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(57) ABSTRACT 

An apparatus and method estimate fluid mass in a cryogenic 
tank that holds a multiphase fluid comprising a liquid and a 
vapor. The apparatus comprises a level sensor, a pressure 
sensor and a computer. The level sensorprovides a parameter 
representative of a level of the liquid. The pressure sensor 
provides a pressure signal representative of vapor pressure 
inside the cryogenic tank. The computer is operatively con 
nected with the level sensor and the pressure sensor to receive 
the parameter and the pressure signal, and is programmed to 
determine the level from inputs comprising the parameter, to 
calculate a first volume of the liquid from inputs comprising 
the level, and to calculate a first mass of the liquid from inputs 
comprising the first volume and the pressure signal. 
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APPARATUS AND METHOD FORVOLUME 
AND MASS ESTMLATION OF AMULTIPHASE 

FLUID STOREDAT CRYOGENC 
TEMPERATURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of International 
Application No. PCT/CA2012/050628 having an interna 
tional filing date of Sep. 11, 2012 entitled “Apparatus And 
Method For Volume And Mass Estimation Of A Multiphase 
Fluid Stored A Cryogenic Temperatures'. The 628 interna 
tional application claimed priority benefits, in turn, from 
Canadian Patent Application No. 2,753,588 filed on Sep. 27. 
2011. The 628 international application is hereby incorpo 
rated by reference herein in its entirety. 

FIELD OF THE INVENTION 

0002 An apparatus and method estimate a volume and a 
mass of a multiphase fluid stored at cryogenic temperatures in 
a vessel. When the multiphase fluid is a fuel consumed by a 
vehicle, the apparatus and method can be used to estimate 
vehicle range. 

BACKGROUND OF THE INVENTION 

0003. The employment of alternative fuels such as lique 
fied natural gas (LNG) to power automotive vehicles has 
provided advantages that are both economical and environ 
mental compared to conventional hydrocarbon fuels such as 
gasoline and diesel. Accordingly there is a growing demand 
for vehicles that are fuelled exclusively by LNG, and for 
bi-fuel vehicles whose engines are capable of fuelling from 
gasoline or diesel in addition to LNG. 
0004 Gasoline and diesel are incompressible liquids and 
accordingly, unlike gaseous fuels their densities do not 
change as a function of pressure. The heating value of gaso 
line or diesel is substantially constant and orthogonal to pres 
Sure. A measurement of the Volume of gasoline or diesel 
remaining in a fuel tank provides Sufficient information to 
determine the energy content available to power a vehicle. 
This is not the case for LNG. 

0005 Measuring the volume of LNG provides a vehicle 
operator with information they can use to estimate when a trip 
to a refuelling station is necessary. However, the density of 
LNG is a function of temperature, pressure and fluid compo 
sition, and therefore the energy content in any given volume 
is variable. At the pressures and temperatures that LNG is 
typically stored, it is a multiphase fluid, and the density of the 
liquefied gas is variable as a function of the saturated pressure 
and temperature. A measure of the liquid Volume in a fuel tank 
provides less accurate information to estimate the energy 
content available to power a vehicle, in comparison to gaso 
line or diesel. For example, under typical storage conditions 
the density of LNG in a cryogenic storage tank can vary up to 
20% or more. The vapor pressure within a cryogenic storage 
tank changes due to boiling and natural expansion of the LNG 
as a result of heat leak into the cryogenic space from the 
external environment because of the finite thermal resistance 
of tank insulation. For a given mass of LNG, however, the 
energy content available to power a vehicle is the same even 
though its volume and density can vary by 20%. Therefore 
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determining the mass of LNG provides a more accurate esti 
mation of its energy content and therefore fuelling range of a 
vehicle. 
0006. It is known to use level sensors to measure a liquid 
level of LNG in a cryogenic storage tank. However, accu 
rately measuring the liquid level of a cryogenic liquid held in 
a storage tank is still a challenging application. It can be 
especially challenging to accurately measure liquid level of 
cryogenic liquids in Storage tanks that are mobile, such as 
vehicular fuel tanks storing LNG. There are known methods 
available for determining the liquid level of a cryogenic liquid 
held within a storage tank that employ level sensors. There are 
various types of level sensors including mechanical float-type 
level sensors, pressure-based level sensors, ultrasonic level 
sensors and capacitance-type level sensors. It is known to use 
a capacitance-type level sensor for measuring liquid levels 
inside a cryogenic storage tank. 
0007. The capacitance-type level sensor has proven to be 
particularly well suited for measuring the level of LNG in a 
storage tank. The evolution of capacitance-type level sensors 
has provided sensors of varying complexity and accuracy 
tailored to particular application requirements. The basic 
operating principle behind a capacitance-type level sensor is 
to arrange two conductors within a tank where the liquid level 
is to be measured. The conductors are electrically insulated 
by a space that provides for a dielectric material. That is, the 
LNG between the conductors in liquid or vapor form serves as 
the dielectric material. The combination of the conductors 
and the dielectric material therebetween provides a capacitor. 
A capacitance of the capacitor is directly proportional to the 
Surface area of the conductors, the distance separating the 
conductors and an effective dielectric constant of the dielec 
tric materials between them. As the level of liquid rises or falls 
within the tank, the effective dielectric constant of the dielec 
tric between the conductors changes and so too does the 
capacitance. By detecting changes in the capacitance of the 
capacitor the level of the liquid in the tank can be determined. 
0008 For the purposes of this application, cryogenic fuels 
include those liquid fuels that boil attemperatures at or below 
-100° C. under atmospheric pressures. For example, LNG 
boils at approximately - 162° C. at atmospheric pressure. 
While the present description pertains to LNG, it is equally as 
applicable to other multiphase fluids generally, for example 
methane, ethane, propane, hydrocarbon derivatives, hydro 
gen, nitrogen, argon and oxygen. 
0009. Accurately detecting the level of liquid remaining 
for vehicular fuel tank applications is important because the 
consequence of an inaccurate level measurement can result in 
a vehicle being stranded if it runs out of fuel, or reduced 
operational efficiency if the vehicle is re-fuelled more fre 
quently than necessary. In addition, for vehicles that use a 
high pressure pump to deliver the fuel to the engine, there can 
be accelerated wear of the pump components if the pump is 
operated frequently when the fuel tank is empty. 
0010. During refuelling of a cryogenic storage tank an 
ullage space needs to be provided for natural expansion of 
vapors from boiling of the cryogenic liquid. One of the chal 
lenges of LNG is that, in many applications, once delivered 
into the storage tank, it needs extra space in which to expand 
when the LNG warms. Excessive heat leakage into a cryo 
genic tank, as well as causing the LNG itself to expand, will 
cause the cryogenic liquid to boil. Eventually, with continued 
heat leakage, LNG will boil or evaporate resulting in a pres 
Sure build up in the storage tank. 
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0011. One problem with use of the ullage space is that it is 
difficult to leave an adequate space during filling. In other 
words, refuelling must be stopped at Some predetermined 
point prior to the storage tank reaching liquid full. Ideally, the 
ullage space should be large enough to allow for LNG expan 
sion yet Small enough to maximize the amount of cryogen that 
can be held in the tank and, thereby, maximize the time 
between refuelling. As noted above, this is important in natu 
ral gas vehicle operations where fuel systems attempt to 
maximize the Volume they can store within the limited space 
available on a vehicle while minimizing the space utilized to 
store that fuel. A variety of means have been developed to 
determine a fill point that leaves an adequate ullage space. 
0012 Visual fill lines, if used, may not provide the level of 
accuracy required. Also, given the double-walled, vacuum 
insulated structure of many tanks, it is not easy to provide a 
sight port through to the inner vessel. Stop mechanisms such 
as shut-offfloats or valves require mechanical parts within the 
inner vessel. This introduces into the storage tank a mechani 
cal failure point that is Subjected to wear during and between 
each fill. 
0013 Level sensors have been used in cryogenic storage 
tanks. However, in order to calibrate the level sensor the 
storage tanks have traditionally required filling which is prob 
lematic for a number of reasons. First, it is difficult to achieve 
when an ullage space is required and no visual fill lines are 
present. Second, filling of a storage tank during manufactur 
ing is not desired since the tank then needs to be emptied after 
calibration for shipping. Also, once the level sensor is 
assembled into the tank it is difficult to gain further access if 
required for calibration purposes. 
0014 U.S. Pat. No. 6,892.572 issued to Breed et al. on 
May 17, 2005 discloses a system for determining a quantity of 
a liquid in a fuel tank in a vehicle Subject to varying external 
forces caused by movement or changes in the roll and pitch 
angles of the vehicle wherein the tank is mounted to the 
vehicle and subject to forces along the yaw axis of the vehicle. 
One or more tank load cells provide an output proportionally 
representing the load thereon. The load cells are placed 
between a portion of the tank and a portion of a reference 
Surface of the vehicle and are sensitive along an axis that is 
Substantially normal to the mounting Surface and generally 
parallel to the yaw axis of the vehicle. 
0015 French Pat. No. 2,885,217, issued to Bruno Bernard 
on Aug. 10, 2007, discloses a gaseous fuel quantity measuring 
gauge for a fuel tank of a vehicle comprising sensors measur 
ing pressure and temperature of fuel within the fuel tank. 
There is also disclosed a method and apparatus for estimating 
the mass of a liquid disposed below the gaseous fuel. Bernard 
teaches an arrangement, which employs multiple sensors that 
introduce further heat paths between the storage vessel and 
the outside environment, increasing the boiling rate of the 
liquid within the vessel. Furthermore, Bernard disclosed that 
the pressure sensor must be disposed at the bottom of the tank 
in an inconvenient location for mounting, thereby complicat 
ing the manufacturing of the storage vessel and introducing 
an additional failure point that either shortens the operational 
life of the fuel tank or increases the maintenance costs. 

