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ABSTRACT

This project presents a method of measuring mass flow rate of natural gas using a reliable
Equation of State (EOS) to eliminate the use of expensive coriolis meter. Natural gas is
an alternative vehicle fuel that has long been proposed as a way to provide significant air
quality benefits over petroleum fuels. Unlike gasoline or diesel gas that can be measured
in volumetric flow rate, natural gas needs to be measured in mass flow rate. Only coriolis
meter is available in the market that can give the reading in mass per unit time while the
other flow meters give the volumetric reading. However, the high cost of coriolis meter
has led to the research of finding another alternative to measure mass flow rate of natural
gas. The method considered in the study is to have the volumetric flow rate measured,

prior to converting it to mass flow rate using a suitable Equation of State (EOS).

In order to complete this project, there are four critical stages involved. The first stage is
to conduct several experiments using a Test Rig Dispenser to obtain Pressure-Volume-
Temperature (PVT) relation of natural gas. These data are then being used for the
purpose of performing computation of errors for the tested EOSs. Errors for all of the
EOSs are then compared to determine the EOS that gives the smallest error percentage.
After that, another stage to validate the obtained EOS is done. In this stage, the EOS is
used along with PVT data to compute mass flow rate of the natural gas dispensed. This
mass flow rate from the computation is then being compared to the measured value of

coriolis meter.

From the results of dynamic experiment, it is observed that ideal gas law gives smallest
error percentage followed by SRK, Lee-Kesler, Peng-Robinson, Van der Waals and
Virial equation of state. However, from the static experiment, SRK gives the smallest
error followed by Lee-Kesler Plocker, Peng-Robinson, Van der Waals, Virial, and ideal
gas equation. The static experiment gives more accurate result since all thermodynamic

properties are taken at their steady state condition.
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CHAPTER 1

INTRODUCTION

11 BACKGROUND OF STUDY

Automotive industry is one of the fastest growing industries in the world. This results to
the production of million of highway vehicles that operate every single day which in turn
imposes severe environmental problems to the world. Emissions from millions of cars
and light-duty trucks, almost exclusively operating on gasoline and diesel fuel, are major
contributors to this problem. In addition, heavy-duty trucks and buses using diesel fuel
are major sources of particulates (small unburned particles of hydrocarbons and sulfur)
and nitrogen oxide emissions in urban areas. Particulates are a special concern because
the public is frequently exposed to them and current research suggests significant

respiratory problems and cancer-causing potential from particulates (Bechtold, 1997).

Alternative vehicle fuels such as natural gas, methanol, ethanol, propane, and electricity
have long been proposed as a way to provide significant air quality benefits over
petroleum fuels. However, great interest is given to natural gas vehicle technology.
Significant advances have been made in the past few years that have highlighted the
efficiency and emissions potential of natural gas vehicles. In transportation sector, natural
gas is becoming more important. It may be used in two forms: compressed natural gas
(CNG) and liquefied natural gas (LNG). Fundamentally, the difference between these
two forms is energy density - a liquid fuel carries more energy per pound than a gaseous

fuel.

Compressed Natural Gas Vehicle (CNGV) has many overwhelming advantages against
traditional means of transportation using gasoline and diesel. Firstly, it brings
environmental benefits because natural gas is completely burnt in comparison to gasoline,

alcohol or diesel. This is why NGVs emit less pollutant, i.e. nitrous oxides (NOx), carbon



dioxide (CO,) and especially carbon monoxide (CO). Secondly, the natural gas resource
is more abundant, which makes the fuel cost lower than gasoline. Besides, it is a safer
fuel. As natural gas is lighter than air, in the case of leakage, it dissipates into the

atmosphere, thereby reducing the risk of explosions and fires.

1.2 PROBLEM STATEMENT

Sales and purchases of gas involve a flow of money into and out of the industry; hence
accurate flow measurement is of paramount importance. A slight error will caused a loss
of million either to the seller or purchaser. Unlike gasoline or diesel which can be
measured in volumetric flow rate, natural gas needs to be measured in mass flow rate.
This is because unlike liquid, volume of gas is affected by its temperature and pressure.
The higher temperature and the lower pressure, the greater the volume of gas will be.
Several types of flow meter are available in market such as coriolis meter, vortex flow
meter, positive displacement flow meter and differential meter. Among this four, only
coriolis meter give the reading in mass per unit time while the other flow meters give the
volumetric reading. However, the high cost of coriolis meter has led to the research of
finding alternative measurement to mass flow rate of natural gas. The method considered
in the study is to have the volumetric flow rate measured, prior to converting it to mass

flow rate using a selected Equation of State (EOS).

1.3 OBJECTIVES AND SCOPES OF STUDY

The project is relevant through the light of its objectives and scope of study. The main
objectives of the study are:

i.  To find the relation of pressure, temperature and mass for the natural gas system
through series of experiments conducted using a NGV Dispenser Test Rig.

ii. To find the best Equation of State (FOS) that can represents the natural gas
system from several EOSs such as ideal gas, Virial, Van der Waal, Peng-
Robinson, Soave-Redlich-Kwong and Lee-Kesler equations.

iii.  To validate the EOS that had been selected from the calculation using coriolis

meter measurements as a reference.



The scope of this study will focus on finding the best EOS that can describes the
relationship between the volume of natural gas and its pressure and temperature using

experimental data, in order to relate volumetric to mass flow rate for natural gas.

1.3.1 The Relevancy of the Project

The project is an opportunity for the author to gain knowledge on some thermodynamics
properties such as pressure, temperature and volume of natural gas and the development
of natural gas vehicle. From the university’s perspective, the project is part of a project
conducted by University Technology Petronas (UTP) on the development of natural gas

refueling system.

1.3.2 Feasibility of the Project Within the Scope and Time Frame

The scope of the project is viable for completion in a one-semester research project.
Approximately one-third of the duration was spent on conducting experiments, another
one-third on computations of errors for several EOSs, and the final one-third for

validation of the best EOS obtained from the error computation results.



CHAPTER 2

LITERATURE REVIEW

21 NATURAL GAS VEHICLE

Natural Gas Vehicle (NGV) is one of the alternative fuels for vehicles that have been
considered as a way to provide significant air quality benefits over petroleum fuels such
as gasoline and diesel. Natural gas has unique physicochemical properties, and there are
vast reserves of the material, with a highly developed network for supplying it from
deposits to many regions over major gas pipelines, which combine with a low price and
considerable ecological advantages by comparison with traditional fuels, all of which

make NG a universal vehicle fuel for the 21st century (Kirillov, 2001).

2.1.1 Physical Properties and Production

Natural gas is composed primarily of methane, with a small percentage of ethane and
minute amounts of propane and heavier hydrocarbons typically present. Natural gas also
can include small amounts of nitrogen, carbon dioxide (CO), and oxygen. Impurities can

include water vapor, hydrogen sulfide, and entrained particulates (Bechtold, 1997).

