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APPARATUS AND METHOD FOR
CONTROLLING THE CHARGING OF NGV
CYLINDERS FROM NATURAL GAS
REFUELING STATIONS

This is a division of application Ser. No. 08/237,001,
filed May 2, 1994, now U.S. Pat. No. 5,488,978.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of natural gas
powered vehicles, and in particular to the methods for filling
the cylinders for such vehicles.

2. The Prior Art U.S. Pat. No. 4,966,206 to Baumann et al.
discloses a device for filling a gaseous fuel container.

The Baumann et al. device is configured to adjust the
filling procedure to the local ambient temperature, in order
to control the pressure of the gas with which the container
is filled, toward obtaining a filling of the container, at
ambient temperature, which corresponds to the rated filling
pressure of the container at a standard temperature. A casing
is provided, containing a control device. The ambient tem-
perature, the pressure of the gas to be supplied at the outlet
of a compressor, and the pressure differential between the
pressure in an inlet line to the casing and the pressure within
the casing itself, are all sensed and the control device adjusts
the supply pressure of the gas accordingly.

U.S. Pat. Nos. 5,238,030 and 5,259,424 to Miller et al. are
directed to filling devices and methods, in which a known
quantity of gas is metered into a container. By measuring the
stagnation pressure and temperature of the gas, the ambient
temperature, and the supply pressure of the gas, the available
volume in the container, and thus the mass which can be
filled, to the rated pressure of the container, can be deter-
mined. The device then meters the calculated amount into
the container. Alternatively, the device meters a substantial
fraction of the calculated amount, in order to accommodate
possible error, and then adds gas in increments, until a
cut-off pressure, which is calculated, based upon the ambient
temperature, is reached. The pressure within the container is
sensed intermittently, during the filling procedure.

Mutter, U.S. Pat. No. 5,029,622 discloses a “slow-fill”
system which is configured to accommodate ambient tem-
perature changes which take place during the filling process.

The attainment of accuracy during the filling process for
cylinders for natural gas vehicles is important, for the futurc
development of such vehicles, both from a potential com-
mercial standpoint, in order that natural gas “fueling station”
can be operated in an efficient and commercially viable
manner, and from an operator standpoint, so that maximum
operating ranges and maximum vehicle safety can be
obtained.

Filling accuracy is particularly problematic during fast
filling operations (five minutes or less), since the actual
filling procedure can have an effect upon the accuracy of the
procedure. For example, the ambient temperature must be
considered, although once determined, it can be assumed to
be constant, due to the speed of the filling process.

As a container is filled, its internal pressure rises during
the filling process, and in some filling procedures is moni-
tored to help determine when proper filling has occurred.
However, during a fast filling procedure, the temperature of
the natural gas within the container rises, which, in turn
further increases the pressure within the container. The
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amount of temperature rise which occurs in the tank has
been found to be a function of the amount and pressure of
any residual natural gas which is in the container, at the time
of filling. Therefore, it is desirable to provide a method and
apparatus for the fast filling of cylinders, for example for
natural gas, which achieves an improved filling of such
cylinders, taking into account environmental conditions, the
characteristics of the supply gas, and the characteristics of
the cylinder to be filled, including any residual gas remain-
ing in the cylinder.

SUMMARY OF THE INVENTION

The invention comprises a system for the rapid filling of
containers with a fluid, such as natural gas, under pressure,
wherein each container has a known pressure rating at
standard ambient pressure and temperature, and an unknown
amount of residual gas remaining therein. The system, in
combination with one or more of said containers, comprises
a source of gas; means for directing the flow of the gas from
the source to one or more of the containers; means for
sensing the temperature and pressure of the gas being
supplied by the source, and producing indications represen-
tative of the temperature and pressure; means for sensing the
pressure within the one or more containers, and producing
an indication representative of the pressure in the one or
more containers, the means for sensing the pressure within
the one or more containers being capable of sensing an
initial pressure within the one or more containers, and
thereafter substantially continuously sensing the pressure
within the one or more containers; means for sensing an
initial temperature of the one or more containers prior to
filling thereof; and control means for determining a cutoff
pressure to which the one or more containers can be filled,
the cutoff pressure being based upon the initial pressure
within the one or more containers, the initial temperature of
the one or more containers, and the temperature and pressure
of the gas being supplied by the source, the control means
being operably associated with the means for sensing the
lemperature and pressure of the gas being supplied, the
means for sensing the pressure within the one or more
containcrs and the means for sensing the initial temperature
of the onc or more containers.