0016 A fluid level sensor employing multiple stacked 
capacitive sensors is disclosed in U.S. Pat. No. 3,797.311 
issued on Mar. 19, 1974 to Blanchard et al. The fluid sensor 
comprises a lower segment, an intermediate segment and an 
upper segment. When a level of fluid is within the range of the 
upper segment, the lower and intermediate segments do not 
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contribute at all to the level measurement. Instead, a fixed 
height of the lower and intermediate segments measured 
before installation is added to the output of the upper seg 
ment. 

0017. A capacitive level sensor and control system is dis 
closed in U.S. Pat. No. 6,016,697, issued Jan. 25, 2000 to 
McCulloch et al. The capacitive level detection and control 
system provides a highly accurate determination of liquid 
level within a container. The primary sensor is an elongate 
capacitive probe positioned vertically within the container so 
that a lower portion of the probe is in liquid and an upper 
portion of the probe extends above the surface of the liquid. A 
liquid reference sensor is proximate the lower end of the 
probe, and a gas reference sensor is proximate the upper end 
of the probe. The gas reference sensor and the liquid reference 
sensor assist in calibration of the system and provide capaci 
tances proportional to liquid and gas dielectric constants. The 
calibration requires that all three sensors be placed in the 
same medium, for example air, so that Voltages can be mea 
Sured. During operation, then, the level measurement is inde 
pendent of the dielectric constant of the liquid whose level is 
being measured. 
0018. There is a need for a new and improved apparatus 
and method for determining the Volume and mass of a mul 
tiphase fluid that employs a level sensor measurement. 