2.1.2 Energy Storage Density and Storage Cost.

The amount of energy in a unit volume of natural gas is much less than in the same
volume of gasoline. For vehicle use, the same natural gas that is distributed at very low
pressures for heating and cooking is compressed and stored as CNG in specially designed
tanks at pressures of 2,400 to 3,600 psi (Bechtold, 1997). Figure 1 illustrates the
difference in energy storage density for CNG versus gasoline. Besides needing three to
five times the volume for storage, CNG storage cylinders are much heavier than gasoline

tanks and are more difficult to place within the vehicle because of their cylindrical shape.
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Figure 1: Volume Needed to Store Equal Amounts of Energy, CNG Compared to Gasoline

Source: Alternative Fuels for Vehicles Fleet Demonstration Program

To reduce the weight of CNG tanks, manufacturers in recent years have introduced
lighter materials. To store the CNG equivalent of 10 gallons of gasoline, steel-reinforced
CNG cylinders would weigh about 260 pounds, aluminum-reinforced CNG cylinders
would weigh about 220 pounds, and all-composite (made from combinations of carbon
fiber and other advanced materials) cylinders would weigh about 110 pounds. By
comparison, the empty weight of a 10-gallon gasoline tank is only 20 to 30 pounds
{depending on the shape of the tank and the material used), and its cost is relatively very
low (Bechtold, 1997).

2.1.3 CNG Vehicle Fuel Systems

Just as tanks have evolved, natural gas fuel systems have evolved tremendously over the
past few years as the popularity of natural gas vehicles grown. The oldest-style natural
gas fuel systems reduce the pressure of the gas coming from the CNG tanks and employ
simple mechanical mechanisms to mix the natural gas with the air entering the engine.
Bechtold (1997) indicates that this type of fuel system operates without electronic
controls and is known as an “open-loop” system because it does not monitor the oxygen
content of the exhaust gases to adjust the ratio of fuel to air entering the engine. Second-
generation CNG fuel systems incorporates oxygen sensor in the engine exhaust to adjust

the ratio of fuel to air entering the engine and are known as "closed-loop" systems. The
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most advanced CNG fuel system technology, as found in dedicated CNG vehicles built
by vehicle manufacturers, is essentially the same as the prevalent multipoint fuel
injection systems found in almost all new gasoline vehicles. The primary difference is
that the injectors are optimized to use natural gas instead of gasoline. Most CNG fuel
systems currently in service were designed to be installed on a gasoline vehicle while
retaining the gasoline fuel system. This bifuel approach allows the driver to change from
one fuel to the other by flipping a switch (the vehicle can only use onc fuel ata time), or
the vehicle can be set up 10 switch automatically to gasoline when the CNG is depleted.
Bifuel configurations were adopted for two reasons:

e the difficulty of incorporating enough CNG fuel storage to equal the operating

range on gasoline; and

o the scarcity of places to refuel with CNG, other than the home base of the vehicle.

Auto manufacturers recognize that bifuel CNG vehicles can play an important role in
creating demand for CONG refueling infrastructure, and have decided to assist by offering
vehicles especially configured to become bifuel vehicles. The only difference in these
vehicles is that a few engine modifications have been made in the interests of engine
durability when using natural gas, and a smaller gasoline fucl tank is usually installed,

creating more room for CNG cylinders.

7.1.4 Fuel Costs.

In most cases, the cost of an equivalent amount of CNG is less than gasoline, resulting in

lower fuel operating costs. Table 1 lists the miles a vehicle would have to travel to

achjeve a three-year simple payback of a typical CNG fuel system costing $4,500 (or a

CNG vehicle with an incremental cost of $4,500) for various vehicle fuel economies and

fuel-price differentials. For example, a vehicle with a fuel economy of 15 miles per

gallon (mpg) would have 10 iravel 90,000 miles per year to achieve three-year simple

ack, if CNG wer€ priced 25 cents per gallon lower than gasoline. Ag Table 3.3

ayb |
o ses large quantities of fuel, either because the vehicle has

indicates, only 2 vehicle that v
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with the gasoline fuel and emissions-control systems; if poorly integrated, emissions

increases can occur.
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Figure 2: Light-Duty CNG Vehicle Exhaust Emissions

Source: Alternative Fuels for Vehicles Fleet Demonstration Program

Figure 2 illustrates the average tailpipe emissions of both bifuel (CNG and gasoline) and
some original equipment manufacturer (OEM) dedicated CNG vehicles. The bifuel data
include tests of a wide assortment of CNG conversion systems, some of which performed
poorly in emissions tests. The OEM dedicated CNG vehicles demonstrated the lowest
emissions across the board. This performance by dedicated CNG vehicles is even more
impressive considering that these vehicles, uniike gasoline vehicles and the gasoline
systems on bifuel CNG vehicles, do not produce evaporative, running loss, or refueling
emissions. For the bifuel vehicles, CNG did not provide across-the-board ftailpipe
emissions reductions compared to gasoline. Total hydrocarbons (HC) were higher when
using CNG since methane is more difficult to oxidize in catalytic converters than typical
gasoline hydrocarbons. Non-methane hydrocarbon (NMIHC) emissions when using CNG
were much lower than when using gasoline, but CO and NO, emissions were higher.
After adjusting for how emissions react in the atmosphere to form ozone, the ozone-
forming potential of CNG vehicle exhaust is estimated to be only about half that of
gasoline vehicle exhaust. In addition, evaporative, running loss, and refueling emissions

of late-model gasoline vehicles are estimated to be nearly 50% higher than their exhaust

12



hydrocarbon emissions. Dedicated CNG vehicles thus should have overall ozone-forming
potential that is 80 to 85% lower than gasoline  vehicles. Bifuel vehicles should have from
one-half to three-quarters of the ozone-forming potential of gasoline vehicles because the
gasoline carried by bifuel vehicles causes evaporative, running loss, and refueling

emissions (Bechtold, 1997).

2.1.6 Greenhouse Gases

Vehicles using natural gas have an inherent advantage in CO: emissions compared to
vehicles using gasoline. This is because natural gas contains more hydrogen and less
carbon than gasoline. According to Wang (1996), for vehicles of equal fuel efficiency,
natural gas produces only about 75% of the CO: emissions. (This advantage is reduced in
bifuel vehicles where CNG fuel efficiency is lower than that of gasoline.) When the
entire fuel cycle from resource through combustion (full fuel cycle) is taken into account,
along with the other greenhouse gases, a dedicated CNG vehicle has an overall estimated

greenhouse gas impact that is up to 15% less than that of a similar gasoline vehicle.

2.2 PREVIOUS WORKS ON APPLICATION OF EQUATION OF STATE FOR
NATURAL GAS

2.2.1 Calculations of volumetric properties

In this section the most widely used methods to calculate compressibility factor and

density of natural gas are presented.

Correlations

The standard method of calculating compressibility factor for natural gases is based on
finding pseudo-critical properties of the gases via mixing rules such as Stewart-

Burkhardt-Voo (1959) (SBV) mixing rule.

13
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k=3 H:H (2-2)

Sutton (1985) found that SBV method results in a large deviation in estimating the Z-

factor for gases with high content of Cs+. The following corrections are proposed to

minimize this deviation.