In a preferred embodiment of the invention, the control
means further comprises means for storing data, previously
computed from a model of the charging process, correspond-
ing to predetermined final filled pressure values for the one
or more containers, the predetermined final filled pressure
values corresponding to a plurality of predetermined tem-
peratures and pressures of gas which could be supplied by
the source, and to a plurality of initial container pressures
and ambient temperatures; means for comparing the indica-
tions provided by the means for sensing the temperature and
pressure of the gas being supplied, the means for sensing the
pressure within the one or more containers and the means for
sensing the initial temperature of the one or more containers,
with the data corresponding to predetermined final filled
pressure values; and means for interpolating the indications
provided by the means for sensing the temperature and
pressure of the gas being supplied, the means for sensing the
pressure within the one or more containers and the means for
sensing the initial temperature of the one or more containers,
in the event that said indications do not correspond exactly
to the plurality of predetermined temperatures and pressures
of gas which could be supplied by the source, and to a
plurality of initial container pressures and ambient tempera-
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tures, to determine appropriate intermediate final filled pres-
sure values for the one or more containers.

The system for the rapid filling of containers further
comprises means for stopping the flow of gas from the
source, operably associated with and responsive to the
control means.

The invention also comprises a method for the rapid
filling of containers with a fluid, such as natural gas, under
pressure, wherein each container has a known pressure
rating at standard ambient pressure and temperature, and an
unknown amount of residual gas remaining therein.

The method comprises the steps of providing a container
to be filled, having an unknown quantity of residual gas
therein; connecting the container to a source of gas, the gas
being deliverable at a pressure sufficient to fill the container
with a mass of gas equivalent to a filled container at a
standard temperature and pressure; sensing the ambient
temperature in the vicinity of the container to be filled;
sensing the pressure of the gas being supplied from the
source; sensing the initial pressure, prior to filling, of the
residual gas within the container to be filled; determining an
appropriate cnt-off pressure within the container to be filled,
based upon the ambient temperature, the initial pressure of
the container to be filled, and the source pressure; initiating
flow of gas from the source into the container to be filled;
monitoring continuously the pressure within the container to
be filled; comparing the monitored pressure with the deter-
mined cut-off pressure; and interrupting flow of the gas from
the source to the container to be filled when the monitored
pressure achieves a predetermined fraction of the predeter-
mined cut-off pressure.

The step of determining an appropriate cut-off pressure
within the container to be filled, based upon the ambient
temperature, the initial pressure of the container to be filled,
and the source pressure, sure further comprises the steps of
storing, in memory in a control device operably associated
with the source of gas, information corresponding to a
plurality of possible values for the ambient temperature, the
initial pressure of the container to be filled, and the source
pressure; storing, in other memory in the control device,
information corresponding to a plurality of cut-off pressures
corresponding to particular ones of the possible values for
the ambient temperature, the initial pressure of the container
to be filled, and the source pressure; comparing the sensed
ambient temperature, the initial pressure of the container to
be filled, and the source pressure, with the stored possible
values for the ambient temperature, initial pressure of the
container to be filled and the source pressure; and retrieving
from the other memory, a cut-off pressure assaciated with
the stored possible values of ambient temperature, initial
container pressure and source pressure which correspond to
the sensed ambient temperature, initial container pressure
and source pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the apparatus for
the adiabatic filling of containers, according to a first
embodiment of the invention;

FIG. 2 is a schematic representation of a container fill
valve configuration, according to the embodiment of FIG. 1;

FIG. 3 is a schematic representation of the apparatus for
the adiabatic filling of containers, according to a sccond
embodiment of the invention.

