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PREFACE

The nature of liquefied gases requires that their commercial transportation and storage be under pressure and/or refrigeration in closed containers.  As a result, the quantification for custody transfer purposes of bulk liquefied gas cargoes involves somewhat more complex considerations and procedures than is the case for other bulk liquid commodities carried and stored in "open" containers where there is access to atmosphere or to external inert gas for liquid content displacement purposes.  Adding to this complexity is the availability and use of a number of calculation procedures, generally valid within presently accepted levels of accuracy but each with differences in the approach to the final value of cargo transferred.

An understanding of the special considerations and of the differences in the various calculation procedures practised is essential if discrepancies between cargo calculated as loaded and that calculated as discharged are to be correctly recognised as real or spurious.  Apart from the inconvenience and perhaps cost of reconciliation, spurious discrepancies throw unnecessary doubt on the reliability of equipment and on shipboard cargo care.

Recognising the need for a wider appreciation of these matters, the Society of International Gas Tanker and Terminal Operators Ltd offer this monograph, by an acknowledged consultant in this field, as a contribution to this broader understanding.  The information presented in the main text may be found of use as general background to those in shippers' and cargo receivers' organisations who are concerned, day to day, with liquefied gas cargo custody transfer.  The more detailed appendices, with their numerical examples, may provide an appropriate aide memoire to those engaged in the practical measurement and calculation of cargo quantities.
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A REVIEW OF LPG CARGO QUANTITY CALCULATIONS

1 - INTRODUCTION

The purpose of this review is to clarify some of the myths and mysteries surrounding LPG cargo quantity calculation.  These problems arise because there is no one method, embodied within an internationally agreed standard, of carrying out the quantity calculation.  There are several routes which may be used to arrive at the cargo quantity and the commonly used of these will all be examined.

There are two aspects of the derivation of LPG cargo quantities which make it somewhat more complicated than for other petroleum cargoes.  Firstly, both liquid and vapour quantities must be taken into account.  Secondly, the fact that all transportation and storage of liquefied gases is in closed containers requires special consideration and understanding in respect of deriving the cargo quantity in terms of weight in air.

In order to present a detailed review in a readable form, a number of appendices are included giving sample calculations and also detailed formulae.  This approach will allow the reader looking for general guidance to confine himself to the text, whilst for those seeking details of specific calculations the appendices will be of value.

The review is broken down into a number of sections to cover the subject from both the ship side and the terminal viewpoint.  In this introduction the reasons behind the concept of weight in air will be discussed.  At this point the goal of the overall measurement should be fully understood and the second section will detail one method of carrying out the calculation of ship or shore tank quantity, followed by a cargo calculation.  The third section will consider alternative procedures which may also be used fir quantity calculations.  Subsequent sections are devoted to calculations from the terminal viewpoint, including comparisons which may be expected between ship and shore figures.  A short discussion of LNG measurements is also given.  The final section is devoted to a consideration of likely future developments in the subject, in particular documents which are planned to formalise and enhance calculation procedures.

1.1 VAPOUR/LIQUID EQUILIBRIUM IN A TANK

When crude oil is loaded onto a tanker the space above the oil is filled with an inert gas which is supplied from a separate source from the oil.  In contrast when an LPG is loaded the vapours above the liquid all come from the LPG itself.  For the crude oil, virtually all of the oil which has been loaded is in the liquid phase.  For LPG, the quantity loaded exists partly as liquid and partly as vapour; it is necessary for accurate quantification, therefore. that both liquid and vapour should be taken into account in the LPG calculation.

The vapour pressure of a material is that pressure exerted by a vapour which exists in equilibrium with its liquid.  In terms of LPG storage this means that the total pressure within a tank will be equal to the vapour pressure of the liquid at the storage temperature, since there are no other vapours present. This will apply to both refrigerated and pressurised vessel storage.  Another way of expressing the equilibrium between liquid and vapour in the tank is to say that the liquid will exist at its boiling point, since the boiling point is the condition under which the vapour pressure becomes equal to the tank pressure.  The boiling point should be thought of as a relationship between temperature and pressure, since a liquid will boil as a result of either raising its temperature or of lowering its pressure.  At the boiling point, which for mixtures is more correctly termed the bubble point, the liquid and vapour are each said to exist in a saturated condition.

Vapour pressure at any temperature may be calculated from the liquid composition and may be used as a check on the overall consistency of tank information.  The tank measured pressure should exactly match the calculation of vapour pressure at the measured liquid temperature.  Immediately after the loading operation there may be a period when equilibrium has not been established in the ship's tanks and measurements taken during this period will be subject to some error.  Measurements for quantity calculations should only be taken once a stable situation has been reached within the tanks.

1.2 THE CONCEPT OF WEIGHT IN AIR

The weight of an object has been standardised by international convention as the mass of brass which will exactly balance the object, on a balanced arm, in air of a specified density.  This definition of the weighing process is important to the complete understanding of the cargo calculation, since LPG cargoes are traded on a weight basis.

The type of machine used in a weighing does not matter, since all devices are calibrated according to the definition above.  Variations in the gravitational field also have no effect upon the result of a weighing, since the variation will affect each side of the balance equally.  This means that the weight of an object is independent of both the type of scale actually used and the location where the weighing takes place.  Of course, if a weighbridge is calibrated under one gravitational field and then relocated to a place where the field is different, a recalibration will be necessary, but once this has been carried out its results will be the same as those prior to the move.

When everyday domestic articles are weighed in air the slight errors which may arise may be ignored because the surrounding air is not exactly the same as that of the definition.  The use of weights, which are not brass is irrelevant since all weights are calibrated against standard brass using the basic definition of weight.

LPG cargoes are conventionally traded by weight, although only the smaller quantities carried by road or rail are directly weighed.  The weight of a ship cargo is calculated by indirect means using the volume and the density of the cargo.

A difference from other petroleum cargoes lies in the fact that LPG vapour is also present and needs to be taken into account.  The presence of this vapour will produce special considerations both in the case of direct weighing and also in the case of the indirect derivation of weight.  These two situations must be considered independently.

Firstly the case of the indirect derivation of a cargo weight will be considered.  The essence of indirect weighing is the measurement of the cargo volume and the cargo density and it is necessary to consider how these may be used to calculate weight.  To see how this is achieved it is convenient to return to the definition and to consider the cargo as though it were in a closed container balanced against brass weights as shown in Appendix 1.

The volume of this cargo is important, as is the proportion of the total, which is vapour.  Since the volume of the cargo is dependent upon temperature it is necessary to specify the condition of the cargo at which the weight is to be determined. The condition chosen as the basis of the weight determination is a temperature of 15'C, with the further assumption that the cargo is entirely a liquid at its boiling point.  This standard condition of the cargo is very important.

To analyse the weighing process quantitatively it is necessary to consider the forces acting upon each side of the balance.  On each side the force is composed of a gravitational force acting downwards upon the mass with a buoyancy force due to the displacement of air acting upwards.  Archimedes principle must be used for the determination of this upthrust.  Appendix 1 shows the derivation of the conversions used for LPG cargoes based upon equating the forces on each side.

It is now clear why it is necessary to specify so precisely the condition of the LPG under which it is assumed to be weighed.  Although the mass of two cargoes may be identical, if their volumes are not equal the upthrust caused by air displacement will be different and hence their weights will be different.  An extreme case could he conceived in which two cargoes of equal mass were weighed, one entirely as a liquid, and the other entirely as a vapour.  The former would have a weight not greatly different in magnitude from its mass; whilst the latter would have very little weight due to its very large air displacement.  The use of a precise standard avoids this ambiguity.

The derivation of cargo weight may be carried out in practice by two methods.  The mass may be calculated and this converted to weight by use of a conversion factor, which depends upon the liquid density at 15'C.  The conversion factor used in this method is given by the short table at the introduction to Table 56 of the ASTM/IP Petroleum Measurement Tables.