JOLGIRE NN

E; =0.6081F, +1.1325F] —14.004F, yc,, +64.434F, yi (2-4
Tc 2 3

E,=| 5 3129y, -48156y2 +27.3751y2 | 2-5)
€ Crs

J'=J-E, (2-6)

K'=K-E, 2-7

The corrected pseudo-critical temperature and pressure are calculated from Equations (2-

8) and (2-9) as follows:

K|2

TPC = 7 (2—8)
TPC

P = T (2-9)

If the natural gases are sweet, containing neither hydrogen sulfide nor carbon dioxide,
then the pseudo-critical temperaturc and pressure are used to calculate pseudo-reduced
properties from Equations (8) and (9). However, natural gases frequently contain
hydrogen sulfide, carbon dioxide, and/or nitrogen that affect the accuracy of the value of
Z-factor calculated using Standing-Katz (1942) charts. Wichert and Aziz (1972)
presented a method to correct the pseudo-critical properties of natural gases to the

presence of these non- hydrocarbon components. The correction factor is:

e=120(4% - 4"y +1.5(B*° - B*) (2-10)
where the coefficient 4 is the sum of the mole fraction of HaS and CO2 and B the mole
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fraction of HzS in the gas mixture. The corrected pseudo-critical properties P’pc and T pe

are:

T,=T,-¢ (2-11)
P.T

P — pcT pe B
* T, +B(1- B)e] (2-12)

The pseudo-reduced pressure and temperature are expressed by the following

relationship:
P

Py = (2-13)
pc
T

T, = (2 -14)

pe

EOS calculations of volumetric properties

Several forms of EOS have been presented to calculate hydrocarbon fluid properties.
These EOS can be written in general form as:

RT a

p= T3 2
v=b vi4uv-—-w

(2-15)

In the above equation p is the pressure, R the gas constant, T the absolute temperature, v
the molar volume, and u and w are constants. The parameters @ and b are constants
characterizing the molecular properties of the individual component. The parameter a is a
measure of the intermolecular attraction and b represent the molecular size. In two-
parameter EOS, u and w are related to b whereas in a three-parameter EOS u and w are
related to a third parameter ¢. The two parameters EOS is the most popular one, where

a and b are expressed as a function of critical properties as:

2m2
0=l @-16)
b= Qch (2-17)

where Qs and Qs are constants having different values for different EOS. Elsharkawy
(2003) suggested that the most widely used EOS are Soave-Redlich-Kwong (SRK-EOS)
and Peng—Robinson (PR-EOS). The two parameters EOS predict the same critical

15



compressibility factor, Z. for all pure components, whereas Zc varics within a range of

0.2-0.3 for all hydrocarbon components.

2.3 EQUATION OF STATE (EOS)

A gas may be defined as a homogeneous fluid of low density and low viscosity, which
has neither independent shape nor volume but expands to fill completely the vessel in
which it is contained. The properties of the molecules in gases differ considerably from
the properties of liquids, mainly because the molecules in gases are much further apart
than molecules in liquids. For instance, a change in pressure has a much greater effect on
the density of a gas than of a liquid. There are several equations used to describe the
relationship between the volume of a gas and its pressure and temperature. The term
equation of state is used to indicate an equation which relates volume to pressure and

temperature.

2.3.1 Ideal Gas Equation

The simplest equation that relates mass and volume for gas is the ideal gas equation:

PV = nRT (2-18)
All substances behave according to this simple equation at sufficiently high specific

volume (low density). This is because, at vanishingly low density, the individual
molecules are essentially “point particles”, occupying zero volume and never colliding

with one another (Winnick, 1997).

In engineering applications, which are most often at atmospheric pressure or higher, no
fluid is truly an ideal gas. However in many cases the assumption 1s within a few percent

to be exact.

2.3.2 The Virial Equation
The virial equation of state has a sound theoretical foundation; it can be derived from first
principles using statistical mechanics. This equation is given by a power series expansion

for the compressibility factor in density (or the reciprocal of volume) about 1/v=0;

16



~ C D
Z=— =l (2--19)

Here, B, C, ... are called the second, third, .... virial coefficients; these parameters
depend only on temperature (and the composition for mixtures). An alternative

expression for the virial equation is a power series expansion in pressure:

z=%=1+B'P+C‘P2+D'P3+..... (2-20)

By solving the first equation for P and substituting into the second equation, it is

straightforward to show the two sets of coefficients are related by:

B'=% (2-21)
C-B*
=G (2-22)

It turns out that at moderate pressures (up to about 15 bar), the power series expansion in
pressure is better when only the second virial coefficient is used.

=2 _iippo1: B2 (2-23)
RT RT

From 15 to 50 bar, the virial coefficient should contain three terms, and the expansion in
density is more accurate:

z:1+£+% (2—24)
v v

Using statistical mechanics, we can relate the virial coefficients to intermolecular
potentials. The second virial coefficient, B, results from all the “two-body” interactions in
the system, that is, all the interactions between two molecules; the third virial coefficient,
C, results from all the “three-body” interactions in the system; and so on. From this point
of view, we can see that we need to include more and more terms as the pressure

increases (Sandler, 1999).
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2.3.3 Van der Waal Equation

The van der Waals equation of state is arrived at from the ideal gas by first adding a term
representative of intermolecular attraction, a/v2, where a is an empirical constant specific
for each substance. This force has some theoretical justification; the attractive “London”
forces between molecules, which exist because of mutually induced perturbations in their
electron clouds, decay with the sixth order in intermolecular distance. The square of the
molar volume is roughly proportional to this distance raised to the sixth power. It is this
force, which increases sharply in magnitude as the volume decreases, that is responsible

for condensation.

The second modification is the addition of a term, b, specific to each substance, and
representative of the hard volume of the molecules themselves, that is, a volume below
which the system can never be compressed (Winnick, 1997). The resulting equation is:

RT a
s (2-25)

2.3.4 Redlich-Kwong Equation of State

An empirical modification to the van der waals equation was made by Otto Redlich. He
found that, whereas the first term in van der Waals equation was a reasonable assessment
of the repulsive forces, the attractive-force term needed temperature dependence to
reproduce a large quantity of experimental data more accurately. He tested a number of
modifications, eventually settling on (Winnick, 1997):

P RT B a
v=b Tyv+b)

(2-26)

2.3.5 The Soave-Redlich Kwong (SRK) Equation

The Redlich-Kwong equation is reasonably good at describing liquid and vapor volumes,
but when the process is inverted and vapor pressures are predicted, the results are
severely in error. This led Soave to replace the constant a with one that was dependent on
temperature; he further put in a dependence on the acentric factor, w, which in its

development, was based on vapor pressure behavior. The result is an equation that is not
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much better in predicting volumes, but is far better in predicting vapor pressures of pure

components.

The form of the SRK equation:

_ RT __aa
v—b v(v+b)

(2-27)

is basically the same as the Redlich-Kwong equation, but with the a now being

temperature dependent (Winnick, 1997).

2.3.6 Peng-Robinson Equation of State
RT aoc

v—b vi4+2bv-b?

Peng Robinson equation is related to the SRK and was developed to overcome the

P:

(2 - 28)

instability in the SRK equation near the critical point. This correlation provides
reasonable accuracy near critical point. It is commonly used to represent hydrocarbon and

inorganic gases such as nitrogen, oxygen and hydrogen sulfide (Sandler, 1999).

2.3.7 Lee Kesler Plocker Equation
Benedict Webb Rubin is an equation of state that has eight empirical constants and gives
accurate predictions for vapor and liquid phase hydrocarbons. It can also be used for

mixtures of light hydrocarbons with carbon dioxide and water.