BEST MODE FOR CARRYING-OUT THE
INVENTION

While the present invention is susceptible of embodiment
in many different forms, there is shown in the drawings and
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will be described herein in detail, several specific embodi-
ments, with the understanding that the present disclosure is
to be considered as an exemplification of the principles off
the invention, and is not intended to limit the invention to the
embodiments illustrated.

FIG. 1 shows schematically, the filling system 10 accord-
ing to one embodiment of the invention. Vehicle storage
cylinder 11 is Connected to gas refueling station 12 by
suitable piping 14. A pressure transducer 16 of known
configuration is located on piping 14 at a position down-
stream of check valve 18. Pressure transducer 16 is config-
ured to be able to continually sense the pressure within
vehicle storage cylinder 11. Check valve 18 is configured to
only allow flow toward cylinder 11. A cut-off valve 20,
which may be, for example, a solenoid valve, is located
upstream of check valve 18. A second pressure transducer
22, also of known configuration, is located upstream of
cut-off valve 20. Temperatures sensor 40 senses the gas
source temperature.

Both pressure transducers 16 and 22 are arranged so as to
supply signals, 17 and 23, respectively, to control computer
24. Likewise, a temperature sensor 26, located so as to sense
the refueling station’s ambient temperature, is arranged to
feed its signals to control computer 24. In a manner dis-
cussed further hereinafter, control computer applies the
information contained in the signals from pressure transduc-
ers 16, 22, and temperature sensor 26, and establishes a
cut-off pressure, which is schematically represented as point
28. During the refueling procedure, if the pressure sensed by
pressure transducer 16 exceeds the cut-off pressure 28, then
relay 30 is actuated so as to cause cut-off valve 20 to close
pipeline 14, and stop the flow of gas into vehicle storage
cylinder 11.

In the embodiment shown in FIG. 1, it is contemplated
that, for purposes of sensing the cylinder pressure, a cylinder
pressure sensing port 31 provided on each cylinder 11, with
its own check valve 35. This arrangement is indicated
schematically in FIG. 2. Pressure transducer 16 would not,
in a preferred embodiment, be located on cylinder 11, as this
construction would increase the cost of each cylinder 11.
Pressure transducer 16 would therefore be part of the
equipment of refueling station 12. During the operation of
connecting cylinder 11 to refueling station 12, the fill nozzle
(not shown) for cylinder 11, which would be of known
construction, would open the pressure sensing check valve
35. The pressure signal 17 would be directed to the control
computer 24 as indicated. Accordingly, the fill nozzle would
contain two lines, one, line 14 supplying the gas to fill
cylinder 11, and another, line 15, leading to pressure trans-
ducer 16, for sensing the cylinder pressure.

In the alternative embodiment of FIG. 3, elements having
structures and/or functions similar or substantially identical
to those described with reference to the previous embodi-
ment, are designated with like reference numerals followed
by a prime (). In filling system 10, cylinder pressure sensing
port 31’ is located upstream of check valve 18'. Tempcrature
sensor 40’ senses the gas source temperature. In this embodi-
ment, the volume of the line 15’ from pressure sensing port
31’ to pressure transducer 16', and the volume of line 14'
from pressure sensing port 31’ to cylinder 11' are assumed to
be small, relative to the volume of cylinder 11' itself. Further,
check valve 18' is assumed to offer little flow resistance
during the filling process, and the diameter of line 14'
between check valve 18’ and cylinder 11' is assumed to be
relatively large. Given the foregoing assumptions, cylinder
pressure readings taken from port 31' should also provide
accurate determinations of the pressure in cylinder 11°
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during a filling process. The configuration of the embodi-
ment of FIG. 3 would then allow the accurate filling of
cylinders 11' which are not provided with their own pressure
sensing ports.

In either embodiment, the operation of filling system 10
(10') is the same, as previously described.

In the prior art, if a cylinder, having a known volume and
initial temperature is filled with gas at a known temperature,
to a specified pressure (assuming a filling process slow
enough not to permit an accumulation of heat, and corre-
sponding temperature rise, within the cylinder), the amount
of mass put into the cylinder can be determined by the final
cylinder pressure. Accordingly, if the cylinder pressure is
monitored continually, and a cut-off pressure has been
calculated, based upon the characteristics of the cylinder
(rated pressure, etc.) and the ambient temperature, a safe
filling of the cylinder can be accomplished.

