
bank volume for bringing up the NGV cylinder to its target pressure (20MPa). The volumes
of low, medium and storage bank that required for bringing up the NGV on-board cylinder
to its final pressure (20MPa) for the various initial cascade storage bank pressures,
RP=1.025 (PLSB=4.62275MPa, PMSB=12.6075MPa and PLSB=20.5MPa), RP=1.05
(PLSB=4.7355MPa, PMSB=12.915MPa and PLSB=21MPa) and RP=1.1
(PLSB=4.961MPa, PMSB=135.3MPa and PLSB=22MPa) were found .

For RP=1.025 the result also shows the filling time is about 130 seconds higher than
CNG station with reservoir system with unchanged conditions.

For various lIranian natural gas compositions, the optimized LPR occurs between
NP1=0.17 to NP1=0.22 Also the optimized non-dimensional MPR occurs near
NP2 =0.62 At these points, the exergy destruction during filling is minimized.

Keyword: Natural Gas, CNG Station, Reservoirs, Filling Process, Entropy Generation.
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