3
P= pRT+[B0RT— A, ~—+———}p2 +[bRT—a —%}ﬁ +a{a+%)p6 +%'Ez—(1+ s Yexp(—1p7) (2-29)

Lee and Kesler extended the Benedict Webb Rubin equation to a wider variety for
substance using the principle of corresponding state. The method was modified further by
Plocker. A new method to calculate critical properties and other constant were introduced

{Sandler, 1999).
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Tey =(Te,Te;)'? (2-30)

Tc, =T, (2-31
Ve, :szr‘foCif (2-32)
[
1
Ve, :g(ch‘“ +¥e,'"y (2-33)
RTc,
Ve, = Ze, Pccf (2-34)
Ze, =0.2905-0.085w, (2-35)
Zc, =0.2905-0.085m,, (2--36)
Pe =zc Xl (2-37)
m m ch
@, =) %0, (2-38)

24 JOULE-THOMPSON EFFECT

Temperature changes as pressure is reduced when a flowing stream of gas passes through
a throttle, valve, choke, or perforations in casing. This is called the Joule-Thompson
Effect. The change in temperature is directly related to the attraction of the molecules for
each other. The equation

r %) v
AT = {aTCP MAp (2-139)

r
gives the change in temperature as pressure is changed. This equation is valid when the

pressure change is adiabatic, that is, no heat enters or leaves the system, and when

pressure change is small.

Substitution of the compressibility equation of state

p¥, = zRT (2 -40)
into Equation 2-39 results in

V,T( oz
z r
C

r

AT = Ap (2-41)

20



The terms V,T,z and C, are always positive. Thus, the direction of the change in

temperature depends on the signs of both the Ap term and the derivative, (6z/8T),.

At moderate pressure, say values of pseudoreduced pressure less than about 6.0, z-factor
increases as temperature increases at constant pressure. That is, at pseudoreduced
pressures less than about 6.0, the derivative of z-factor with respect to T is positive. Use
of a negative value of Ap and a positive value of (3z/3T), in Equation 2-41 causes AT to

be negative. That is temperature decreases as pressure decreases.
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CHAPTER 3

METHODOLOGY

In order to complete this project, there are four critical stages involved. The first stage 1s
to conduct several experiments using a Test Rig Dispenser. This equipment is buiit
specifically for the purpose of developing and conducting research for the natural gas
dispensing system. Having done the experiments, data obtained such as pressure,
temperature and mass of natural gas are collected. These data are then being used for the
purpose of performing computation of errors for the tested EOSs. Exrors for all of the
EOSs are then compared to determine the EOS that gives the smallest error percentage.
This EOS is considered as the best EOS that can be applied for the natural gas system.
After that, another stage to validate the obtained EOS is done. In this stage, the EOS is
used along with some experimental data such as volumetric flow rate, pressure and
temperature to compute mass flow rate of the natural gas dispensed. This mass flow rate
from the computation is then being compared to the measured value of coriolis meter.

Next, error between these two values is calculated to determine the reliability of the EOS.

3.1 EXPERIMENT USING NGV DISPENSER TEST RIG

3.1.1 Equipment Overview

The NGV Dispenser test rig is designed in such that it shall be able to replicate the actual
filling condition of a commercial filling station. The NGV Dispenser Test Rig consists of
storage cylinders horizontally stacked in metal frame, panel mounted dispenser, slow-

filled compressor, gas piping, electrical control and data acquisition system.

The high pressure natural gas is stored inside storage cylinders at 3600 psig. After the
dispenser start buiton is switched on, the gas flows from the storage cylinders to the
dispenser and finally to a tank which is considered as a vehicle tank. The sequencing is

done automatically via dispenser control and the total amount of gas flow to the vehicle
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tank is registered on a display panel. There are four types of flow meters installed in the
dispensing system which are coriolis, vortex, differential pressure and turbine with
coriolis flow meter used as the master reference. While dispensing gas to the vehicle
tank, all process parameters such as pressures, temperatures and flow rates are being

transmitted to a data acquisition system (DAQ). DAQ will then process the data and
produce tables and charts.

Recycling system is used to empty the vehicle tank by transferring the gas to the storage
cylinders. This is done via slow-filled compressor that has the inlet and discharge
pressure of 1.25 psig and 3600 psig respectively. Once empty, the compressor will stop

and the next sampling process could take place. Figure 3 below shows some pictures of

the various parts of the NGV Dispenser Test Rig.

03/05/2005

Figure 3-1a: Start switch panel Figure 3-1b: Vehicle tank

3/05/2005

Figure 3-1¢: Nozzle connected to vehile tak. Figure 3-1 :torae tanks
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Figure 3-1e: Two compressors Figure 3-11: Coriolis meter

Figure 3: Various parts of the NGV Dispenser Test Rig

3.1.2 Process Flow Description

In order to have better understanding on the process flow of the natural gas dispensing
system, a Process & Instrumentation Diagram is included in this report (Refer to
Appendix 1-a). However, to make it easier to observed the flow of the natural gas in the
system, Figure 4 is drew by eliminating some ball valves, check valves, relief valves,
regulator valves, and some flow, pressure and temperature transmitters along the line. All
of these valves and transmitters are not included in the diagram as they are not essential

elements of the dispenser test rig.

Figure 4 portrays the simplified diagram of the natural gas dispensing system. As can be
observed from the figure, materials or equipments are represented by tag numbers. These
tag numbers will be defined individually in the process explanation and can also be

referred in Appendix 1-b.
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Figure 4 Simplified flow diagram of NGV Dispenser Test Rig

To dispense natural gas to vehicle tank, which is Tank B260, nozzle (B250) is counected
to tank vehicle via receptacle that is located at the cylinder’s neck. After that, the start
switch on the display panel is switched on. Next, the nozzle valve is turned to 180 degree

to ‘ON’ position. Having done this, the gas will then flow to vehicle tank from the
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storage tanks. However, it is important to understand that when the dispensing occurs, the
B240 hose should not be connected to the vehicle tank as shown in the figure. The hose is
only connected to B070 and B110 valves when recycling system is operated. It means
that, for dispensing system, while the first end of the vehicle tank is connected to nozzle,
the other end is not connected to any other equipment. The natural gas flow goes into the
vehicle tank where it accumulates. In this tank, pressure, temperature and mass of natural
gas arc measured using transmitters (B390, B450, and B460) as shown in the diagram.
These transmitters will then send input signal to the data acquisition system (YC02). Data

acquisition system will stores and displays all the data captured when requested by users.

There are three types of storage tank systems which consist of low bank, medium bank
and high bank, designated as B280, B290, and B300 respectively. All of these tanks have
the same pressure of 3600 psig when they are fully occupied by natural gas.

The natural gas dispensed from the low, medium or high bank will flow through a
coriolis meter (B310). As shown in the diagram, the coriolis measured the flow of natural
gas and using flow transmitter (B350) sends the measured value to the data acquisition
system (YC-02). The natural gas then passes through three flow meters which are vortex,
differential pressure and turbine meters. Since the meters are installed in a parailel
arrangement, the natural gas is allowed to only flow only through any one of these meters
at a time. Tn most of the experiment that have been conducted, only valves at the turbine
flow meter are open to allow the flow of the natural gas. This indicates that the
volumetric readings of the natural gas are measured by turbine meter which send the
readings to the data acquisition system through flow transmitter. Turbine flow meter has
been chosen as the flow dispenser flow meter because it offers reasonable performance at
low cost. The turbine flow meter is a velocity measurement device, which rely on a
uniform flow profile. Volumetric flow rate is calculated from the rotational speed of the
turbine blade and the known pipe diameter. After flowing through the turbine meter, the
natural gas finally flows through the flexible hose (B230) and nozzle (B250) into the

vehicle tank.
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Recycling process will take place to empty the vehicle tank that is filled with natural gas
from the dispensing process. To operate the recycling system, flexible hose (B240) is
used to connect vehicle tank to the temporary storage tanks (B270). One end of the high
pressure flexible hose is coupled to a ball valve (B070) located at the bottom neck of the
vehicle tank while the other end is connected to the inlet of a check valve (B110). Both
valves BO70 and B060 are then turned to ‘ON’ position. Gas will then flow into the
temporary storage tanks which are also known as the recycling tanks. The start switch is
then turned on which will starts the recycling process. The gas from the recycling tanks
flows to the compressor, usually B480. The other compressor (B470) acts as backup
when B480 is under maintenance. Compressor is used to compress the gas which in turn
provides the pressure different between the recycling tanks and the storage tanks. This is
to ensure the flow from the recycling tanks to the storage tanks occur smoothly

throughout the recycling process.