However, such a filling process can be expected to take up
to several hours, which is an unacceptable fill time for many
applications. For example, such fill times make commercial
natural gas filling stations for private natural gas powered
vehicles (NGV’s), analogous to current gasoline filling
stations, impractical. To make such applications practical,
fill times of five minutes or less are needed.

During a fast filling procedure, there is not sufficient time
for the heat, which accumnlates in the cylinder, to dissipate,
since the heat capacity of such cylinders, is not high enough,
particularly if the cylinders are made of composite materials,
to save weight. This is known as an adiabatic filling process.
Since the gas temperature is rising, the cylinder static
pressure which is observed will not accurately reflect the
mass which has been inletted into the cylinder. Likewise, it
would be difficult to determine the instantaneous tempera-
ture of the gas in the cylinder during the refueling process.
The mass would only be accurately refiected by the static
pressure in the cylinder, once the built-up heat in the
cylinder had an opportunity to dissipate, so that the cylinder
would return to a standard (e.g., 70° E.) or at least stabilized
temperature.

In addition, the amount and pressure of residual gas left
in the cylinder prior to filling will affect the amount of
temperature rise which will occur during the filling process.

In order to determine a cut-off pressure, which will
accurately reflect a safely filled cylinder, at a standard
temperature and pressure, the following set of differential
equations require solution:

In which:

=Mass in receiving cylinder

P =Pressure in receiving cylinder

T,= Temperature in gas receiving cylinder
V,=Volume of receiving cylinder

Tl’ =heat transfer rate entering receiving cylinder

pr=Cylindef wall specific heat

A0,
Z Heat transfer rate out receiver cylinder wall into ambient

a0y . -
= Net heat transfer rate into cylinder wall

h,,,s= The surface heat transfer coefficient of the receiv-
ing cylinder on its ambient surface

b, =The surface heat transfer coefficient of gas inside the
receiving cylinder
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6
h=The specific enthalpy of the supply gas
M, =Cylinder wall mass
R=Universal gas constant
U,=Specific internal energy of gas in cylinder
W,=Mass flow rate into cylinder
Z,=Compressibility factor of the gas
A, ~Cylinder surface area
T =Ambient temperature
T,,=Cylinder wall temperature

1. Energy

dgr
dr

d(Muy)
dt

+ Wihy=

2. Conservation of Mass

aM,
—a =SWiWi=fiP TP, ..)

3. Equation of State
PV,=RZMT,
or
v R L amra

4. Heat Transfer Equations

d
% = —heyAeyi(Tr — Tw)

dQa .

=z = hambAcyt(Tw — Tomb)
dgw _ -d0,  dgs
d — d dt
dT,, _ 1 dQy
d - mycp,, dr

In order to define solutions of the above-listed set of
equations, the following list of parameters which will be
known or can be dictated in a contemplated refueling station
are used:

a. orifice area of the cylinder aperture;

ambient air temperature;

cylinder (interior) side heat transfer coefficient;
surface area of cylinder;

volume of cylinder;

ambient side (exterior) heat transfer coefficient;

mass of the cylinder wall;

specific heat of the cylinder wall

type of gas (known physical characteristics), whether
pure methane or a mean U.S. natural gas composition;

j. pressure of the supply gas;

k. temperature of the supply gas;

L. pressure of the cylinder gas;

m. pressure of the residual cylinder gas; and

n. temperature of the residual cylinder gas.

Solutions of this equation set has been obtained using
known computer differential equation solution methods. In
particular, a Runge Kutta Fourth Order Method has been
used, although other solution methods may be used.