SUMMARY OF THE INVENTION 

0019. An improved methodestimates fluid mass in a cryo 
genic tank that holds a multiphase fluid comprising a liquid 
and a vapor. The method comprises steps of determining a 
level of the liquid in the cryogenic tank, calculating a first 
volume of the liquid from inputs comprising the level of the 
liquid, measuring vapor pressure inside the tank, and calcu 
lating a first mass of the liquid frominputs comprising the first 
volume and the vapor pressure. The method further comprises 
a step of estimating a fuelling range for a vehicle based on the 
first mass when the fluid is a fuel for combustion in an internal 
combustion engine in the vehicle. When the step of determin 
ing the level of the liquid employs a capacitance-type level 
sensor, the method comprises Sub-steps of providing a pair of 
spaced apart conductors that are disposed within the cryo 
genic tank and form in part a capacitor, and calibrating the 
capacitance-type level sensor at least once prior to first intro 
duction of the cryogenic liquid in the cryogenic tank. The step 
of calibrating comprises steps of applying a measuring signal 
to the capacitor; measuring a first parameter representative of 
a first capacitance of the capacitor in a dry state where a first 
dielectric with a first dielectric constant is disposed between 
the spaced apart conductors in the dry state; estimating a 
second parameter representative of an empty level in the 
cryogenic tank where a second dielectric with a second 
dielectric constant is disposed between the spaced apart con 
ductors at the empty level and the second parameter is esti 
mated based on the first parameter and a first ratio of dielectric 
constants comprising the first dielectric constant and the sec 
ond dielectric constant; and estimating a third parameter rep 
resentative of a full level in the cryogenic tank where a third 
dielectric with a third dielectric constant is disposed between 
the spaced apart conductors at the full level and the third 
parameter is estimated based on the first parameter and a 
second ratio of dielectric constants comprising the first 
dielectric constant and the third dielectric constant. The sec 
ond dielectric is the vaporand the third dielectric is the liquid. 
The second dielectric constant and the third dielectric con 
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stant can be determined as a function of the vapor pressure. 
When employing the capacitance-type level sensor the step of 
determining the level comprises Sub-steps of applying the 
measuring signal to the capacitor, measuring a fourth param 
eter representative of the level of the liquid in the cryogenic 
tank; and calculating the level from inputs comprising the 
second parameter, the third parameter, the empty level, the 
full level and the fourth parameter. The calculation can be 
done by interpolating the level between the empty level and 
the full level based on the fourth parameter. The first volume 
can be calculated by employing a mathematical relationship 
between the level and the first volume or an empirical rela 
tionship between the level and the first volume. The first mass 
can be calculated by estimating the density of the liquid from 
inputs comprising the vapor pressure and calculating the first 
mass from inputs comprising the density and the first volume. 
The density can be estimated by employing a mathematical 
relationship between the vapor pressure and the density, or by 
employing an empirical relationship between the vapor pres 
Sure and the density. For example, the density can be esti 
mated from inputs comprising a speed of propagation of 
acoustic waves through the liquid, or the density can be esti 
mated based on the composition of the liquid. When the liquid 
is natural gas the composition can be estimated based on the 
percentage composition of methane. The method can further 
comprise a step of calculating a second mass of the vapor 
where a total fluid mass is the sum of the first mass and the 
second mass. The total fluid mass can be employed to esti 
mate fuelling range for a vehicle when the fluid is a fuel for 
combustion in an internal combustion engine of a vehicle. 
The second mass can be calculated based on steps comprising 
calculating a second Volume occupied by the vapor, estimat 
ing a density of the vapor, and estimating the second mass 
based on the second volume and the density. The density of 
the vapor can be determined based on the vapor pressure and 
the vapor composition. 
0020. An improved apparatus is provided for estimating 
fluid mass in a cryogenic tank that holds a multiphase fluid 
comprising a liquid and a vapor. The apparatus comprises a 
level sensor, a pressure sensor and a computer. The level 
sensor provides a parameter representative of a level of the 
liquid. The pressure sensor provides a pressure signal repre 
sentative of vapor pressure inside the cryogenic tank. The 
computer is operatively connected with the level sensor and 
the pressure sensor to receive the parameter and the pressure 
signal. The computer is programmed to determine the level 
from inputs comprising the parameter, to calculate a first 
Volume of the liquid from inputs comprising the level, and to 
calculate a first mass of the liquid from inputs comprising the 
first volume and the pressure signal. When the fluid is a fuel 
for combustion in an internal combustion engine in a vehicle, 
the computer can be further programmed to estimate a fuel 
ling range for the vehicle based on the first mass. The level 
sensor can be a float-type level sensor, an ultrasonic-type 
level sensor, a pressure-type level sensor or a capacitance 
type level sensor. The capacitance-type level sensor com 
prises a pair of spaced apart conductors disposed within the 
cryogenic tank and a measurement apparatus that is opera 
tively connected with the spaced apart conductors and is 
adapted to apply a measuring signal thereto and measure 
instantaneous values of parameters therefrom representative 
of corresponding instantaneous values of capacitance of the 
spaced apart conductors. The computer is in communication 
with the measurement apparatus and is further programmed 
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to calibrate the capacitance-type level sensor at least once 
prior to first introduction of the cryogenic liquid in the cryo 
genic tank. The computer is programmed to command the 
measuring signal be applied to the spaced apart conductors, to 
receive a first parameter from the measurement apparatus 
representative of a first capacitance of the spaced apart con 
ductors in a dry state where a first dielectric with a first 
dielectric constant is disposed between the spaced apart con 
ductors, to estimate a second parameter representative of an 
empty level in the cryogenic tank where a second dielectric 
with a second dielectric constant is disposed between the 
spaced apart conductors at the empty level and the second 
parameter is estimated based on the first parameter and a first 
ratio of dielectric constants comprising the first dielectric 
constant and the second dielectric constant, and to estimate a 
third parameter representative of a full level in the cryogenic 
tank where a third dielectric with a third dielectric constant is 
disposed between the spaced apart conductors at the full level 
and the third parameter is estimated based on the first param 
eter and a second ratio of dielectric constants comprising the 
first dielectric constant and the third dielectric constant. The 
second dielectric is the vapor and the third dielectric is the 
liquid. The second dielectric constant and the third dielectric 
constant can be calculated based on the vapor pressure. The 
computer is further programmed to command the measuring 
signal be applied to the spaced apart conductors, to receive a 
fourth parameter from the measurement apparatus represen 
tative of the level of the liquid, and to calculate the level from 
inputs comprising the second parameter, the third parameter, 
the empty level, the full level and the fourth parameter. The 
computer can be further programmed to interpolate the level 
between the empty level and the full level based on the fourth 
parameter. The computer can be programmed to employ 
either a mathematical relationship between the level and the 
first volume, or an empirical relationship between the level 
and the first volume in order to calculate the first volume. The 
computer can be further programmed to estimate the density 
of the liquid from inputs comprising the vapor pressure, and 
to calculate the first mass from inputs comprising the density 
and the first volume. The computer can still be further pro 
grammed to employ either a mathematical relationship 
between the vapor pressure and the density, or an empirical 
relationship between the vapor pressure and the density. For 
example, an ultrasonic sensor can be employed for sensing a 
speed of propagation of acoustic waves in the liquid or a fluid 
composition sensor can provide a fluid composition signal, 
and the density of the cryogenic liquid can be estimated from 
inputs comprising the speed of propagation of the acoustic 
waves or the fluid composition signal. The fluid composition 
sensor can be at least a methane sensor, for example when the 
fluid is natural gas, and the computer can be programmed to 
estimate the density based on the percent composition of 
methane in natural gas. The computer can yet still be further 
programmed to calculate a second mass of the vapor, and a 
total fluid mass as the Sum of the first mass and the second 
mass. The computer can be programmed to estimate a fuel 
ling range for a vehicle from the total fluid mass when the 
fluid is a fuel for combustion in an internal combustion engine 
of the vehicle. The computer is programmed to calculate the 
second mass by calculating a second Volume occupied by the 
vapor, estimating a density of the vapor, and estimating the 
second mass based on the second Volume and the density. The 
fluid composition sensor can provide the fluid composition 
signal that is representative of the composition of the vapor, 
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and the computer can be further programmed to estimate the 
vapor density based on the fluid composition signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1 is a schematic view of a cryogenic storage 
tank and the apparatus for estimating the fuel Volume and 
mass within the storage tank. 
0022 FIGS. 2a and 2b are schematic views of lumped 
parameter models of external and internal wire harnesses and 
a level sensor capacitor. 
0023 FIG. 3 is a flow chart of a calibration sequence for a 
capacitance-type level sensor of the apparatus of FIG. 1. 
0024 FIG. 4 is a flow chart for the method of estimating 
the fuel Volume and mass of a cryogenic liquid within the 
storage tank of the apparatus of FIG. 1. 
0025 FIG. 5 is a flow chart for the method of estimating 
the fuel Volume and mass of a cryogenic liquid and a vapor 
within the storage tank of the apparatus of FIG. 1. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENT(S) 