3.2 COMPUTATION OF ERROR FOR EOS

In order to achieve the objective to find the best suitable EOS that can be applied for
natural gas in the system, computation of error for all EOS had been done. Several
equations of state which are ideal gas, Virial, Van der Waal, Peng-Robinson, Soave-
Redlich-Kwong and Lee-Kesler Plocker are used for this purpose. The computation of
error in percentage is calculated using Microsoft Excel spreadsheet. An example of the
spreadsheet can be viewed in Appendix 2. Several steps involved in the computation are

summarized in Figure 5.
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Figure 5 Steps for error computation of EOSs
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In the early stage of the computation steps, experimental data along with Natural Gas
properties were exploited to obtain some crucial data such as pressure (P), temperature
(T) and volume (V) of the cylinder tank; number of mol (n); reduced pressure (P;) and
temperature (T,); acentric factor {(w); and critical pressure (P.) and temperature (To).
Experiment conducted provides some important values that initiate the computation
progress. The data that directly come from experiment conducted are pressure (P),
temperature (T) and volume (V) of cylinder tank as well as mass of natural gas in the
tank. In order to further develop the computation, some properties of natural gas need to
be determined. Composition of the natural gas is the most critical data since other
properties such as overall molecular weight (MW yerai); pseudo critical pressure (P.) and
temperature (T.); and pseudo acentric factor (w) can only be acquired from this data.
Apart from the mentioned data, some data were exploited from experimental data and
natural gas properties which resulted to number of mol (n) and pseudo reduced pressure
(P,) and temperature (T,). After obtaining all these essential data, the computation
proceeded with error computation for several EOS which involve Ideal Gas, Virial, Van
der Waals, Soave-Redlich-Kwong, Peng-Robinson and Lee-Kesler Plocker equations.
Having pictured the overall flow of the computation process, detailed equations or

properties for some associated data are described in more detail in the next subsections.

3.2.1 Natural Gas Properties
Natural Gas Composition

Natural gas composition varies depending on the location where it is collected. For the
purpose of this project, composition of natural gas is provided by Petronas Research and
Scientific Service (PRSS). The composition was obtained from a study conducted by
PRSS between Jun 1999 to January 2000 at various NGV dispensers as well as at
Petronas Gas Berhad (PGB) Kapar. The natural gas studied was the one that had gone
through treatment process where impurities such as sulfur, carbon dioxide and nitrogen
were removed. The main component of the natural gas is thus methane. Other longer
chain hydrocarbons such as ethane, propane, iso-butane and n-butane present in smail

amount. Although impurities had been extracted from the natural gas, some nitrogen and
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carbon dioxide still exist in very small amount. Table 2 shows the result of the study by

categorizing the composition into the richest and the leanest.

Table 2: Compositions of Natural Gas (Leanest and Richest)

Gas Compaosition Specification
Leanest (mol %) Richest (mol %)
Methane Cl1 96.42 89.04
Fthane C2 229 5.85
Propane C3 023 1.28
Iso-butane iC4 0.03 0.14
n-butane nC4 0.02 0.10
Iso-butane iC5 n/a 0/a
n-pentane nC5 n/a n/a
n-hexanet Cot++ nfa n/a
Condensate C5+ 0.00 0.02
Nitrogen N2 0.44 0.47
Carbon dioxide CcO2 0.57 3.09
Gross Heating Value (GHV) 3813 38.96

In order to use the composition data in the computation, average value between the
leanest and the richest compesitions need to be determined. The average value is
computed using this equation:

_ Composition,,,.., + Composition,, ..,

average 2

Composition (3-1
This result to average values for composition of natural gas as represented by Table 3

which have been converted to mol fraction.

Table &: Average Composition of Natural Gas
Component Average Composition

(mol fraction)

Methane C1 0.92730
Ethane C2 0.04070
Propane C3 0.00755
Tso-butane iC4 0.00083

30



n-butane nC4 0.00060

Condensate C5+ 0.00010
Nitrogen N2 0.00455
Carbon dioxide CcO2 0.01830

Molecular Weight of Natural Gas

Molecular weight is crucial to obtain the number of mol of the natural gas dispensed into
the cylinder tank. Molecular weight of natural gas can only be determined by knowing its
composition as well as molecular weight of its components. Molecular weight of every

component in the natural gas is represented by Table 4.

Table & Molecular Weight of Natural Gas components

Component Molecular Weight (kg/kmeol)
Methane Cl 16.04
Ethane C2 30.07
Propane C3 44.10
Iso-butane iC4 58.12
n-butane nC4 58.12
Condensate C5+ 72.15
Nitrogen N2 28.01
Carbon dioxide CO2 44.01

Source: Perry's Chemical Engineers' Handbook

Using the average composition of natural gas that is calculated in the previous subsection,
molecular weight of natural gas is computed using the following equation. From the
calculation, the molecular weight of natural gas is then obtained

MWy =3, (3, (MW,) (3-2)
where: y; =molecular fraction of each component

MW;= molecular weight of each component

Molecular weight and mass of the natural gas obtained from experimental data are

exploited in order to determine the number of mol as shown by the equation below.
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Number of mol,n = mass, 2 (3-3)
molecular weight , MW .

Pseudo Critical Temperature and Pressure

As can be observed from Figure 3-3, critical properties such as critical pressure and
critical temperature are very important in order to perform the computation. They are
used for computation of error for Van der Waals, Soave-Redlich-Kwong and Peng-
Robinson. Therefore, it is important to obtain the pseudo critical properties that can
represent the natural gas. Pseudo critical properties of natural gas can only be computed
by identifying the critical properties of its components as well as its composition. Critical

properties of the various components in the natural gas are shown in Table 5.

Table 5: Critical Pressure and Temperature of Natural Gas Components

Component Critical Pressure, Pc (kPa)  Critical Temperature, Tc (K)
Methane Cl1 4600 190.6
Ethane Cc2 4874 305.4
Propane C3 4244 370.0
I[so-butane iC4 3648 408.1
n-butane nC4 3790 425.2
" Condensate C5+ 3374 469.6
Nitrogen N2 3384 126.2
Carbon dioxide co2 7376 304.2

Source: Chemical Engineering Thermodynamics

Pseudocriticaltemperature,T,, = > (T, )y;) (3-4)

where T = critical temperature of each component

y; = molecular fraction of each component

Pseudocritical pressure P, Z( ;) (3-5)

where P.i= critlcal pressure of each component

y; = molecular fraction of each component
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Method presented by Wichert and Aziz (1972) to correct the pseudo-critical properties of
natural gases to the presence of non- hydrocarbon components, which is carbon dioxide is
used. The correction factor is calculated using Equation 2-10. Since there is no H,S
presents in the natural gas, only coefficient A is inserted into the equation. Then, the

corrected pseudo-critical properties P'pc and T pe are calculated using Equation 2-11 and

2-12.