In order to reduce the number of variable parameters for
which solutions must be obtained, certain ones of the
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parameters are assumed to be constant, or of limited alter-
natives. For example, two standardized cylinders, one of
aluminum composite matrix wrapping, and one of steel
composite matrix wrapping, and of specific physical dimen-
sions can be assumed, so as to correspond to the two general
types of cylinders in present and/or contemplated commer-
cial practice. A single orifice area can be assumed. The
ambient temperature and the cylinder gas temperature can be
assumed to be equal. The supply gas pressure and tempera-
ture can be dictated, to be adequate to accomplish filling of
any cylinder, to rated filling. For example, a standard 10"
diameter, 50" tall cylinder, would have, as a target pressure,
at standard temperature of 70° F, a final static gas pressure
of 3000 psia (pounds per square inch absolute). Therefore,
the supply pressure would be set at 3000 psia, or a higher
value, such as 4000 psia. )

In addition, since this system is directed to substantially
adiabatic filling of the cylinder (five minutes or less), heat
transfer to or from ambient, directly into the cylinder, or into
the supply piping, during the filling procedure, can be
considered to be negligible, and thus the related parameters
and constants can be omitted or placed at zero.

Solution of the equation set, using the defined and/or
omitted parameters yields a set of curves ploiting final
cylinder pressures, at standard temperature (or other tem-
perature, if desired), against initial cylinder pressure values,
for varying supply pressures, for a specified maximum
filling time (.e.g., five minutes). Accordingly, a cut-off
pressure, representing a maximum, safe, normalized static
gas pressure for the cylinder, corresponding to the initial
cylinder pressure, and the supply gas ternperature and pres-
sure, can be obtained.

What is claimed is:

1. A system for the rapid, substantially adiabatic, filling of
containers with a gas, under pressure, wherein each con-
tainer has a known pressure rating at standard ambient
pressure and temperature, and an unknown amount of
residual gas remaining therein, said system, in combination
with one or more of said containers, comprising:

a source of gas;

means for directing the flow of the gas from the source to
one or more of the containers;

means for sensing the temperature and pressure of the gas
being supplied by the source, and producing indications
representative of the temperature and pressure;

means for sensing the pressure within the one or more
containers, and producing an indication representative
of the pressure in the one or more containers,

said means for sensing the pressure within the one or more
containers being capable of sensing an initial pressure
within the one or more containers, and thereafter sub-
stantially continuously sensing the pressure within the
one or more containers, while the flow of gas from the
source into the container is substantially continuous
and uninterrupted during the filling process;
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means for sensing an initial temperature of the one or
more containers prior to filling thereof;

control means for determining a cutoff pressure to which
the one or more containers can be filled, the cutoff
pressure being based upon the initial pressure within
the one or more containers, the initial temperature of
the one or more containers, and the temperature and
pressure of the gas being supplied by the source and
presuming that substantially no heat transfer occurs
between the container and the surrounding environ-
ment, during the filling of the container, the control
means being operably associated with the means for
sensing the temperature and pressure of the gas being
supplied, the means for sensing the pressure within the
one or more containers and the means for sensing the
initial temperature of the one or more containers, the
control means being further configured for determining
and achieving filling of the container to a predeter-
mined level.

2. The system for the rapid filling of containers, according

to claim 1 wherein the control means further comprises:

means for storing data corresponding, to predetermined
final filled pressure values for the one or more contain-
ers, the predetermined final filled pressure values cor-
responding to a plurality of predetermined tempera-
tures and pressures of gas which could be supplied by
the source, and to a plurality of initial container pres-
sures and ambient temperatures;

means for comparing the indications provided by the
means for sensing the temperature and pressure of the
gas being supplied, the means for sensing the pressure
within the one or more containers and the means for
sensing the initial temperature of the one or more
containers, with the data corresponding to predeter-
mined final filled pressure values;

means for interpolating the indications provided by the
means for sensing the temperature and pressure of the
gas being supplied, the means for sensing the pressure
within the one or more containers and the means for
sensing the initial temperature of the one or more
containers, in the event that said indication do not
correspond exactly to the plurality of predetermined
temperatures and pressures of gas which could be
supplicd by the source, and to a plurality of initial
container pressures and ambient temperatures, to deter-
mine appropriate intermediate final filled pressure val-
ues for the one or more containers.

3. The system for the rapid filling of containers, according

to claim 1, further comprising;

means for stopping the flow of gas from the source,
operably associated with and responsive to the control
means,