0026 Referring to the figures and first to the illustrated 
embodiment of FIG. 1, there is shown an apparatus 100 for 
estimating a Volume and a mass of a cryogenic liquid 110 in 
cryogenic storage tank 120. Cryogenic space 130 is filled by 
introducing cryogenic fluid through conduit 140 comprising 
open end 150 disposed near top 160. Cryogenic fluid can be 
introduced into conduit 140 through coupling 170 which is 
located outside tank120. Coupling 170 can comprise shut off 
valve 180 that opens when coupled to a fill nozzle, and closes 
when the fill nozzle is not coupled to coupling 170. 
0027 Manifold block 190 can be used to reduce the num 
ber of fittings and connections to simplify assembly and 
reduce the number of potential leak points. Internal passages 
within manifold block 190 connect the conduits that extend 
into the interior of tank 120 with at least four outside connec 
tions. As previously indicated, one internal passage leads 
from conduit 140 to coupling 170 for filling cryogenic space 
130 with cryogenic fluid. Shut off valve 180 need not be 
integral to coupling 170 and instead can be a separate com 
ponent installed between manifold block 190 and coupling 
170, or to achieve the same effect with less connections, the 
valve assembly for shut off valve 180 can be installed into a 
bore made in manifold block 190, whereby manifold block 
190 then serves as the body for shut off valve 180. 
0028 Cryogenic storage tanks normally build pressure 
inside cryogenic space 130 during normal use, and before 
refilling. Vapor is vented from the storage tank to reduce the 
vapor pressure. With the illustrated embodiment, vapor 200 
can be vented from cryogenic space 130 through conduit 140 
prior to refilling when a fill nozzle is connected to coupling 
170. This is different from conventional systems, which com 
monly vent vapor 200 to atmosphere, resulting in the gas 
being wasted and released into the environment. With the 
illustrated arrangement, vapor 200 that is vented through 
coupling 170 can be used to pre-cool the hose and/or piping 
that is used to deliver cryogenic liquid 110 to cryogenic space 
130, and this vented vapor can be re-condensed by the filling 
station and thereby recovered. 
0029. A second internal passage within manifold block 
190 can be employed to direct vented vapor from conduit 140 
to conduit 210. Pressure relief valve 220 can be installed in 
manifold block 190 or on conduit 210 downstream from 
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manifold block 190. If the filling station is unable to accept 
vapor 200 that is vented from cryogenic space 130, this fea 
ture allows vapor 200 to be vented through conduit 210. As 
required by regulations governing storage tanks for liquefied 
gases, to prevent over-pressurization of cryogenic space 130, 
when the storage tank is in normal operation away from the 
filling station, pressure relief valve 220 automatically opens 
when vapor pressure inside cryogenic space 130 exceeds a 
predetermined set point to vent vapor through conduit 210. 
0030. A third internal passage connects outlet conduit 230 
with delivery conduit 240, through which cryogenic fluid is 
deliverable to an end user. As an example, conduits 230 and 
240 can Supply a low pressure fuelling system with natural 
gas for a spark ignited engine. In other embodiments, a high 
pressure pump (not shown) can be employed to deliver gas to 
an end user at higher pressures, such as a high pressure direct 
injection system. 
0031. A fourth passage internal to manifold 190 connects 
conduit 140 to pressure sensor 250. Pressure sensor 250 mea 
sures the pressure of vapor 200. As cryogenic liquid 110 boils, 
the vapor pressure within cryogenic space 130 increases. For 
example, at atmospheric pressure LNG occupies only "/600th 
the Volume of natural gas in vapor form. As cryogenic liquid 
110 boils, it expands to 600 times its volume, thereby increas 
ing the vapor pressure. 
0032. A capacitance-type level sensor comprises a capaci 
tor 270 disposed within cryogenic space 130 for measuring a 
level of liquid 110. The capacitor 270 comprises a pair of 
spaced apart conductors 280 and 282. The level sensor further 
comprises measurement circuit 290 and computer 300. Inter 
nal wire harness 310 and external wire harness 320 connect 
capacitor 270 to measurement circuit 290. With reference to 
FIG. 2a, there is shown a lumped parameter model of capaci 
tor 270, internal wire harness 310 and external wire harness 
320. Capacitor 270 comprises resistance R, and capacitance 
C. Internal wire harness 310 comprises resistance R. and 
capacitance C. External wire harness 320 comprises resis 
tance R, and capacitance C. Note that in other embodi 
ments of the lumped parameter model it is possible to include 
lumped inductances for capacitor 270 and internal and exter 
nal wire harnesses 320, however it has been found that at the 
operational frequencies of measurement circuit 290 the 
impedances of these inductance are negligible. The resistance 
R, represents the finite resistance of conductors 280 and 282. 
The resistances R and R, represent the finite resistance in 
the wires and connectors of harnesses 310 and 320. Spaced 
apart conductors form capacitor 270 having capacitance C. 
The wires in harnesses 310 and 320 are enclosed in respective 
cable housings which are routed from measurement circuit 
290 to capacitor 270. This arrangement of wires has associ 
ated lumped capacitances represented by C. and C. It has 
been found that for some applications resistances R. R. and 
R can be taken as zero and the simplified model of FIG.2b 
can be employed. 
0033 Capacitance C of capacitor 270 can be determined 
from a voltage across spaced apart conductors 280 and 282 
when a measuring signal commanded by computer 300 is 
applied to charge capacitor 270 via measurement circuit 290 
for a specified period of time. Measurement circuit 290 can be 
similar to that disclosed in Canadian Pat. No. 2,629,960 
issued to the present applicant on Dec. 8, 2009 (“the 960 
patent). However, other types of measurement circuits are 
possible as well. 
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0034. With reference to FIGS. 1 and 3, calibration of the 
level sensor is now described. The level sensor must be cali 
brated before it can be employed to measure the level of liquid 
110. In the present embodiment, the calibration is described 
for the model according to FIG. 2b. First, in step 400 either 
capacitances C, and C, or capacitance C is determined by 
empirical measurements before installation in tank 120. For 
example, this can be accomplished with conventional instru 
mentation that measures capacitance. Preferably, the mea 
Surement is conducted once, and the measured value is used 
for calibration of multiple sensors. In a preferred embodi 
ment, Such as when tank 120 is a vehicular fuel tank, capaci 
tance C is measured since it has been found that its value is 
more consistent from level sensor to level sensor. In other 
embodiments, capacitances C, and C can be more consis 
tent in which case their values would be measured. In this 
example, the measured capacitance represents capacitance 
C, when capacitor 270 is in a dry state when only air is 
between conductors 280 and 282. Next, in step 410 capacitor 
270 and wire harnesses 310 and 320 are assembled with tank 
120 and computer 300 is programmed with dry capacitance 
Cc and other parameters as will be described below. Cali 
bration is performed in a dry state when only air is within 
cryogenic space 130 and between spaced apart conductors 
280 and 282. For example, calibration is carried out during 
manufacturing of storage tank 120 before cryogenic liquid 
110 is added to space 130. In step 420, computer 300 com 
mands the measuring signal to be applied to capacitor 270. In 
step 430, measurement circuit 290 measures total capacitance 
C, equal to the total capacitance of wire harnesses 310 
and 320 and capacitor 270 and communicates this value to 
computer 300. In this situation, tank 120 is in the dry state, 
and total capacitance C, is a first parameter representative 
of dry capacitance C of the level sensor. Air is a first 
dielectric for capacitor 270 and has a first dielectric constant 
k of approximately 1.00059 at room temperature (25°C.). 
0035. The first parameter can be a voltage or a capacitance 
value, and in the present embodiment the calibration is 
described for when it is a capacitance. In step 440, computer 
300 calculates capacitances C and C, according to Eq. 1 
below, which follows from the model of FIG. 2b. Capaci 
tances C and C are stored in a memory, for example an ai ext 