The second practical method of determining weight is directly from volume at 15'C using a volume to weight conversion factor.  This weight conversion factor is the weight per unit volume of the saturated liquid at 15'C.  This factor should not be confused with density, although it is closely related.  The factor has the units of weight per unit ve[utne. whilst density has the units of mass per unit volume.  The main Table 56 gives the relationship between density at 15'C and this volume to weight conversion factor.

The arithmetic derivations of both these factors are presented in Appendix 1.

Direct weighing of cargoes is based upon exactly the same principles as that of indirect weight determination and is discussed in section 4.4, with Appendix 7 formalising the calculations.

In summary the weight in air of an LPG cargo requires the whole cargo to be considered as a saturated liquid at 15 C. This cargo is then calculated as if balanced against brass weights of standard density in air of a standard density.  The mass of brass which achieves the balance is the cargo weight.  The short table of Table 56 presents the conversion factor to give weight from mass, whilst the main Table 56 gives the conversion factor to give weight from volume at 15'C.

1.3 LNG VARIATIONS

So far the discussion has been in terms of LPG only. In general the discussion applies, with equal validity, to LNG cargoes.  The basis of trading for LNG, however, is usually heat content or calorific value.  This is derived from the mass of the product transferred together with a knowledge of its component composition.  Consideration of weight in air is thus not required for LNG cargo quantification.

2 - INVENTORY AND SHIP CARGO CALCULATION

2.1 TANK INVENTORY CALCULATION

The first section has identified the objective of the LPG cargo calculation as the determination of the weight in air of that cargo.  This determination for a ship cargo needs to be made by indirect means, since direct weighing is not possible.  At present most cargo bills of lading are based upon static measurements made within the ship's tanks.  About 25% of bills of lading are based upon shore tank figures, whilst only a very small percentage are based upon shore side flow metering, termed dynamic measurement.  It is appropriate, therefore, to begin by presenting a procedure for the calculation of an inventory for a tank, whether it be in a ship or ashore.  The procedure to be presented first is not the most widely used technique but it presents the steps in a logical manner, which cannot be mathematically faulted.

A number or variations upon the basic procedure are possible, since there is no recognised single standard for the calculation.  The method discussed in this section conforms to such standards as are in existence.  Foremost amongst these is the document of the Institute of Petroleum, London, known as IP 76/251.  The calculation procedures presented in this are concerned with the determination of mass and only a passing reference is made to weight in air.  Possible advances upon this document are discussed in section 6 of this Review.  Other calculation variations upon this basic procedure are presented in section 3.

The determination of a tank inventory is the first stage in calculating a cargo quantity and is based upon the measurements of liquid level, liquid density, liquid temperature, vapour space temperature and vapour space pressure.  Figure 1 shows the instrumentation needed to make these measurements.  Temperature is extremely important and a reliable figure needs to be found for both the average liquid and the average vapour temperature.  This is most accurately achieved using a multipoint platinum resistance thermometer.  The readings of all liquid and all vapour temperatures should be averaged to determine the required values.  In general liquid temperatures are found to be constant throughout the liquid depth, but the vapour space may show a very significant variation between the temperature near the liquid surface and that near the top of the tank.  The determination of a single vapour temperature which is representative of the whole space is difficult, particularly when the liquid level is very low.

FIGURE 1. MEASUREMENTS NECESSARY FOR THE DETERMINATION OF TANK INVENTORY
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From the tank measurements the steps in the determination of the tank inventory are as follows:

(a)
Read the temperature profile to calculate an average liquid temperature and an average vapour temperature.

(b)
Read the liquid level, making any temperature and other corrections, which are necessary.

(c)
From the liquid level calculate liquid volume using the tank calibration tables.

(d)
Calculate the vapour volume as the total tank volume minus the liquid volume, again with due allowance for temperature,

(e) Measure the liquid composition and hence calculate the liquid density at tank temperature and pressure conditions.

(f) Calculate the liquid mass as the product of liquid volume and liquid density.

(g)
Calculate the vapour density from the average vapour temperature and pressure.

(h)
Calculate vapour mass as the product of vapour volume and vapour density.

(i)
Calculate total mass as the liquid mass plus the vapour mass.

Appendix 2 shows a numerical calculation using this procedure.  The following are key points for each of the above steps:

STEP (a) The average liquid temperature is the arithmetic mean of all temperature points within the liquid and the average vapour temperature is the arithmetic mean of all points within the vapour so long as the tank is or constant cross section with depth.  Where the cross section changes a volume weighted average temperature should be calculated.

STEP (b) The level gauge may need both a thermal correction and a float buoyancy correction.  The latter will depend upon the type of gauge.  The temperature correction must compensate for the change in the vertical position of the gauge relative to the tank floor, due to thermal effects on the tank wall, and also for the contraction in the gauge wire.  Some gauges are mounted on a stifling well which is rigidly fixed to the base of the tank.  In this case the thermal effects on this well will replace the thermal effects on the tank wall, which are used when the gauge is mounted directly on the tank as indicated in Figure 2. In all cases the correction due to temperature is made against the certified standard gauge temperature.  In the case of ship tanks, correction may also need to be made for trim and list considerations due to the position of the gauge relative to the centre of the tank.

FIGURE 2.  THERMAL CORRECTION OF A MECHANICAL LEVEL GAUGE
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STEP (c) The conversion of liquid level to liquid volume requires the use of tank calibration tables.  These tables will be certified at a standard temperature and corrections from that temperature to actual tank temperatures will need to be made.

STEP (d) Vapour volume is obtained from the total tank volume corrected for temperature, from which corrected liquid volume is subtracted.

STEP (e) This is an extremely important step in the whole procedure since liquid density is so important to the overall inventory figure which is calculated.  The most accurate means of deriving the density is by liquid sampling and use of a gas chromatograph. Great care must be taken in both the sampling and in transferring the small part necessary for injection into the chromatograph.  In particular it must be ensured that the sample is representative of the cargo as a whole and that volatile material is not lost.

The chromatograph is essentially a long packed tube through which molecules of different sizes travel at different rates.  LPG injected as a sample at one end of the tube will appear some short time later as individual components at the opposite end.  These different components may he detected and an output trace may be used to obtain an accurate compositional analysis of the LPG.

Two formulae are commonly used to convert this compositional analysis to a density value.  These are the Francis Formula and the Costald Equation.  The Francis Formula is used in the document IP 76/251 and is, therefore, used in this sample calculation.  The procedure essentially uses relatively simple formulae to establish the density of the pure components at the tank liquid temperature.  These component densities are those at their boiling points, which will correspond to tank conditions.  The mixture density is finally derived from the component densities using the mixture composition expressed in mole fraction terms.

The Francis Formula is applicable only to LPG mixtures at their boiling point, within the temperature range -60'C to +30'C.  It is not, therefore, of value in LNG calculations.  Other procedures for density determination are considered later. (See section 3.5.)

STEP (f) The liquid mass is a straightforward product of true liquid volume and density, since both are evaluated at tank liquid conditions.

STEP (g) The vapour phase density is based upon the ideal gas laws and is calculated at tank pressure and average vapour temperature.

STEP (h) Again vapour mass is based upon the product of a volume and a density, both evaluated at the averape temperature of the vapour phase.

STEP (i) Total mass is the sum of the vapour and liquid masses.

The inventory in any tank may be found by this procedure, the units are those of mass.  When a cargo calculation is derived from two inventories, before and after loading or discharge, the conversion to weight in air, if required, may be applied finally to the mass of the product loaded or discharged as in the next section.