Acentric Factor, w Computation

The value of acentric factor for each components of natural gas is represented by Table 6.

Table 6: Acentric factor of Natural Gas Components

Component Acentric Factor, @
Methane C1 0.008
Ethane C2 0.099
Propane C3 0.152
Iso-butane iC4 0.176
n-butane nC4 0.193
Condensate C5+ 0.251
Nitrogen N2 0.039
Carbon dioxide co2 0.225

Source: Chemical Engineering Thermodynamic

The pseudo acentric factor for natural gas is calculated as shown below:

o= (@), (3-6)

where ; = acentric factor of each component

y; = molecular fraction of each component
Conclusion of Natural Gas Properties

After performing all the calculations discussed earlier, properties of natural gas arc

obtained and summarized in Table 7 below.
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Table7: Properties of Natural Gas

Property Value

Molecular weight (kg/kgmol) 17.456
Critical Pressure (kPa) 4652
Critical Temperature (K) 199

Acentric factor 0.0172

3.2.4 Ideal Gas Error Computation

Computation of error for ideal gas equation is done by subtracting the right hand side

term by left hand side term of equation. After that it is divided by one term of the

equation and multiptied by 100 to obtain the percentage value as shown below:

Error =
where P = pressure of tank (kPa)

v = molar volume (m’*/mol)

T = temperature of tank (K)

R = gas constant (8.314 m’.Pa/mol.K)

3.2.5 Van der Waals Error Computation

Error of Van der Waals is computed by using this equation:

-
Error(%)=——""2"Y 7 5100%
27 R’T}
where a=-—
64 P
. LR,
8§ P

c

(-7

(3-8)
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3.2.6 Peng-Robinson Error Computation

For Peng-Robinson, its error is represented by this equation:

P _[ RT aa(T) J
Error = vob v(‘;‘ b+ b(v—5) x100 %
22
where a=045724 RT,
P,
b= 0.07”7’80RTC

4

a(T) =i+ x(-{T)[
i = 037464 +1.542260 - 0.269920"

(3-9)

The parameter w is known as the acentric factor of the molecule and is a measure of its

departure from perfectly spherical nature.

3.2.7 Soave-Redlich-Kwong (SRK) Error Computation

Equation to compute error of Soave-Redlich-Kwong equation is given below:

» _[ RT o) ]
Error(%) = — 'bP 0 100%
2
where all)=a, = 0.42748~(%C)—
b = 008664 -
P

[

a(T) = a,.a(T)

a=lemf-yTf

m=0.480+1.574w - 0.1760"

3.2.8 Virial Error Computation

For Virial equation of state, error is computed using this equation:

(3-10)
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P -
Error = M—Pl’_xloo % (3-11)
where z=1+ B.F,
Tr
B, =B +wB?
BY = 0.083——0‘22
BY =0.139- 2 14_7;2
P=
P,
r-t
T,

3.2.9 Lee-Kesler Error Computation

Compressibility factor, z in this equation is computed using software downloaded from

the internet, www.macatea.com. {14] as shown in Figure & and 7 . In Figure 6 ,itis

required to input certain values that are necessary for the computation. As can be
observed from the figure, the values needed are critical temperature and pressure, acentric
factor, and temperature and pressure of the fluid. Figure 7 represents the results
obtained after the computation by the software. The compressibility factor, z obtamed 1s
used for error computation using this equation:

Error(%) = @moo‘%) (3-12)
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Figure 7: Results from computation

3.3 VALIDATION

After performing the computation of errors for all the tested EOSs, the EOS that gives the
smallest error percentage is validated. In order to carry out the validation technique, mass
flow rate is calculated based on the EOS and appropriate experimental data such as

volumetric flow rate, pressure, temperature, and volume of tank. Having done this, the
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mass flow rate calculated is then being compared to the one measured by coriolis meter.

For the purpose of enhancing understanding on the steps taken, systematic flow of the

steps are shown in Figure 8.

Soave-Redlich-Kwong Equation

h 4

Insert mass, m term in the equation.

A 4

Convert V and m into volumetric
flowrate and mass flowrate terms.

h 4

3

h 4

Solving equation to find mass flowrate -

Pe RT __a
""""" > v=b wv+b)
Using correlations: v=K ae
.................. Pty
|
v
P= RT B a
vmw) _, V(MW)[V(MW)_{_bj
m m m
-------- > Pe o
V(MW}_b V(MI) | V(MW)
m m m
................... |
v

abm — (PI./(MW)bZ +RTV(MW)b - a I;'(MW)]r‘n: RT V(MW mi— PV (MW))® = 0

Using MATLAB to compute roots of equation

Obtain mass flowrate

rr=-="== > (root of equation = mass flowrate)

A 4

Compare mass flowrate from computation
with coriolis measurement

Plot graph of mass flowrate from
computation and coriolis vs time

Calculate error of mass flowrate from
> computation using coriolis value:
. .
M coripiis — M1 SRK £100 %
M2 coriotis

Plot graph error vs time

ervor (%) =

.

Figure §: Systematic steps in validation technique
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As can be observed in Figure 8, the first stage of validation technique is to identify the
SRK equation of state. From this original equation, some manipulations are done to the

input mass of natural gas term into the equation. Using the correlations shown below,

equation with mass term is obtained:

V

y=— (3-13)
n

n= 1 (3-14
MW )

where v = volume per mol

V = volume of tank
n = number of mol of natural gas inside tank
m = mass of natural gas inside tank

MW=molecular weight of natural gas

After substituting the v and » terms with m term, the following equation is resulted:

RT a
P= -
YW _, WMW{WMM+Q -
m m m

Next the equation needs to be modified by inserting volumetric and mass flow rate terms
into the equation. This is an important step since the objective is to find mass flow rate
instead of mass of natural gas inside the tank to be compared with the one measured by

coriolis meter. This step results to the following equation:

[ S— a (3-16)
VW), VW) VMW
where V = volumetric flow rate (m*/min)

m = mass flow rate (kg/min)

As shown in Figure 8, the validation technique continues by solving the SRK equation
that has been modified by inserting mass flow rate and volumetric flow rate values. The

calculation to solve this equation is shown in Appendix 3. From the calculation a

polynomial equation as shown below is obtained.
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3 2

abm —[P V(MWb* + RTV(MW)b—a IP(MW)] m +RT(V(MW) m-PF(MW)' =0 (3-17)

The method to find the roots of this equation is quite challenging. However, with the aid
of MATLAB program, this difficulty can be overcome. A command to find roots of
polynomial equation is written in the MATLAB program as shown in Figure 9 below.
After this command is run, the result is obtained. An example of result obtained is
represented by Figure ‘#¢: which shows roots of equation for the first experiment. These

roots of equation represent the mass flow rate of the natural gas.