EEPROM or FLASH memory, of computer 300. 
Cint-Cox CT(a)-Codey) Eq.1 

ext 

0036 Computer 300 next estimates a second parameter 
representative of an empty level of cryogenic liquid 110 in 
tank 120 in step 450. The empty level occurs when only vapor 
200 is between spaced apart conductors 280 and 282. In this 
situation vapor 200 is a second dielectric having a second 
dielectric constant k. The second parameter is the total 
capacitance C, and is estimated according to Eqs. 2 and 
3 below based upon the first parameter and a first ratio of 
dielectric constants comprising the first dielectric constant 
k ... and the second dielectric constant k With reference aif vapor 

to Eq.3.C. was measured in step 400, C, and C, were 
and determined in step 440, and dielectric constants ki 

k, are known and were programmed into computer 300 
prior to this calibration step. 

CT(empty) Co(empty) + Cint + Cert Eq. 2 
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-continued 
k Eq. 3 

CT(empty) = Cedo, + Cint + Cert 
air 

0037. It is possible that tank 120 may contain cryogenic 
liquid 110 at the empty level. For example, lower ends 330 of 
spaced apart conductors 280 and 282 cannot touch bottom 
340 of tank120 and so an amount of cryogenic liquid 110 that 
resides at bottom 340 and does not contact the conductors will 
not be measurable. As the level of cryogenic liquid 110 
decreases and falls below the level of lower ends 330 the level 
10 sensor will indicate an empty level. Computer 300 is 
configured during calibration to store the empty level L. 
which is the distance lower ends 330 are from bottom 340, 
and the total capacitance C, in the empty state, namely, 
the second parameter, in the memory of computer 300, and to 
associate L. With Cre 
0038 Next, in step 460, computer 300 estimates a third 
parameter representative of a full level in tank 120. The full 
level occurs when only cryogenic liquid 110 is between 
spaced apart conductors 280 and 282. In this situation cryo 
genic liquid 110 is a third dielectric having a third dielectric 
constant k. The third parameter is the total capacitance 
C, and is estimated according to Eqs. 4 and 5 below based 
upon the first parameter and a second ratio of dielectric con 
stants comprising the first dielectric constant k and the third 
dielectric constant k. With reference to Eq. 5. Co. was 
measured in step 400, C and C were determined in step 
440, and dielectric constants k and k are known and 
were programmed into computer 300 prior to this calibration 
step. 

CT(fat) = Cofiau) + Cint + Cert Eq. 4 

kiauid Eq. 5 
CT(fat) = Cca, + Cint + Cert 

air 

0039. It is possible that tank 120 may contain vapor 200 at 
the full level. For example, upper ends 350 of spaced apart 
conductors 280 and 282 are spaced below top 160 of tank 120. 
As the level of cryogenic liquid 110 increases and rises above 
upper ends 350 the level sensor will indicate a full level. 
Computer 300 is configured during calibration to store the 
full level L which is the distance upper ends 350 are from 
bottom 340, and the total capacitance Crn in the full state, 
namely, the third parameter, in the memory of computer 300, 
and to associate L, with Cran. This completes the initial 
calibration of the level sensor. 
0040. In other embodiments, for increased accuracy the 
model of FIG. 2a can be employed. In this situation, the 
previously discussed calibration steps would be adjusted to 
take into consideration the finite resistances R. R., and R. 
For example, resistance R, would be additionally measured 
in step 400, measurement circuit 290 would provide com 
puter 300 with conventional total impedance measurements, 
and Eqs. 1-6 would be adjusted to take into additional con 
sideration the finite resistances R. R., and R. For further 
improved accuracy, the effects of vapor 200 on capacitance 
C of internal wire harness 310 can be included in Eqs. 2-5. 
In this situation, C. needs to be determined independently 
from Cext, for example C, can also be measured in step 
400, separately from capacitance C). 
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0041. The level sensor can be recalibrated during normal 
operation for improved accuracy according to the following 
steps. Computer 300 receives a pressure signal from pressure 
sensor 250 that is representative of the vapor pressure inside 
cryogenic tank 120. In step 470, computer 300 periodically 
updates the values of second dielectric constant k, and 
third dielectric constant k, as a function of the pressure 
signal. In step 480, computer 300 can periodically correct the 
second parameter, which is the total capacitance C, 
representative of the empty level L. based on updated second 
dielectric constant k. Similarly, the third parameter, 
which is the total capacitance Cram representative of the full 
level L. can be periodically corrected based on updated third 
dielectric constant k. These updated values can be stored 
in the memory of computer 300 and used for level measure 
ment as described herein. 