2.2 CARGO CALCULATION

The calculation of the quantity of material loaded or discharged is based upon a calculation of the two inventories at the start and at the finish of the load or discharge.  From the ship side the cargo loaded is the difference between the inventory when loading is complete and the inventory prior to loading.  From the shore side the cargo quantity is the initial tank inventory minus the final inventory.  For discharge these differences will be reversed.

Steps (a) to (i) are in each case followed and the subtraction of the two inventories gives the mass of material in the cargo.  This mass is now converted to weight in air on the assumption that the whole mass exists as a saturated liquid at a temperature of 15'C.  This conversion is made using the short table known as Table 56 introductory or short table.  This table is entered with liquid density at 15'C and the conversion factor to be applied is obtained.

Entry to this short table requires a second liquid density, namely that at 15’C.  This may be derived most conveniently by use of Table 53, which gives densities at 15'C from densities at any other temperature.

The steps in applying this correction to the cargo quantity are therefore:

STEP (j) Use Table 53 to convert density at tank conditions to a density at 15'C.  In using Table 53, which is based upon density in kg/litre, remember that this is density in kg/m3 divided by 1000.

STEP (k) Table 56 introductory table is entered with the density derived from Table 53.  This allows the conversion factor to be determined.

STEP (l) Weight in air is calculated as mass multiplied by the factor derived from step (k).
This procedure is presented as an understandable and mathematically correct means of carrying out the cargo calculation: it is by no means the only procedure in use.  Before looking at a number of alternative procedures it is as well to remind ourselves of the two petroleum tables which have been used.  Table 56 (introductory) gives the conversion factor to convert mass to weight in air when entered with liquid density at 15'C.  Table 53 converts density at a measured temperature to a density at 15'C.  For LPGs the section of Table 53 which applies is that covering an observed density range from 0.42 kg/l to 0.595 kg/l.  Other density ranges do not apply to LPGS.  As noted in Section 6 this section of the Table 53, together with Table 54, is being re-issued by the Institute of Petroleum.

3 -VARIATIONS UPON A THEME

3.1 TANK INVENTORY CALCULATION USING TABLE 54

Because the oil industry in general is conditioned to make measurements of volume which are corrected to 15 'C, an alternative calculational procedure for LPG cargoes is based upon this approach.  This is a logical extension of the first method; but although similar in many of its steps it is worth detailing the procedure to arrive at a tank inventory figure.  The steps are:

(a)
Calculate average liquid and average vapour temperatures.

(b)
Read the liquid level making any necessary corrections.

(c)
Calculate the liquid volume using tank calibration tables.

(d)
Calculate the vapour volume as total volume minus liquid volume.

(e) Determine the liquid density at 15'C, rather than at tank conditions as in the previous method 

(f) Using the density at 15'C, the measured average liquid temperatures and Table 54 derive a volume correction factor.

(g)
Using this volume correction factor to correct the liquid volume to 15'C.

(h)
Calculate liquid mass as the liquid volume at 15'C multiplied by liquid density at 15'C.

(i)
Calculate vapour density and mass as before.

(j)
Sum the liquid and vapour masses.

The derivation of liquid density at 15'C may be found from the Francis Equation.  The numerical problem presented in Appendix 2 is reworked by this method in Appendix 3. Cargo quantity again requires two inventories and the correction to weight in air is applied, as before, using Table 56 (introductory).

3.2 TANK INVENTORY CALCULATION USING TABLE 54 AND THE MAIN TABLE OF TABLE 56

A procedure which uses Table 54 to convert the volume at measured conditions to a volume at 15'C and which uses a volume to weight conversion factor, rather than a density, is probably the most widely used.  This procedure is very similar to that described in section3.l except that in step (f ) the liquid density   is converted to a volume to weight conversion factor by using the main table of Table 56. In this way step (h) does not derive the mass of liquid but derives directly the weight in air of the liquid.  The conversion fact or is the weight per unit volume of liquid, whereas density is mass per unit volume.

The mass of vapour is calculated as before using step (i) and the total inventory is calculated as the weight in air of the liquid plus the mass of the vapour and the result is called the total inventory weight in air.

It is clear that this procedure is mathematically incorrect since it involves the summation of a weight in air and a mass. However, the error incurred in making this step is extremely small and may be neglected in any real cargo calculation.  The cargo quantity is calculated as the difference between two inventory measurements, both of which are expressed as weight in air.

Despite the mathematical inexactness of this procedure it is possibly the most widely used of the three procedures, which have been discussed.  This is probably due to the fact that it most closely resembles the calculations used for other petroleum cargoes, with the vapour mass added in as an extra step.

The disadvantage of the procedure of this section compared with that of section 3.1 lies in the need to use Table 54 for the conversion of volume at tank conditions to volume at 15'C.  Two calculations are therefore made, one for volume using Table 54, and one for density using the Francis Formula or other means to obtain a density at 15-C.  The use of a density and volume at tank conditions avoids the first of these calculations.  This procedure is worked through numerically in Appendix 4.

3.3 CARGO CALCULATION USING THE 0.43% CORRECTION FACTOR

We have seen that the calculation of LPG cargo quantities requires the calculation of both liquid and vapour figures.  This is a significantly more complicated calculation than is required for crude oils and most petroleum] products.  In order to simplify the calculation some terminals carry out the cargo calculation by evaluating the weight in air of the change in inventory of liquid, and then subtracting 0.43% of the liquid inventory difference to allow for the change in vapour inventory.

Although this appears to be a very arbitrary procedure, and does not conform to accepted practices, it is in fact quite a good approximation.  It applies whether the tank is being charged or discharged.

A tank having been charged contains a volume of vapour less than before by the increase in liquid volume.  Similarly, the change in the inventory of a tank having been discharged is the change in liquid volume less the vapour which has replaced the liquid discharged. The relationship between the mass of liquid change and that of the associated vapour change will be the ratio of the liquid and vapour densities at tank conditions.  For both propane and butane, vapour densities at the atmospheric boiling points are approximately 0.0043 of the liquid densities or, in percentage terms, 0.43%.
This assumption simplifies the calculations but it overlooks any change in temperature during the cargo transfer and can lead to small but significant errors.  The procedure is therefore not recommended for custody transfer quantification.  Furthermore the procedure is not applicable for cargoes other than propane or butane or for these cargoes at other than fully refrigerated conditions.  Appendix 5 contains a numerical working of the procedure.

3.4 THE COSTALD EQUATION

The Costald Equation was first published in engineering literature in 1979 and, although statistics show it to be the most accurate method for the calculation of liquid density from composition, it has not yet been accepted internationally as a standard method for calculating LPG densities.

In order to understand why it is generally regarded as the most accurate method of predicting liquid densities it is necessary to consider what happens when molecules of one pure liquid are mixed with the molecules of another.  In almost ill cases, and particularly when they are of different sizes, the molecules of the mixture tend to pack more closely together than those of the components when existing singly.  There are a number of reasons for this, including both packing and chemical effects, although the reasons are less important than the result, which is that the volume or the mixture will be less than the combined volumes of the components.  This volumetric shrinkage, as it is termed, results in the density of the mixture being higher than the density which would be calculated by the addition of the masses and volumes of the components.

The Francis Formula is based upon very good correlations for the density of pure hydrocarbon liquids, at their boiling point, as a function of temperature.  The extension of the correlations to cover mixtures is achieved by neglecting the effects of volumetic shrinkage.  Costald, in contrast attempts to predict this shrinkage and, as a result the calculation is less easy to understand.  The extent of the volumetic shrinkage for LPG type mixtures is not large, although it increases at higher temperatures.  Comparisons between Costald, Francis and experimentally derived LPG densities show a small advantage for the Costald Equation, but not a major accuracy improvement.  The real advances provided by Costald lie in the ability to predict densities for a very wide range of mixtures, particularly LNG and liquefied chemical gases, and also its ability to handle liquid densities at conditions other than at the boiling point.