Kax dacal
] roe no= Li§2:
3= pehia, l:d)
-4 = reoustnl;
L B
B[= ¥ = UL, AI .~ 4 (L2152 + pL, 3% + il d) 7
A7 H{n) =« {3,1]¢
LB ead
gl g

2 |

Figure 9: Command to find roots of equation using MATLAB pregram
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Colusns L through 14

0.5985  0.5970  3.1487  3.7565  G.07A0  6.9297  B.5803  @.4199  A.8763  5.5143  0.7273  10.399F  L0,1L5  JO.657L
Columns 15 through 26

9.9914 10,4934 95543  9.890B 0,059  9.106L  B.0006  B.2380  8.5556  £.8766 5,384  £.5435  7.1695  7.2656
Colusns 25 cheough 42

5.8530 55104 3.%S  3.5650  2.052L 20508 0.9537 09543  0.6323  0.6327 0,967 4,595 0.5323 0.5
Columna 43 chrough 52

0.4950  D.492 . 0.4650  O.4661  0.4324 0,432  0.4101  0.4102  0.3883  0.3850

o

Figure e Roots of equation for the first experiment.

Finally, the mass flow rate obtained from the calculation is compared with the one
measured by coriolis meter. Graph of both mass flow rates calculated from SRK equation
and measured by coriolis versus time is plotted. The resulted curves are observed to
identify how much value calculated from the EOS deviates from coriolis meter readings.

Besides, error between those two values also being calculated. The equation is as follow:

M coriois — M

error (%) = —— X100 % (3 -18)
. coriolis

where Meariolis = mass flow rate measured by coriolis meter

msax = mass flow rate computed using SRK equation
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CHAPTER 4

RESULTS AND DISCUSSION

Ten dynamic experiments and three static experiments had been conducted throughout
this project. Data of these experiments were used in order to find the most suitable EOS
that can represents the natural gas system. In the carly stage of the project, dynamic
experiments were conducted. However, the need for conducting static experiments
aroused when results obtained from the dynamic experiments did not meet the

expectation.

41 DYNAMIC EXPERIMENT

Dynamic experiment in this project is defined as experiment that is conducted
continuously, means natural gas is dispensed continuously into the vehicle tank. In this
experiment, the Start Switch on the display panel is switched on and the natural gas is
dispensed into the vehicle tank. The flow will stop automatically when there is no
pressure different between the storage tanks and the vehicle tank. However, there is
another method of performing the dynamic experiment in this project. In the second
method, the Start Switch is switched on to let the natural gas flows into the vehicle tank.
Afier some times, the Start Switch is being turned off to stop the flow. Then, the natural
gas inside the tank is allowed to stabilize inside the vehicle tanks for several seconds. The
process is continued until the pressure inside the tank reaches it maximum value. Data of

the dynamic experiments were collected using data logging system, Read Win.

4.1.1 Experiment 1-4 (Single Continuous Flow of Natural Gas into the
Vehicle Tank)

Data of pressure, temperature and mass of natural gas obtained from the experiments are
used for calculation of errors of EOSs. The percentage errors are represented by Figure

11-14. From the figures, it is observed that ideal gas equation gives the smallest errors
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compared to others. It is followed by SRK, Lee-Kesler, Peng-Robinson, Van der Waals
and Virial equations of state.. All of the experiments (Experiment 1-4) give this same
result. It is also observed that at one point in Experiment 2 (refer to Figure 12), a big
deviation of percentage error occurred because the load cell (mass of the natural gas in
the tank) increased excessively. There is a possibility that vibration in the surrounding

causing a significant change in the mass detected by the load cell due to its sensitivity.

Overall, it can be observed that SRK, Lee-Kesler, PR, and Van der Waals give almost the
same pattern. SRK, PR and Van der Waals are categorized into the cubic equation of
state. These equations came from modification of ideal gas equation by including
prediction of liquid phase formation. In general, they can provide reasonable values for
both vapor and liquid regions of hydrocarbons and the vapor region for many other
fluids. On the other hand, ideal gas and virial equations of state will never predict liquid

phase formation, no matter what the temperature and pressure.

Experiment 1 {Dynamic)

Tima (asc)

Figurefi: Graph of error versus time for experiment 1
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Exparimant 2 {Dynamic)
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Figurel2: Graph of error versus time for experiment 2
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Figure!3: Graph of error versus time for experiment 3
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Experiment 4 (Dynamic)

o 10 20 ki) a0 50 i3
Tims

FigureMd: Graph of error versus time for experiment 4

At the very beginning of the experiments, the percentage errors for every equation give
almost the same magnitude which is around 20-40 %. After this point, the percentage
errors experienced a sudden decrease. The reason behind this behavior can be understand
by observing the pressure, temperature and mass curves of the natural gas in the vehicle
tank. Taking example of Experiment 1, the pressure, temperature and mass curves of the
natural gas are shown in Figure 15-17. Pressurc and mass of gas in the tank increases in a
relatively constant manner as the tank receives an even amount of gas per unit of time. It
is due to the fact that the amount of gas flowing into the tank is a function of the mass
velocity of the gas flow. The temperature is constant at a magnitude of 303.3 K for the
first 5 seconds. Before discussing the behavior of the temperature inside the tank, it
should be noted that the temperature readings were taken digitally with one decimal
point. Due to this fact, instead of a straight line, the curve as shown in Figure 17 is
obtained. Therefore, it can be assumed that there is a small gradual increment at the first

5 seconds. However, this increment could not be observed because it is less than 0.1K.

After about 25 seconds, the curves give systematic percentage errors especially for ideal
gas, SRK, Lee-Kesler, PR, and Van der Waals equations. As can be observed from
Figure 15 and 16, the pressure and mass of the natural gas inside the tank become

constant after 25 seconds. At this period, the natural gas inside the tank had come to
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reach its maximum capacity at pressure of 20 MPa. The flow became lesser which make

the incremental of the mass become small.

Frosaurs of Hatural Gas voraus Hima
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Figurel5: Graph of pressure inside the vehicle tank versus time for Experiment 1
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Figure$: Graph of mass of natural gas versus time for Experiment 1
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Figurel7: Graph of temperature inside the vehicle tank versus time for Experiment 1
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4.1.2 Experiment 5 (Several Continuous Flow of Natural Gas into the

Vehicle Tank)

For Experiment 5, natural gas is dispensed at the first 3 seconds of the experiment. After
that the flow of the natural gas is stopped for about 45 seconds. Finally the natural gas is

dispensed from 50-81 seconds until the maximum capacity of the tank is reached.

Expariment 5 (Dynamic}

i——deal Gas

—— Van dor Wazls
.+ Peng-Robinson
- SR

== Virlal

—o— .28 -Kasisr

Ervar(%)

E
P
K

Time

Figure: Graph of error versus time for experiment 5

The behaviors of pressure, mass and temperature of the natural gas inside the tank can be
observed from Figure 19-21. In this experiment, we can clearly see that the percentage
errors followed the same pattern with the pressure and mass of the natural gas. The result
shows that the higher the pressure and mass of the natural gas inside the tank, the higher
the percentage errors of the equations will be. This maybe due to the greater instability
experienced by the natural gas as the pressure increases. As can be observed, the
temperature keeps increasing inside the tank. This is due to collisions that occur inside

the tank between molecules, as well as between molecules and the tank’s wall.
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Figurei9: Graph of pressure inside the vehicle tank versus time for Experiment 5

Figure 20:

Figure 21: Graph of temperature inside the vehicle tank versus time for Experiment 5
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Graph of mass of natural gas versus time for Experiment 5
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Overall, the results obtained are unexpected because the ideal gas equation which is the

very basic and general equation of state gives the smallest errors compare to others
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extended equation of state. There are some factors that need to be considered in order to
obtain more accurate result:
1. Vibration of load cell that effect the mass measurement of the NG inside the tank.
2. Mass of the natural gas inside the tank was recorded at only one decimal point

which affects the accuracy of the calculation.