0042. With reference to FIGS. 1 and 4, the method of 
estimating the fuel Volume and mass of cryogenic liquid 110 
is now described. In step 500, computer 300 commands the 
measuring signal to be applied to capacitor 270 to determine 
an unknown level L of cryogenic liquid 110 in tank 120. In 
step 510, measurement circuit 290 measures a fourth param 
eter as total capacitance C, representative of level L. 
Computer 300 receives the fourth parameter from measure 
ment circuit 290. 
0043. In step 520, computer 300 determines level L. by 

first relating the fourth parameter to the second and third 
parameters, for example by calculating a normalized percent 
age of the total capacitance C, with respect to the total 
capacitances Crea) and Crit according to Eq. 6. Level L4 
can then be determined by interpolating between the empty 
level Le and the full level Laccording to Eq. 7. 

CT(L) - CT(en Ed. 6 % Cru = 70 x 100 C CT(full) - CT(empty) 

% CT(L) Eq. 7 
L = L + -it-x(L - L.) 

0044. In step 530, the volume of cryogenic liquid 110 
corresponding to level L. just determined is estimated by 
either a mathematical or empirical relationship. For some 
tanks 120, a formula defining the Volume of cryogenic liquid 
110 as a function of the level of the cryogenic liquid can be 
determined. For other tanks, an equation defining Such a 
relationship is more difficult to determine and it is more 
convenient to empirically relate the volume with the level by 
performing experiments. In either situation, a look-up table or 
map can be employed to relate the level to the volume. 
0045. The density of cryogenic liquid 110 is determined in 
step 540. Computer 300 calculates the density of cryogenic 
liquid 110 based on the vapor pressure signal received from 
pressure sensor 250. It is noted that cryogenic liquid 110 and 
vapor 200 are substantially in a state of thermal equilibrium at 
the boiling temperature of cryogenic liquid 110 and therefore 
the temperature of cryogenic liquid 110 and vapor 200 is 
known implicitly based on the vapor pressure. As an example, 
when cryogenic liquid 110 is LNG, it boils at approximately 
-162°C. at atmospheric pressure. When tank 120 is in the dry 
state and filled for the first time, the vapor pressure is sub 
stantially equivalent to atmospheric pressure, but as heat gets 
absorbed by the cold liquid 110 from the surrounding walls in 
tank 120, it causes increased vaporization. As cryogenic liq 

Feb. 25, 2016 

uid 110 boils and the vapor pressure increases, the boiling 
temperature increases. The relationship between pressure and 
boiling temperature is well known and can be employed to 
determine the temperature. A temperature sensor is not 
required to determine the temperature. 
0046. There are several known methods for predicting the 
density of cryogenic liquid 110 based on pressure and tem 
perature. These methods include but are not limited to gen 
eralized charts, correlations, and equations of state. The gen 
eralized charts can be determined, for example, from 
empirical methods. 
0047. In still further embodiments, the density of cryo 
genic liquid 110 can further be determined as a function of 
fluid composition of cryogenic liquid 110. For example, when 
cryogenic liquid 110 is LNG then both the LNG and vapor 
200 comprise multiple hydrocarbons, mainly methane, but 
also ethane, propane, butane and other constituents. Natural 
gas sold in the market comes in various levels of fuel quality 
having different compositions of hydrocarbons. 
0048. In order to make a determination of the fluid com 
position, a fifth passage internal to manifold 190 connects 
conduit 140 to fluid composition sensor 370. Fluid composi 
tion sensor 370 is responsive to vapor 200 and liquid 110 to 
provide a fluid composition signal to computer 300 represen 
tative of at least a portion of the composition of vapor 200 and 
liquid 110. That is, fluid composition sensor 370 can measure 
the presence of at least one hydrocarbon in conduit 140. For 
example, fluid composition sensor 370 can be a methane 
sensor that measures the percentage by Volume of methane in 
vapor 200. Fluid composition sensor 370 can employ a spec 
troscopy type sensor, but other sensor types are possible. In 
other examples there can be a plurality of fluid composition 
sensors 370 each of which can measure the presence of a 
particular hydrocarbon. By knowing at least the percentage 
volume of methane in cryogenic liquid 110 and vapor 200, a 
more accurate determination of the density of cryogenic liq 
uid 110 can be made. 

0049. In yet still further embodiments, the density of cryo 
genic liquid 110 can further be determined as a function of a 
speed of propagation of acoustic waves travelling through 
cryogenic liquid 110, for example from ultrasonic sensor 380. 
Ultrasonic sensor 380 emits high frequency acoustic waves 
390 that are reflected from tank bottom 340. The density of 
liquid 110 can be estimated based on the speed of propagation 
of waves 390 as determined by round trip travel time and a 
distance between ultrasonic sensor 380 and tank bottom 340. 
In other embodiments, ultrasonic sensor 380 can be an ultra 
sonic level sensor that can also determine the level of liquid 
110 in tank 120. In FIG. 1, ultrasonic sensor 380 is connected 
with internal wiring harness 310 which connects with mea 
surement circuit 290. In other embodiments, ultrasonic sen 
sor 380 can connect directly with computer 300. 
0050. In step 550, computer 300 estimates the mass of 
cryogenic liquid 110 based on inputs comprising the density 
and the volume of cryogenic liquid 110 determined in steps 
540 and 550, respectively. In the present embodiment, cryo 
genic liquid 110 is employed to power the vehicle. In step 
560, an estimate of fuelling range based on a current operat 
ing load of the vehicle can be made by knowing the mass of 
cryogenic liquid 110. For example, at the current operating 
load of the vehicle the engine speed is known and the quantity 
of fuel injected per engine cycle is also known. The range of 
the vehicle at the current operating load can then be deter 
mined. 
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0051 Referring now to FIGS. 1 and 4, another embodi 
ment of the disclosed method is presented wherein like parts 
to the previous embodiment have like reference numerals. 
This embodiment is similar to the embodiment of FIG.3 and 
like parts are not described in detail, if at all. In some appli 
cations both cryogenic liquid 110 and vapor 200 provide fuel 
to power the vehicle. In this situation vapor 200 can be 
included in estimations of fuelling range. 
0052. In step 540, the volume of cryogenic liquid 110 is 
determined as in the previous embodiment. Computer 300 
additionally calculates a volume of vapor 200 by subtracting 
the volume of cryogenic liquid 110 from a total volume of 
cryogenic space 130, which is a known value that is stored in 
the memory of computer 300. 
0053. In step 550, the density of cryogenic liquid 110 is 
determined as in the previous embodiment. Computer 300 
additionally calculates a density of vapor 200 by employing 
the ideal gas law: 

P 

P. R. T 

0054 where 
0055 p is density 
0056 P is vapor pressure 
0057 T is temperature 
I0058. R. the specific gas constant 