Appendix 6 gives the formulae and calculations, which make up the Costald Equation for saturated liquids.

3.5 LIQUID DENSITY MEASUREMENT AND UNITS

Density is defined as the mass per unit volume of a material.  In order to minimise confusion with density, the weight per unit volume is here termed the volume to weight conversion factor.  The volume to weight conversion factor may be obtained from density by the use of the main table of Table 56 as shown in Appendix 1. It is most important that these terms are riot intermixed or confused.

A number of laboratory methods are available for the calculation of liquid density.  The calculation from composition is becoming widely used and is the most acceptable procedure- The use of pressure hydrometers or pyknometers is also possible, although these are less widely used than in the past.

The use of in-line density measurement is also increasing and density is often taken from such measurements using a densitometer.  The principle of operation of this device is the sustained vibration of a cylinder, or other element, at its natural frequency in the fluid to be measured.  The effective mass of the cylinder varies with the fluid around it.  The frequency of the natural vibration varies with the cylinder effective mass, so that the frequency becomes a direct measure of the density of the surrounding material.

Each densitometer which is manufactured needs to be individually calibrated, since the frequency is very sensitive to the actual cylinder dimensions.  The calibration results in a non-linear relationship between fluid density and vibration frequency.  A number of corrections need to be applied in order to arrive at line density, these include temperature and pressure effects and also a velocity of sound correction.  Temperature and pressure cause dimensional changes in the densitometer as well as changes in the fluid density.  These effects must be considered separately.  The velocity of sound correction arises because pressure transients move within the fluid at the same velocity as sound waves, with which they have much in common.  When the original calibration of the densitometer has been carried out on a different fluid from that on which it is to be used, this correction needs to be applied.

When all corrections are applied the accuracy of a densitometer is +/- 0.2%, which represents about 1 kg/m3 on typical LPG densities.  This is rather worse than the claimed accuracy of the Costald Equations.  However, it must be remembered that the compositional route to density involves uncertainties in sampling, compositional analysis and in the calculational procedure. The use of in-line density measurements must, therefore, be regarded as of similar accuracy to compositional methods.

The densitometcr must be installed in such a way that a representative sample of fluid is continuously passing over the vibrating element.  This is usually achieved by installation of the densitometer in a bypass arrangement in the liquid line to the ship.  When installed in this way the temperature may be different from that in the shore or ship's tank and the pressure will certainly be higher.  The correction for temperature and pressure on the liquid density, as distinct from the densitometer dimensions, may be carried out by use of the Costald Equation with an average liquid composition.  At present this equation is the only means of estimating LPG compressibilities although, as discussed in section 6, the API is currently producing LPG compressibility tables.

For liquefied gases, density is now most widely quoted in kg/m3 although the term relative density, formerly called specific gravity, is also sometimes still used.  Relative density is defined as the mass of a given volume of fluid at a known temperature divided by the mass of the same volume of water at a known temperature, which may be different from that of the fluid.  This wide definition of relative density requires knowledge of the density of pure water as a function of temperature.  Relative density 60'/60 F, as is most commonly used, is the mass ratio with both fluids at 60'F.  Because the density of water at 60'F is 999.012 kg/m3, density at 60'F may be calculated from relative density at 60'/60'F by multiplying by this water value. Alternatively relative density may be expressed as 15'/4'C.  From this the density at 15'C may be obtained by multiplying by the density of water at 4'C (999.97 kg/m3).

SECTION 4 -SHORE TERMINAL CONSIDERATIONS

4.1 COMPARISONS BETWEEN SHIP AND TERMINAL FIGURES

We have looked in some detail at the calculation of the ship's cargo based upon tank measurement within the ship and also alternatives upon measurements ashore.  It is natural now to consider how well these two approaches may be expected to agree.  It is useful to begin by discussing the shore side tanks and exactly what happens when a ship is loaded.

FIGURE 3.  LOADING TERMINAL GENERAL ARRANGEMENT
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Figure 3 shows a common arrangement found at most terminals in which at least two tanks are used for the storage of each refrigerated product.  Two tanks are required so that one may be used to service the ship loading, whilst the other receives the material from the production plant.  The loading line to the ship is usually kept cool between loading operations by the provision of a circulation line back to the tanks.

In order to maintain the pressure in each tank within close limits, a reliquefaction system is provided which is used to prevent higher pressures being reached.  To prevent the possibility of tank implosion, due to low pressures, a warm vapour input is supplied to each tank to allow rapid generation of vapour and a rapid increase in pressure.

When a ship is being loaded a vapour return may be connected to allow vapour to flow from the ship back to the shore.  Normally this will be directed to the shore tank being discharged, although provision is also made to flare this vapour, should it be of unacceptable quality.  In either case the ship and shore must both be certain of the account to be given for this returned vapour.

The figure shows that the reliquefaction system is a common system between tanks and vapour may, therefore, be interchanged between the tanks.  When the product is being run from the production facility to one if the tanks the rise in liquid level will force out vapour into the reliquefaction common-header.  A falling liquid level in the shore tank being discharged will need to be replaced by vapour from one or more of the various sources.  Similar vapour movements are also possible during the discharge process.

Enough has been said to realise that the vapour and liquid movements during the loading of a ship are quite complex and these depend very much upon the rate at which the cargo is transferred. Provided the loading rate is such that the ship reliquefaction plant can cope with any vapour generated by pumping power and other heat input to the flowing liquid, it is possible to load without the need for a vapour return.  Under these conditions of a relatively low loading rate the vapour movements around the system are minimised and the degree of agreement between ship and shore tank measurements is usually high.  Agreements within 0.2% are common, but only provided the change in level in the shore tank is greater than, say, ten metres, in order to minimise the effects if uncertainty in liquid level measurement-

The two key issues which determine the degree of agreement between ship and shore are the transfer rate, with the use of ship vapour return, and the change in level of the liquid within the shore tank.  When a vapour return is used the dynamics of vapour and liquid movements means that additionally vapour may interchange between the two shore tanks and this clearly complicates shore side measurements.

Even without the use of a vapour return the loading of smaller ships can result in significant differences between ship and shore due to uncertainties in shore side liquid level measurement.  These uncertainties are random in nature and some ship figures will be low relative to the shore, whilst others will be high.  In order to overcome this small load problem the use of flowmetering is the only possible solution.  This requires the metering of the liquid to the ship and the metering of the vapour return, when this is used.

The question of flowmeter types will be discussed in section 4.2, but although metering is not yet available on many terminals it will overcome both the problems associated with ship vapour returns.

To attempt general conclusions regarding the quantification of ship and shore figures can be difficult, since procedures vary considerably between terminals, and such matters as the ship temperature at the start of transfer are extremely important.  Under the best conditions of a ship transfer involving at least a ten metre change of liquid level in the shore tank, and without the use of a vapour return, agreements within 0.2% are usually achieved.  Usually the ship figure is larger than the shore because vapour movements which occur are usually into the shore tank.  For loads involving small changes in shore tank liquid level the agreement between ship and shore on tank measurements may decrease to 1%, with this being a random variation.  When a vapour return is used the degree of agreement may well again be only 1% with the ship or shore figures being larger, depending upon individual terminal conditions and practices.

Broadly similar considerations to those discussed will apply to cargo discharges.

4.2 FLOWMETERING
The use of flowmetering at terminals has the advantage of giving a measurement uncertainty which is independent of the total quantity of cargo transferred. This is unlike the situation with static measurement where the uncertainty with large cargoes is much less, in percentage terms, than with small cargoes.  The uncertainty of flowmetering is about the same as that of static measurement for large loads, with the no vapour return qualification.

The minimum requirement for flowmetering is the measurement of liquid to the ship, when no vapour return is used, or the metering of both liquid and vapour return quantities.