4.2 STATIC EXPERIMENT

In this project, static experiment is defined as experiment that is conducted without
considering time as a factor. This means that natural gas is dispensed in smaill amount
every time and all data such as pressure, temperature and mass of natural gas inside the

tank is taken after a steady condition is reached.

Static experiments were run with the intention to compare the results obtain from the
dynamic experiments. From the experiments conducted, results as shown in Figure 22-24
were obtained. From the three experiments that had been conducted, SRK gives the
smallest error followed by Lee-Kesler Plocker, Peng-Robinson, Van der Waals, Virial,
and ideal gas equation. The results obtained from the static experiments are better
compared to dynamic experiments because one of the factors that affect the accuracy of
the results has been eliminated. The factor is the imprecise mass readings of the natural
gas. In the static experiments, data were taken manually from the display panel which
gives readings up to 3 decimal points. However, the accuracy of the temperature readings
could not be improved since the temperature indicator in the display panel only gives

readings at one decimal point.
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Figure 22: Graph of error versus time for experiment 6

Experimant 7 (Static)
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Figure 23: Graph of error versus time for experiment 7
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Experimant 8 {Static}
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Figure I4: Graph of errvor versus time for experiment 8

The behavior of the pressure, mass and temperature of the natural gas inside the tank can
be observed from Figure 25-27. The pressure, mass and temperature of the natural gas
inside the tank increase gradually as the experiment was conducted. The natural gas was
dispensed at approximately 2MPa in increment for every point until it reaches it
maximum capacity, 20MPa as shown in Figure 25. The mass of the natural gas increases
as the pressure increases due to the increments of the amount of the natural gas dispensed
into the tank as shown in Figure 26. From Figure 27, it is observed that as the pressure
increases, the temperature increases as well. This is due to the Joule-Thompson Effect.
Joule-Thompson Effect indicates that at a moderate pressure, temperature decreases as

pressure decreases and vice versa.

Preanure of Natural Qat
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Figure 25: Pressure of NG inside the tank for Static Experiment (Exp. 6)
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Figure 26: Mass of NG inside the tank for Static Experiment (Exp. 6)
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Figure 27: Temperature of NG inside the tank for Static Experiment (Exp. 6)

From experiments that had been conducted, SRK gives the smallest error in the static
experiment and the second smallest error in the dynamic experiment. Therefore, it can be
concluded that from all of the equations tested, SRK is the best equation to represent the
natural gas. However, to prove the reliability of the SRK equation, a validation technique

needs to be conducted.

4.3 VALIDATION

SRK is chosen as the best EOS for natural gas based on the results obtained from the
experimental data and computation of errors. However, it is important to validate the
result by comparing the mass flowrate calculated using SRK with the onc measured by

coriolis meter. To achieve this objective, volumetric flow rate readings from turbine
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meter and mass flow rate readings from coriolis meter need to be collected. Only
dynamics’ experimental data can be used for the validation since in the static experiment,
the volumetric and mass flow rate readings could not be obtained. Afier computation is
done, the value of both mass flow rates is plotied as shown in Figure 28. Since all the

dynamic experiments (Experiment 1-5) show the same observations, Experiment 1 is use

for the purpose of explanation.

{Comparison of coriolls and exparimsntal value of maes flow rate for natural gas {(Exp 1)

25

20

Mass flowrate gfmin}

0 10 20 30 40 30 80
Time (sac)

Figure 28: Comparison of coriolis and experimental value of mass flow rate for natural gas for

Experiment 1

From the figure, both measurements give almost the same pattern. However, SRK gives
poor indication of mass at the beginning of the experiment (1-25 seconds). Observing
Figure 15-17, at the first 25 seconds of the experiment, pressure and mass of the natural
gas increase gradually. The errors between the mass flow rates calculated using SRK
from the actual mass flow rates measured by coriolis meter is possibly due to the
unsteady condition experienced by the pressure inside the tank. This is because the
natural gas was dispensed continuously. However towards the end of the experiment (26-
51 seconds), the SRK gives good measurements of the mass flow rates. This is because
the pressure inside the tank had reached its maximum value, 20MPa and began to reach

its steady condition.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

From the dynamic experiments conducted, the ideal gas law gives the smallest error
percentage followed by SRK, Lee-Kesler, Peng-Robinson, Van der Waals and Virial
equation of state. This result is improved by conducting static experiments, which
conclude that SRK as the best EOS to represent natural gas followed by Lee-Kesler
Plocker, Peng-Robinson, Van der Waals, Virial, and ideal gas equation. It is assumed that
static experiments give more accurate results since all thermodynamic properties are

taken at their steady state condition.

The result obtained is validated by comparing the mass flow rate obtained from
calculation using SRK equation with measurements from coriolis meter. SRK gives good
indication of mass flow rate toward the end of the experiment. At the very beginning of
experiment, mass flow rate measured from SRK deviate from the actual mass flow rate as

it gives low value of mass flow rate compared to the one measured by coriolis meter.

RECOMMENDATIONS FOR FUTURE WORK

For improvement, calculation using combination of several equation of state should be
considered. The result might give a better data that can fit the real process much better
compared to the single Equation of state. At some range of temperature and pressure, one

EOS might be used and then at another range, the other EOS could be implemented.

Composition of natural gas in this project is obtained as average value from the leanest
and the richest composition of natural gas that are provided by Petronas Rescarch and
Scientific Service (PRSS) from a study conducted by PRSS between Jun 1999 to January
2000. Because of this reason, composition of natural gas used may not exactly the same
with the one prepared by the PRSS. It is best that a test to determine composition of

natural gas is conducted specifically for the natural gas used in the experiment.
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Since the results are affected by the poor parameter indicators in the experiment such as
temperature and mass of the natural gas, it is best to use data acquisition system that can
collect data as well as manipulated them to gives readings up to 3 decimal points. This

should be done to achieve the accuracy of the calculations.
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APPENDIX 2

Data

Volume of tank=
Initial weight of tank=
Gas constant=

Properties of NG

0.0563
89.1
8.314

m3
kg

m3 kPa/kmol K

C1 0.9642 0.8905 18.04 190.6 4600 0.008
C2 0.0228 0.0585 30.07 305.4 4874 0.099
C3 0.0023 0.0128 44,10 370 4244 0.152
iC4 0.0003 0.0014 58.12 408.1 3648 0.176
nC4 0.0002 0.001 58.12 4252 3790 0.193
G5+ 0 0.0002 72.15 469.6 3374 0.251
N2 .- 0.0044 0.0047 28.01 126.2 3384 0.039
Coz 0.0057 0.0309 44.01 304.2 7376 0.225
Total MW: Leanest= 16.66 Average= 17.4558 kg/kmol
Richest= 18.25
Te for Natural Gas: Leanest= 194 Average= 199 K
Richest= 203
Pc for Natural Gas: Leanest= 4615 Average= 4652 kPa
Richest= 4689
Acentric factor,w: Leanest= 0.012 Average= 0.017
' Richest=  0.022
Van der Waals Coefficients: a= 247640
b= 0.044
Peng-Robinson Coefficients: a=  268.399
b= 0.028
K= 0.401
Soave-Redlich-Kwong Coefficients: b= 0.031
m= 0.507
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