Temperature T is known due to the state of thermal equilib 
rium between cryogenic liquid 110 and vapor 200, and vapor 
pressure P. 
0059 Computer 300 calculates the mass of cryogenic liq 
uid 110 in step 560 as in the previous embodiment. Addition 
ally, computer 300 calculates the mass of vapor 200 from 
inputs comprising the volume of vapor 200 and the density of 
vapor 200. In step 570, computer 300 estimates the fuelling 
range of the vehicle based on the mass of cryogenic liquid 110 
and vapor 200. When all liquid 110 is consumed by the 
vehicle, computer 300 can calculate how much remaining 
vapor 200 can be consumed for fuelling based on a minimum 
required gaseous fuel pressure. 
0060. While particular elements, embodiments and appli 
cations of the present invention have been shown and 
described, it will be understood, that the invention is not 
limited thereto since modifications can be made by those 
skilled in the art without departing from the scope of the 
present disclosure, particularly in light of the foregoing teach 
ings. 
What is claimed is: 
1. A method of estimating fluid mass in a cryogenic tank 

that holds a multiphase fluid comprising a liquid and a vapor, 
the method comprising steps of 

(a) determining a level of the liquid in the cryogenic tank; 
(b) calculating a first volume of the liquid from inputs 

comprising the level of the liquid; 
(c) measuring vapor pressure inside the tank; and 
(d) calculating a first mass of the liquid from inputs com 

prising the first Volume and the vapor pressure. 
2. The method of claim 1, wherein the fluid is a fuel for 

combustion in an internal combustion engine in a vehicle, the 
method further comprising a step of estimating a fuelling 
range for the vehicle from the first mass. 
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3. The method of claim 1, wherein the step of determining 
the level comprises a Sub-step of employing a float-type level 
sensor to provide a parameter representative of the level. 

4. The method of claim 1, wherein the step of determining 
the level comprises a Sub-step of employing an ultrasonic 
type level sensor to provide a parameter representative of the 
level. 

5. The method of claim 1, wherein the step of determining 
the level comprises a Sub-step of employing a pressure-type 
level sensor to provide a parameter representative of the level. 

6. The method of claim 1, wherein the step of determining 
the level comprises a sub-step of employing a capacitance 
type level sensor to provide a parameter representative of the 
level. 

7. The method of claim 6, wherein the step of employing 
the capacitance-type level sensor comprises Sub-steps of: 

(i) providing a pair of spaced apart conductors, the spaced 
apart conductors being disposed within the cryogenic 
tank and forming in part a capacitor, and 

(ii) calibrating the capacitance-type level sensor at least 
once prior to first introduction of the cryogenic liquid in 
the cryogenic tank, the calibrating Sub-step comprising 
steps of: 
applying a measuring signal to the capacitor; 
measuring a first parameter representative of a first 

capacitance of the capacitor in a dry state, a first 
dielectric having a first dielectric constant being dis 
posed between the spaced apart conductors in the dry 
State; 

estimating a second parameter representative of an 
empty level in the cryogenic tank, a second dielectric 
having a second dielectric constant being disposed 
between the spaced apart conductors at the empty 
level, the second parameter being estimated based on 
the first parameter and a first ratio of dielectric con 
stants comprising the first dielectric constant and the 
second dielectric constant; and 

estimating a third parameter representative of a full level 
in the cryogenic tank, a third dielectric having a third 
dielectric constant being disposed between the spaced 
apart conductors at the full level, the third parameter 
being estimated based on the first parameter and a 
second ratio of dielectric constants comprising the 
first dielectric constant and the third dielectric con 
Stant. 

8. The method of claim 7, wherein the second dielectric is 
the vapor and the third dielectric is the liquid. 

9. The method of claim 7, wherein the step of calibrating 
further comprises a Sub-step of calculating the second dielec 
tric constant and the third dielectric constant as a function of 
the vapor pressure. 

10. The method of claim 7, wherein the step of employing 
the capacitance-type level sensor further comprises the Sub 
steps of: 

(i) applying the measuring signal to the capacitor, 
(ii) measuring a fourth parameter representative of the level 

of the liquid in the cryogenic tank; and 
(iii) calculating the level from inputs comprising the sec 
ond parameter, the third parameter, the empty level, the 
full level and the fourth parameter. 

11. The method of claim 10, wherein the step of calculating 
the level comprises a sub-step of interpolating the level 
between the empty level and the full level based on the fourth 
parameter. 
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12. The method of claim 1, wherein the step of calculating 
the first volume comprises a Sub-step of employing a math 
ematical relationship between the level and the first volume. 

13. The method of claim 1, wherein the step of calculating 
the first volume comprises a Sub-step of employing an empiri 
cal relationship between the level and the first volume. 

14. The method of claim 1, wherein the step of calculating 
the first mass comprises Sub-steps of 

(i) estimating the density of the liquid from inputs com 
prising the vapor pressure; and 

(ii) calculating the first mass from inputs comprising the 
density and the first volume. 

15. The method of claim 14, wherein the step of estimating 
the density comprises a sub-step of employing a mathemati 
cal relationship between the vapor pressure and the density. 

16. The method of claim 14, wherein the step of estimating 
the density comprises a Sub-step of employing an empirical 
relationship between the vapor pressure and the density. 

17. The method of claim 14, wherein the density is esti 
mated from inputs comprising a speed of propagation of 
acoustic waves through the liquid. 

18. The method of claim 14, wherein the step of estimating 
the density comprises Sub-steps of: 

(i) estimating a composition of the liquid; and 
(ii) estimating the density based on the composition of the 

liquid. 
19. The method of claim 1, wherein the step of calculating 

the first mass comprises a Sub-step of estimating a composi 
tion of the liquid. 

20. The method of claim 19, wherein the step of estimating 
the composition comprises a Sub-step of employing a fluid 
composition sensor. 

21. The method of claim 19, wherein the step of estimating 
the composition comprises a Sub-step of estimating a meth 
ane composition. 

22. The method of claim 1, further comprising a step of 
calculating a second mass of the vapor, a total fluid mass 
being the Sum of the first mass and the second mass. 

23. The method of claim 22, wherein the fluid is a fuel for 
combustion in an internal combustion engine of a vehicle, the 
method further comprising a step of estimating fuelling range 
for the vehicle from the total fluid mass. 

24. The method of claim 22, wherein the step of calculating 
the second mass comprises Sub-steps of 

(i) calculating a second Volume occupied by the vapor, 
(ii) estimating a density of the vapor, and 
(iii) estimating the second mass based on the second Vol 
ume and the density. 