The most widely used liquid Rowmeter for LPG cargo measurement is the turbine meter, which may be used for both refrigerated and ambient temperature product.  This meter, because it contains rotating parts, shows small random variations in calibration and, therefore, must be installed with the provision for proving.  For ambient temperature products this prover may be of the loop type in which an inflated sphere is moved between mechanical detectors.  This type of prover cannot be used under refrigerated conditions because the sphere becomes inelastic at low temperatures.  For refrigerated products a piston prover must be used, with a metal piston with low temperature seal materials replacing the sphere.

In order to correctly use the flowmeter the relationship between the K factor, defined as number of pulses per unit volume, and flow rate should be programmed into the flow computer servicing the meter.  This calibration is continuously applied to the meter during cargo loading.

The vortex meter is starting to be used for some liquid loading lines.  This meter may be thought of as an obstruction within the pipe which causes vortices to be generated on each side of the obstruction.  The principle is exactly that which causes a flag to flap on a flag pole as it moves from side to side with the wind generated vortices.  By counting the vortices the fluid flow rate may be determined quite accurately.  The meter has two advantages over the turbine meter.  Firstly, it contains no moving parts and therefore needs no prover; secondly, it is significantly cheaper.  Although the use of this meter is still in its infancy it promises to be of great value in LPG service.  Evidence exists that uncertainties as low as those of turbine meters on LPG can be achieved with vortex meters, that is of the order of 0.3% on volume.

The ultrasonic meter has also been used for LPG liquid metering. The measures the time of flight of a sound signal passing diagonally across the pipe.  The times both in the direction of and against the fluid flow are required in order to determine flow rate.  This meter also requires no prover and gives no obstruction to the flow.  It is, however, expensive and has only been used under special circumstances on LPG terminals.

The measurement of ship vapour return may be carried out most simply by use of an orifice plate, although here again the vortex meter has also been used.

When flowmeters are used it is necessary for them to be cooled before loading commences by the use of the recirculation line.  The moment a load starts this circulation must be diverted to a point upstream of the meter so that no part of the circulation material passes through the meter during loading.  This is usually secured by a system of valves as may be seen in Figure 4.
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FIGURE 4.  INTEGRATED TERMINAL DESIGN INSTRUMENTATION
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When a vapour return is used credit must be given for the vapour returned to the shore storage system, whilst when it is flared no allowance is made.  This is again achieved by a valve arrangement which is tied into the metering system.

4.3 INTEGRATED TERMINAL DESIGN

One or two modern terminals employ both static and dynamic measurement systems, allowing cargo transfer to be measured either by flowmeters or by shore tank inventories.  In order to upgrade the measurements based upon tank inventories it is necessary to measure all flows into or from each tank using suitable flowmeters.  The tank inventory change, during the period of cargo handling, then needs to be corrected for the material which has flowed into or from the tank, but has not been involved in transfer to or from the ship.

Figure 4 shows a typical instrumentation diagram for a system employing this dual system of measurement.  The vortex meter is particularly suitable for use in the measurement of vapour flows around the tank.  The measurements need to be tied into a computer system to track Rowing quantities as the cargo handling proceeds.

The instrumentation in each tank is as discussed in section 2.1 but with line densitometers also shown.  These need to be associated with temperature and pressure measurements so that any correction to other conditions may be made.  For example the density in the tank is usually calculated from a densitometer in the pump discharge line, where the pressure is very much higher than in the tank; a correction for this needs to be applied.

Vapour densities are also required, since all calculations are based upon mass figures.  These are derived by calculation from measurements of temperature and pressure at each vapour flowmeter.

The arrangement shown represents the latest position in terminal design from the measurement viewpoint, although such situations are rare at present.  Most terminals still load on the basis of static measurement alone, although the introduction of some dynamic metering is now becoming more common.

4.4 ROAD AND RAIL CAR WEIGHINGS

So far all our discussion has been based upon ship cargo calculations, which are derived from volume and density measurements, to finally arrive at weight in air.  Smaller cargoes in vehicles such as road or rail cars are derives directly by weighing; but with LPG quantities this again requires to be carefully thought through.

When LPG is loaded it goes into a container which is already full of LPG vapour and no vapour of any sort is displaced during the filling.  The vessel will initially contain a little liquid with vapour above, and at the end of the load the liquid will occupy a greater volume, still with vapour above.

Because the LPG is within art enclosure of a fixed size the effect of air buoyancy is the same on the LPG side of the weighing both before and after loading, as shown in Appendix 7. The difference between the two weighings gives neither the mass nor the weight in air of the LPG contained.  It is shown in Appendix 7 that:

mass of product loaded = 0.99985 x (difference between weighings)

This small correction, equivalent to -0.015% of the mass of the LPG, is due to the effect of air buoyancy upon the brass weights,

After the initial and final weighing of the container and the application of the small correction, the mass of the LPG has been obtained.  We are, therefore, still in the position of needing to correct this figure, as we did with ship cargoes, to weight in air.  Again this needs to be on the assumption that the cargo is entirely a saturated liquid at 15'C.  Using the liquid density at 15'C a correction factor is derived from introductory Table 56 and the mass corrected by this factor.

The question of weighing is unaffected by the type of weighbridge, since all are calibrated to read the same as would be achieved using a balanced arm type of scales.  As with all weighings gravity plays no part in the discussion since weight and force have different meanings.

Liquid density is less important with weighed cargoes than with cargoes measured by volume and density, since it only affects the weight in air correction which, as seen from the introductory table to Table 56, varies only little with the liquid density.

SECTION 5 -OTHER CARGOES

5.1 LNG CONSIDERATIONS

The principles underlying LNG cargo measurements are similar to those for LPG, but have two major differences.  Firstly, the basis of most LNG transactions is the beat content or calorific value of the cargo. The weight in air step for LPG is, therefore, replaced by the conversion from mass to calorific value.  The second major difference is concerned with the nature of LNG trading on long term contracts rather than the spot market trading now prevailing with LPG.  The major effect of this is that random variations in loading quantities in individual loads become acceptable, provided this variation is truly random and no systematic bias in measurements is detectable.

LNG can only be measured by static methods since the low temperatures of the product make economic flowinetering systems impossible to design.  The procedure for determining mass in a tank is the same as that for LPG except for the methods used for liquid density prediction.  The method presented in IP 76/251 is a technique due to Klosek and McKinley, Again the Costald Equation is the most satisfactory method for predicting liquid density, but presently has no formal status.

The Klosek-McKinley method of predicting density is based upon individual pure component volumes which are each determined at the storage temperature of the LNG and are summed.  A volumetric shrinkage correction is then made to the combined volumes, with this being dependent upon the fraction of methane in the mixture.  Comparisons between Costald, Klosek-McKinley and experimental densities for LNG again show an accuracy advantage for the Costald procedure.  The Klosek-McKinicy procedure is outlined in Appendix 8.

Calorific value, like mass, is an additive property, which means that if an LNG composition is known, the calorific content of the whole may be achieved by summation of the product of each component fraction and the component calorific value.  This is equivalent to a statement that there is no beat of mixing when components are combined.  This is clearly a different situation from the volume of mixtures when shrinkage represents the negative volume of mixing.  Thus volume cannot be regarded as an additive property.

In order to carry out the summation of products of calorific value and component fractions a system of appropriate units must be used.  This is by use of either mass or volumetric units at specified conditions.  Pure component calorific values are functions of temperature and pressure and these, therefore, need to be specified.  The basis is usually calorific value at 15’C or 0’C and 1.013 bar.  IP 76/251 tabulates pure component calorific values on a mass basis and on a gas volumetric basis for both standards of temperature and 1.013 bar.

The total calorific content of a tank of LNG is calculated from the total mass by using the calorific value figure per unit mass.  The calorific content of a cargo transferred to or from a tank is best calculated by evaluating the mass and calorific value within the tank prior to transfer, and also after transfer.  The difference then correctly calculates the calorific value of the material transferred.

Boil off from a ship's cargo of LNG is not reliquefied as is usual for refrigerated cargoes of LPG but is utilised as fuel for the ship's main engines.  The preferential vaporisation of lighter components will result in a change in liquid composition during the voyage. On discharge, therefore, not only will the quantity of cargo be less than when loaded, but also its composition will be somewhat richer in heavier components.  For this reason commercial quantification of LNG is generally centred on cargo as discharged.  Appendix 9 outlines a calorific value calculation for a discharged quantity of LNG.

5.2 CHEMICAL CASES

Although the principles of chemical gas cargo measurement have much in common with LPG and LNG the liquid density presents a serious problem.  Tables 53 and 54 are generally inapplicable to any material other than alkanes (methane, ethane, propane, butane, pentane) mixtures. Other materials have different liquid thermal characteristics.  The Costald Equation is again the most acceptable route to arrive at liquid density from composition.

SECTION 6 - FUTURE DEVELOPMENTS

During this discussion mention has been made or the document IP 251/76, which deals with the static measurement of refrigerated hydrocarbon liquids.  Use has also been made of the IP/ASTM Tables 53, 54 and 56.

Until 1980 Tables 53 and 54 covered the entire range of crude oils, products and LPGs in a single table.  Following extensive work in the USA new tables were produced for both crude oils and products excluding LPG.  This has left the sections of the pre 1980 Tables 53 and 54 covering LPG densities still in use.  The Institute of Petroleum is reissuing these Tables with an enlarged introduction giving more detail on the background to them.

A draft ISO document (DIS 6578) covering calculation procedures for the static measurements of refrigerated hydrocarbon liquids is now well advanced.  This will formalise many of the procedures discussed in this document and in particular the all important question of liquid density.  This is likely to formalise techniques based upon the Francis Formula, the Costald Equation, the use of Tables 53 and 54 and the use of API Research Project 44.  'The latter is similar in approach to the Francis Formula with pure component liquid densities tabulated at given temperatures.

The API is currently working on compressibility values for LPG and this data will be available shortly.  This will then provide a route through Table 54 and the compressibility to convert density from one set of conditions to another, without the need for composition of analysis.  LPG densities may then be converted, in exactly the same manner as crude oil densities, from one temperature and pressure condition to any other.

The IP is currently aware of the confusion which exists in LPG cargo measurement calculation and is discussing the need for a clarifying document.  These discussions are still in their early stages, but will be accelerated by the publication of DIS 6578 and the new compressibility tables.

On the technical front, as against the documentation side, likely new developments will involve flowmetering. In this the vortex meter is seen as a promising new development, although significant problems need to be overcome.  The development of compact provers may cover refrigerated LPG temperatures and could increase the attractiveness of the turbine meter.

The question of liquid density remains a major hurdle and a proposal for the use of an in-line densitometer actually at the ship, as a mobile device, is now being discussed.  Such a device would provide a check on the density value which at present is entirely based upon shore measurement.

The preparation of documents is always a slow task and it is likely that technical advances in LPG cargo measurement will continue to outstrip internationally agreed paperwork.

SECTION 7 -CONCLUSIONS

Although more complicated than other petroleum cargo measurements, LPG quantity calculation is quite logical when the principles are fully understood.  When considering any transfer the need for a clear unambiguous statement of units is essential; mass and weight in air figures should be distinguished, particularly as they are both measured in kilograms.  Density can also be confused when true density is corrected for air buoyancy.  The term density has the dimensions of mass divided by volume.  When an air correction has been made the term "weight conversion factor" must be used; this has the units of weight per unit volume.

When making tank measurements any error in liquid level or liquid density will he directly reflected in the cargo measurement.  An error of 1 kg/m3 on liquid density represents 0.2% on cargo quantity.  Liquid density is often taken without question as correct but the basis of the liquid density should always be known. Temperature is also very important with the liquid temperature used in calculations being the average taken at several points in the liquid. 1’C error in liquid temperature represents about 0.3% on cargo measurement.  Pressure is much less significant with 1 bar representing 0.01% on total cargo.

Weight in air need not be confusing.  Remember that the weight being sought is that at 15'C of the whole mass assuming it to be entirely a liquid at its boiling point.  Table 54 gives the density at 15'C of the liquid at its boiling point from a measured density at another temperature.  The main Table 56 or introductory Table 56 may be used for weight in air conversion.

Wherever possible checks on the consistency of data should be made.  It is possible to calculate the vapour pressure of an LPG from a knowledge of its density, or composition, and temperature.  Any discrepancy between this vapour pressure and the measured tank pressure points to an inconsistency of the measurements.  Either the temperature or liquid density may be in error and both are crucial to the overall calculation accuracy.

When LPG is weighed in a closed container such as a road or rail car the difference between final weight and initial weight, after a small correction, gives the mass of LPG.  This is because no air is displaced, therefore there is no buoyancy correction for the tank contents.  The mass must be converted to weight in air by the same means as if the mass had been derived by calculation.  Table 56 (introductory) must be entered with the liquid density at 15'C to obtain the conversion factor.

Although new documents are due out shortly these will not identify one method of cargo calculation as the standard, but will formalise the variety of methods now in use.  For this reason it is important to understand the principles and also the significance of each measurement on which the calculation is based.
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The definition of an object’s weight is that mass of brass of density 8000 kg/m® which exactly balances the object on
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The value my is the cargo weight, hence the factor relating the mass, m, to the weight is:

2 (1o

This is the basis of the short table of Table 56.

ie.
Density at 15°C Mass to weight
conversion factor
(kg/m’)
500 099775
600 099815
700 0.99844
800 0.99865
900 0.99882
1000 0.99895
1100 0.99906

The derivation of weight from volume at 15°C may be achieved as follows:

Substituting m = Vp in the equation m(l - ?) = my 0.99985

we have Vp(l - %) = mg 0.99985
and

mg = -
= 10001s(p— 1.2)




The factor 1.0015 (p - 1.2) is the conversion factor between volume and weight.  The factor varies with liquid density as shown below.


p kg/m3

        1.00015 (p -
1.2)
p – (1.00015 (p - 1.2))


500

498.87

1.125


600

598.89

1.110


700

698.90

1.095


800

798.92

1.080


900

898.93

1.065


1000

998.95

1.050


1100

1098.96

1.035

An examination of the main table of Table 56 shows that its conversion factors do not precisely follow the above formula but that throughout the density range a rounded and constant value of 1.1 is subtracted from the density in kg/m3 at 15'C to obtain the factor.  The error introduced by this simplification is small particularly for densities in the LPG range.
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Given the following data collected from a shore propane tank prior to loading a ship, calculate the inventory in the

tank.

Data

average temperature of liquid

average temperature of vapour

pressure of vapour

liquid level following level gauge correction
liquid volume from tables at liquid temperature
total tank volume at average temperature

Liquid composition

ethane 0.009 mole fraction
propane 0.978 mole fraction
n-butane  0.013 mole fraction

Inventory calculation based upon section 2.1

(a) average liquid temperature measured
average vapour temperature measured

(b) liquid level following correction

() liquid volume at measured temperature

—43.0°C
—350°C
1.045 bara
26.707 m
19869.564 m*
23341.185 m?

—43.0°C
—350°C
26.707m
19869.564 m*

I T T A}

total volume — liquid volume ~

(d) vapour volume at measured temperature
23341.185 — 19869.564 m*

) =3471.621 m?
(e) liquid density is calculated as follows:
liquid composition mole fraction
ethane 0.009
propane 0978
n-butane 0.013

The Francis Equation gives the following formulae for the calculation of liquid density at a temperature t and
saturation pressure.