25. The method of claim 24, wherein the step of estimating 
the density comprises a Sub-step of calculating the density as 
a function of the vapor pressure. 

26. The method of claim 24, wherein the step of estimating 
the density comprises Sub-steps of: 

(i) estimating a composition of the vapor, and 
(ii) estimating the density based on the composition of the 

vapor. 
27. The method of claim 1, wherein the fluid is natural gas. 
28. An apparatus for estimating fluid mass in a cryogenic 

tank that holds a multiphase fluid comprising a liquid and a 
vapor, the apparatus comprising: 

(a) a level sensor providing a parameter representative of a 
level of the liquid; 

(b) a pressure sensor providing a pressure signal represen 
tative of vapor pressure inside the cryogenic tank; and 
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(c) a computer operatively connected with the level sensor 
and the pressure sensor to receive the parameter and the 
pressure signal, and being programmed to: 
(i) determine the level from inputs comprising the 

parameter; 
(ii) calculate a first volume of the liquid from inputs 

comprising the level; and 
(iii) calculate a first mass of the liquid from inputs com 

prising the first Volume and the pressure signal. 
29. The apparatus of claim 28, wherein the fluid is natural 

gaS. 
30. The apparatus of claim 28, wherein the fluid is a fuel for 

combustion in an internal combustion engine in a vehicle, the 
computer being further programmed to estimate a fuelling 
range for the vehicle from the first mass. 

31. The apparatus of claim 28, wherein the level sensor is a 
float-type level sensor. 

32. The apparatus of claim 28, wherein the level sensor is 
an ultrasonic-type level sensor. 

33. The apparatus of claim 28, wherein the level sensor is a 
pressure-type level sensor. 

34. The apparatus of claim 28, wherein the level sensor is a 
capacitance-type level sensor. 

35. The apparatus of claim 34, wherein the capacitance 
type level sensor comprises a pair of spaced apart conductors 
disposed within the cryogenic tank and a measurement appa 
ratus operatively connected with the spaced apart conductors 
and being adapted to apply a measuring signal thereto and 
measure instantaneous values of parameters therefrom repre 
sentative of corresponding instantaneous values of capaci 
tance of the spaced apart conductors, the computer being in 
communication with the measurement apparatus and being 
further programmed to calibrate the capacitance-type level 
sensor at least once prior to first introduction of the cryogenic 
liquid in the cryogenic tank, the computer being programmed 
tO: 

(iv) command the measuring signal be applied to the 
spaced apart conductors; 

(V) receive a first parameter from the measurement appa 
ratus representative of a first capacitance of the spaced 
apart conductors in a dry state, a first dielectric having a 
first dielectric constant being disposed between the 
spaced apart conductors in the dry state; 

(vi) estimate a second parameter representative of an 
empty level in the cryogenic tank, a second dielectric 
having a second dielectric constant being disposed 
between the spaced apart conductors at the empty level, 
the second parameter being estimated based on the first 
parameter and a first ratio of dielectric constants com 
prising the first dielectric constant and the second dielec 
tric constant; and 

(vii) estimate a third parameter representative of a full level 
in the cryogenic tank, a third dielectric having a third 
dielectric constant being disposed between the spaced 
apart conductors at the full level, the third parameter 
being estimated based on the first parameter and a sec 
ond ratio of dielectric constants comprising the first 
dielectric constant and the third dielectric constant. 

36. The method of claim 35, wherein the second dielectric 
is the vapor and the third dielectric is the liquid. 

37. The apparatus of claim 35, wherein the computer is 
further programmed to calculate the second dielectric con 
stant and the third dielectric constant as a function of the 
vapor pressure. 
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38. The apparatus of claim 35, wherein the computer is 
further programmed to: 

(viii) command the measuring signal be applied to the 
spaced apart conductors; 

(ix) receive a fourth parameter from the measurement 
apparatus representative of the level of the liquid; and 

(X) calculate the level from inputs comprising the second 
parameter, the third parameter, the empty level, the full 
level and the fourth parameter. 

39. The apparatus of claim 38, wherein the computer is 
further programmed to interpolate the level between the 
empty level and the full level based on the fourth parameter. 

40. The apparatus of claim 28, wherein the computer is 
further programmed to employ a mathematical relationship 
between the level and the first volume. 

41. The apparatus of claim 28, wherein the computer is 
further programmed to employ an empirical relationship 
between the level and the first volume. 

42. The apparatus of claim 28, wherein the computer is 
further programmed to: 

(iv) estimate the density of the liquid from inputs compris 
ing the vapor pressure; and 

(V) calculate the first mass from inputs comprising the 
density and the first volume. 

43. The apparatus of claim 42, wherein the computer is 
further programmed to employ a mathematical relationship 
between the vapor pressure and the density. 

44. The apparatus of claim 42, wherein the computer is 
further programmed to employ an empirical relationship 
between the vapor pressure and the density. 

45. The apparatus of claim 42, wherein the apparatus fur 
ther comprises an ultrasonic sensor for sensing a speed of 
propagation of acoustic waves in the liquid, the density of the 
cryogenic liquid being estimated from inputs comprising the 
speed of propagation of the acoustic waves. 
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46. The apparatus of claim 28, wherein the apparatus fur 
ther comprises a fluid composition sensor providing a fluid 
composition signal; the computer being responsive to the 
fluid composition signal to estimate at least a portion of a 
composition of the liquid. 

47. The apparatus of claim 46, wherein the fluid composi 
tion sensor is a methane composition sensor. 

48. The apparatus of claim 46, wherein the computer is 
further programmed to estimate the density based on the at 
least a portion of the composition of the liquid. 

49. The apparatus of claim 28, wherein the computer is 
further programmed to calculate a second mass of the vapor, 
a total fluid mass being the Sum of the first mass and the 
second mass. 

50. The apparatus of claim 49, wherein the fluid is a fuel for 
combustion in an internal combustion engine of a vehicle, the 
computer being further programmed to estimate a fuelling 
range for the vehicle from the total fluid mass. 

51. The apparatus of claim 49, wherein the computer is 
further programmed to: 

(iv) calculate a second Volume occupied by the vapor; 
(V) estimate a density of the vapor; and 
(vi) estimate the second mass based on the second Volume 

and the density. 
52. The apparatus of claim 51, wherein the computer is 

further programmed calculate the density as a function of the 
vapor pressure. 

53. The apparatus of claim 51, wherein the apparatus fur 
ther comprises a fluid composition sensor providing a fluid 
composition signal; the computer being responsive to the 
fluid composition signal to estimate at least a portion of a 
composition of the vapor, the computer being further pro 
grammed to estimate the density based on the at least a por 
tion of the composition of the vapor. 

k k k k k 