3

Klagld

)

<

2

o

and
M;

M vs Ty oy

where
x; = mole fraction of component i
molecular weight of component i
molecular volume of saturated liquid at t°C of component i
number of components
t = temperature in °C

A, B;, C,, E; are constants for each component given by the following table:




[image: image7.jpg]Molecular Constants
Component mass M

kg/kmol A B C E
30070 499.0 099 6000 66
44.097 5750 097 6000 129
58.124 637.6 0.87 7000 186
58.124 616.7 097 6000 169
72.151 6762 0.87 7000 231
72.151 666.6 0.88 6000 222
86.178 705.0 0.83 7000 269
100.206 7319 0385 7000 301
28.054 502.8 1.09 7000 44
42.081 601.2 1.02 7000 126
56.108 6574 097 7000 180

Using this procedure the density may be calculated as:

component A; B; C E; A/
ethane (C,He) 499.0 099 6000 66 0.061806
propane (C3Hg) 5750 097 6000 129 0.075791
n-butane (C4H;0) 637.6 0.87 7000 186 0.090193
component X M; xM;
ethane 0.009 30.070 0271
propane 0978 ~ 44097 3127
n-butane 0013 * 58.124 0756 -
T xM, 44154 S aVi
_ aas4
bs = 5075853
= 5821 kg/m®

(f) liquid mass = liquid volume x liquid density (both at —43.0°C)
= 19869.564 x 582.1
= 11566073.2 kg
(g) measured vapour space pressure = 1.045 bar a
measured vapour space temperature = —35.0°C

formula for gas density is:
M x P
P o083 x T
where

p = vapour density

M = molecular weight of the vapour

P = pressure of the vapour in bar a

T = temperature of the vapour in Kelvin

for this case

P = 1.045
T=2732-350=2382

hence
44154 x 1.045
7008314 x 2382

=2330 kg/m®

P

xVi

0.000556
0.074124
0.001173
0.075853
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= 3471.621 x 2330
= 8088.9 kg

(i) total mass = liquid mass + vapour mass
11566073.2 + 8088.9
= 11574162.1 kg

This represents the total inventory within the tank.

Data following load

average temperature of liquid —43.0°C
average temperature of vapour -30.0°C
pressure of vapour 1.027 bara
liquid level following correction 2576 m
liquid volume from tables at liquid temperature 1916.285 m*
total tank volume at average temperature 23343516 m*

Inventory calculation following load

(a) vapour volume at measured temperature = 23343.516 — 1916.285

=21427.231m*

(b) liquid density = 582.1 kg/m*

(c) liquid mass =1916.285 x 582.1
= 1115469.4 kg

2 44.154 x 1.027

@) gas density =0.08314 x 2432
=2243kg/m?

(e) vapour mass = 21427.231 x 2.243
= 48061.2 kg

(f) total mass = 1115469.4 + 48061.2
= 1163530.6 kg

Calculation of a ship load

initial tank inventory 11574162.1 kg

tank inventory following load 1163530.6 kg

mass loaded 10410631.5 kg

To apply the conversion to weight in air requires the liquid density at 15°C.

Using Table 53 and the known density of 582.1 kg/m? at —43.0°C gives, by interpolation, the density at 15°C as
507.6 kg/m>. This value is used to enter the short table of Table 56 to give the conversion factor. This table is not
interpolated and the factor is found as 0.99775.

Hence the weight of the cargo is 10410631.5 x 0.99775 = 10387207.6 kg = 10387.21 tonnes
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This sample calculation is based upon the data of Appendix 2.

(a) Average liquid temperature measured = —43.0°C
Average vapour temperature measured —350°C
(b) and (c) Liquid volume at measured liquid temperature = 19869.564 m?
(d) Vapour volume at measured temperature =3471.621 m*
(e) The determination of the liquid density at 15°C is carried out using the Francis Formula:

component A B; G E; \A

ethane 499.0 0.99 6000 66 0.0820457

propane 575.0 0.97 6000 129 0.0868362

n-butane 637.6 0.87 7000 186 0.0995932

component X M; xM; x;V;

ethane 0.009 30.070 0.271 0.000738

propane 0978 44.097 43.127 0.084926

n-butane 0013 58.124 0756 0.001295
> xM; 44154 > xVi 0.086959

density at 15°C = 44.154/0.086959

= 507.8 kg/m*

(f) From Table 54 using density = 507.8 and T = —43°C
gives volume correction factor = 1.14732
(These tables may be interpolated)

(g) Liquid volume at 15°C = 19869.564 x 1.14732

. = 22796.748 m* at 15°C

(h) Liquid mass = 22796.748 x 507.8

= 11576188.6 kg
(i) Vapour mass as before = 8088.9 kg
(j) Total mass = 11576188.6 + 8088.9 kg
= 11584277.5 kg

For the cargo calculation based upon two inventories, with the final calculated by this method as 1164506.3 kg

cargo mass = 11584277.5 — 1164506.3
=10419771.2 kg

The weight in air conversion is achieved as before using introductory Table 56 to give:

= 10419771.2 x 0.99775
=10396326.7 kg
= 10396.33 tonnes

Note: The use of Table 54 in the above calculation introduces an additional degree of uncertainty compared with
the calculation of Appendix 2. Table 53 (density conversion) and Table 54 (volume conversion) are a matched pair
of tables constructed from the same data base. Since density and volume are inversely proportional to each other,
any errors in one of the Tables will be cancelled out by the inverse errors of the other, if both are used in a
calculation over the same temperature range. Thus, the calculation of liquid mass by multiplying volume at 15°C
by density at 15°C as in this Appendix, will be more accurate if, instead of obtaining the density at 15°C directly by
calculation, Table 53 is used to convert the density calculated for tank conditions to a density at 15°C. Tables 53
and 54 will thereby be used over the same temperature range and the overall result will have an accuracy similar to
the procedure of Appendix 2.

The following table illustrates this point.

cargo weight

Calculation procedure Liquid mass, kg Difference from App. 2, kg
Appendix 2 11566073 —
Appendix 3 using Table 54 11576189 +10116

Appendix 3 using Tables 53 and 54 11569807 +3734
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This sample calculation is also based upon that of Appendix 2.

(a) Average liquid temperature measured = —43.0°C
Average vapour temperature measured —35.0°C
(b) and (c) Liquid volume at measured liquid temperature 9869.564 m?
(d) Vapour volume at measured temperature =3471.621 m*®
(e) Liquid density at 15°C = 507.8 kg/m?
=1.14732

(f) Volume correction factor
(g9) Liquid volume at 15°C

9869.564 m® x 1.14732

2796.748 m®
(h) Volume to weight conversion factor =5078 — 1.1
= 506.7 kg/m*
hence liquid weight = 22796.748 x 506.7

(i) Vapour weight

(j) Total weight

1551112 kg

1551112 + 8088.9
= 11559200.9 kg

Notice that this is a weight and not a mass and may not, therefore, be compared directly with the inventories
calculated in Appendices 2 and 3.

In order to calculate a cargo as the difference between two inventories, the final inventory must also be in weight
and is calculated by this method as 1162087.8 kg.

The loaded cargo weight = 11559200.9 — 1162087.8
. =10397113.1 kg
= 10397.11 tonnes




[image: image11.jpg]APPENDIX 5 — CALCULATION OF SECTION 3.3

This sample calculation uses the following data based upon the liquid phase.

= 19869.564 m®

initial liquid volume at —43°C
1916.285 m*

final liquid volume at —43°C

liquid volume difference at —43°C 17953279 m®
liquid density at 15°C = 507.8 kg/m?
volume correction factor from Table 54 = 1.14732
hence liquid volume at 15°C =17953.279 x 1.14732
= 20598.156 m*
weight conversion factor =507.8 — 1.1
= 506.7 kg/m®
loaded liquid weight = 20598.156 x 506.7
uncorrected for vapour = 10437085 kg/m?
4.
vapour correction = % x 10437085 kg
= 44879.5 kg
corrected weight of load = 10437085 — 44879.5
10392206 kg

=10392.21 tonnes

Tt should be noted that the agreement between this calculation and that of Appendix 2 is high largely because the
liquid densities before and after discharge are identical. When a change in tank temperature occurs, resulting
in a liquid density change, this method will generally show larger discrepancies than indicated here.
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The Costald Equation (reference Hankinson, R. W. and Thompson, G. H., Calculate liquid densities accurately,
Hydrocarbon Processing, 1979, 58(9), 227) is based upon the law of corresponding states and derives its name from
COrresponding STAtes Liquid Density.

This equation may be used to predict the liquid density under both saturated and compressed conditions. However
only the saturated liquid equation will be presented here.

The basic equations are:
Vs = V*VRU(I — 0a Vi)

_ZaM
Ps = Vs

V) =1+ a(l — T)'® + b(1 — Te)*? + c(1 — Tg) + d(1 — T)*?
Vi = (e + [Tg + gT3 + hT3)/(Tx — 1.00001)
Ta=T/Tem

where

ps is the density at temperature t °C in kilograms per cubic metre
x; is the mole fraction of component i

M; s the molecular mass of component i in kilograms per kilomole
Vs is the molar volume of the LPG mixture at temperature t °C in cubic

metres per kilomole

V* s the characteristic volume in cubic metres per kilomole

; is the acentric factor of component i

g s the acentric factor of the mixture

Vi s the corresponding states function for normal fluids

V@ is the deviation function for new correlation

T is the critical temperature in K of component i

Tew is the critical temperature of the mixture in K

is the temperature of the liquid in K (T =t + 273.15)

=1.52816

=1.43907

=0.81446

0.190454

—0.296123

0.386914

—0.0427258

—0.0480645

Tmme 0 o

LI

For mixtures the following mixing rules are used:

N
Mn= Y xM;

i=1

N
On= Y, Xy

VE=1 [‘i X V¥ + 3(i xivr”’)(,i xivr‘“)]

i1

where

Vi Taiy = (VITaVITe)! 2
x; is the mole fraction of component i in the mixture
x; is the mole fraction of component j in the mixture
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Component Critical Acentric Characteristic
temperature K factor volume m®/kmole

methane 190.58 0.0074 0.09939
ethane 305.42 0.0983 0.1458
propane 369.82 0.1532 0.2001
n-butane 425.18 0.2008 0.2544
i-butane 408.14 0.1825 0.2568
n-pentane 469.65 0.2522 03113

Sample calculation

To determine the density at —43°C of a saturated liquid having the following composition:

Component Mole fraction
ethane 0.009
propane 0.978
n-butane 0.013

Calculate mixture molecular weight, acentric factor, as:

Component X M; xM; ; X0
ethane 0.009 30.070 0.271 0.0983 0.00088
propane 0978 44.097 43.127 0.1532 0.14983
n-butane 0013 58.124 0.756 0.2008 0.00261
44.154 0.15332

Calculate mixture characteristic volume as:

Component Xi vr x V¥ x V¥ X V¥R
ethane 0.009 0.1458 0.001312 0.004737 0.002493
propane 0978 0.2001 0.195698 0.572032 0.334584
n-butane 0.013 0.2544 0.003307 0.008237 0.005219

0.20032 0.58501 0.34230

Vi = 4{0.20032 + 3(0.34230 x 0.58501)]

=0.20027
Calculate mixture critical temperature as:
N N
z Z‘ X|X)T:!2Vi’”2.r“‘2v,"”z
T= '__.v:‘—_
Component X; T A%
ethane 0.009 305.42 0.1458
propane 0978 369.82 0.2001
n-butane 0.013 425.18 0.2544

TemVE = 0.009 = 0.009 = 0.1458'/ » 305.42/ » 0.1458'/2 x 305.42'/2
+0.009 » 0.978 » 0.1458'/ x 305.42'/2 % 0.2001 '/ x 369.82"/*
+0.009 + 0.013 » 0.1458'/ x 305.42"/ x 0.2544'/ x 425.18'/*
+ 0.978 % 0.009 * 0.2001 /2 « 369.82'/ x 0.1458"/2 « 305.42'/2
+0.978 » 0.978 « 0.2001"/2  369.82"/2 » 0.2001"/* » 369.82'/
+0.978  0.013 » 0.2001"/% » 369.82"/2  0.2544'/2  425.18'/2
+0.013 = 0.009 » 0.2544'/> » 425.18/ » 0.1458'/2 » 305.42'/%
+0.013 = 0978 » 0.2544'/3 « 425.18'/> & 0.2001'/ = 369.82'/%
+0.013 = 0.013 » 0.2544/2 & 425,181/ « 0.2544'/ « 425.18"2
= 74.1045




[image: image14.jpg]Tem = 74.1045/0.20027
=370.023
Calculate Tg = T/Tcm
273.15 — 43)/370.023
=0.62199
(1 —Tg) = 037801

VP = 1 — 1.52816 % (1 — Tg)"? + 1.43907(1 — Te)*?
—0.81446(1 — Ty) + 0.190454(1 — To)*?
1.52816 « 0.37801'7 + 1.43907 » 0.37801%3
— 0.81446 + 037801 + 0.190454 * 0.37801%7

=0391592
i _ (0296123 + 0386194T, — 0.0427258T§ — 0.0480654T)
SR Ty — 1.00001

= (—0.296123 + 0.386194 » 0.62199 — 0.0427258 * 0.62199*

— 0.0480645 » 0.62199°)/(0.629199 — 1.00001)
=0.221051

Vs = VAVl — ouVE)
=0.20027 + 0391592 » (1 — 0.1533 » 0.221051)
= 0075767

» M"‘
A
_ 44154
T 0075767

= 582.8 kg/m?

ps
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When a cargo is weighed directly in a closed container the contents are quantified as the weight of the container
after filling minus the weight prior to filling. The container initially contains vapour and possibly some liquid. After
filling the vessel contains a larger quantity of liquid with less vapour, but the total volume remains the same. No air
is displaced from the system and, therefore, the buoyancy effects on the cargo in both weighings are identical.

The process of weighing may be analysed as:

d = air density

container “,’ ‘l:':ssss ;:igh(s
lv;nc;a]fm“cl v \L density pg
Initial weighing

mls—Vds=m.,—T:J,_d—g [6))
Second weighing ¢

myg — Vdg = mpg — 'l;‘d—g @

Subtracting (1) from (2)
d

m; — m; = my, — mp, — (mp, — mn,);

d
= (mp, — m,;‘)(l = ;)

m; —m, = (mp, — mg,)0.99985

Inserting the standard densities

i.e. the cargo mass is 0.99985 times the difference between the two readings of weight.




[image: image16.jpg]APPENDIX 8 — THE KLOSEK-McKINLEY DENSITY PREDICTION

The Klosek-McKinley equation allows the density of LNG type mixtures to be calculated as

___IxM
P =TV —k.xm

The term k. xm in the denominator represents the volumetric shrinkage which occurs when the pure components
are mixed.

k and V; are obtained from tables, see I.P. Petroleum Measurement Manual Part XII. Static Measurement of
Refrigerated Hydrocarbon Liquids, IP 251/76.

mole fraction of component i in mixture

molecular weight of component i

Vi = molecular volume of component i at a given temperature
xm = mole fraction of methane in the LNG

abulated value dependent upon temperature

p = LNG saturated liquid density





