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llATIJRAl &AS DEFISITY PREDICTJOfJ If/ THE HIGH PRESSURE RE&IOll 

AJJ EVALUATIDl'J OF DIFFERERT EIJUATIDfJS OF STATE. 

Introduction 

Offshore gas pipelines are usually characterized by high flow
rates. In the North Sea one single metering device in a fiscal 
metet"ing station may measure more than 3 billion standard cubic 
meters per year. Natural gas is usually accounted for by mass 
flowr-ate using orifice meters. The calculation formula obtained · 
by ISO 5167 can be simplified to: 

wher-e 

Qm = k Vup~' ( 1 ) 

Qm ~ mass flow rate 
k = coefficient dependent of different factors, 

mainly tube and orifice diameters 
.4p = differential pressure 
q = density 

This means that an error of 1 % in density gives an error of 0.5 
% in flow rate (since density is a square root function of flow). 
The density error is then worth u~ to 2 million dollars pr. year 
for each metering run in one metering station. 

If volumetric meters are chosen (vortex, ultrasonic, turbine 
meters), the density will be even more important if the gas is 
accounted for in mass: 

Qm = Qv ~ ( :,_ 

where Qv = volumetric flow rate 

The error in mass flow rate will now equal the error in density. 

Density can today be measured by an on-line density meter within 
an accuracy of +7- 0.2 - 0.3 %, assuming ideal conditions. Since 
installation and calibration effects often will decrease this 
accuracy, on-line density calculation is often used to check the 
on-line measurement. In some countries such back-up calculation 
is required by the authorities. 

For different reasons (e.g. cost, stable gas composition, or bad 
experience with density meters), some like to exclude density 
measurement in preference to on-line density (or compressibility) 
calculation - usually combined with an on-line gas chromatograph 
or sampler. 

The density may be calculated by using the non-ideal gas law: 
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~ 
P MW 

= z R T ( 3 ) 

where p = pressure 
MW = mole weight 
R = universal gas constant 
T = temperature 
z = compressibility factor 

Pressure and temperature are usually measured anyway, and mole
weight is known from composition. The compressibility factor (or 
z-factor) is then found from an equation of state (z-factor 
equation}. Apart from different fixed parameters for each gas 
component: temperature pressure and composition (x) are usually 
the only necessary inputs: 

z f ( T, P, x ) ( 4 ) 

The supercompressibility factor (Fpv) - often used in the u.s •. ·in 
the AGA 3 method - is related to the z-factor by: 

Fpv =~ ( 5 ) 

where = supercom~ressibility factor 
~ compressibility at base or standard 

condition (14.73 psia, 60 F) 

Apart from being a fundamental parameter in natural gas metering, 
the compressibility factor is also a key parameter for calculating 
other thermodynamic properties for natural ~as mixtures like 
enthalphy, entrophy, isentropic expon~nt, velocity of sound, vis
cosity, etc. Research on state equations should for that reason 
have interest to a broad range of engineers for process and 
metering calculations. 

Experimental dsta. 

An investigation into the accuracy of equations of state requires 
first of all - experimental data for comparisons. 

Statoil and Rogaland Research Institute (Norway) organized last 
year a joint project to establish a database - DENSBASE (14). The 
database was later updated ( 15) within Statoil and contains now 
more than 2000 experimental compressibility and density data dis
tributed amoung 83 different compositions of natural gases and 
sin1ilar laboratory made gases. The database have the necessary 
possibilities for graphics and search commands. 

Why collect all these experimental data when comparisons with 
state equations have been done before? Several articles about such 
comparisons have been published, and the paper presented by GERG 
Inforformation Commitee {1) is probably the most extensive and 
well known. 

However, this and other papers concentrate their work in the 
pressure range up to 100 bara (1450 psia). In North Sea pipelines 
- the pressure is often above 100 bara and it may even exceed 200 
bara (2900 psia). Experimental data and comparisons between 
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experimental and calculated results are very limited within this 
pressuce range. 

E4astia9s of state . 

Six different equations of state vere compared with experimental 
data: 

VENNIX-KOBAYASHI (2}; a method originally developed for meth
ane, but later adjusted to lean natural gas mixtures. 

OU/ GRI (AGA Report No 8) (3); A recently developed method which 
cover a wide range of natural gas components. This method has 
nov replaced the NX 19 method (4). Comparisons between OU/GRI 
and NX 19 has been done earlier by Starling & Kumar (3,5). NX 
1 9 was for that reason only tested with a few points in the work 
presented in this paper. 

STANDING &: KATZ (6) is a simple 21ethod widely used in flow
computers. · 

BENEDICI'-WEBB-RUBIN (BWR) (7,8) and 

SOAVE-REDLICH-KWONG (SRK) (9) are well known state e<:JUations 
widely used in the process as well as the metering industy. 
One should be aware that there are several versions of these 
equations. 

- PENELOUX (10) is a modification of the SRK method. 

(The Peng-Robinson(11) method was also compared with a few points 
versus the Peneloux method but did not give promising results.) 

Coefficients or other parameters have not been adjusted to improve 
the results. The aim of the evaluation was to investigate the 
accuracy of different available methods. The program SONFLOW (16) 
has computed the z-factors for Vennix- Kobayashi, BWR and OU/GRI; 
Katz (17) is the computerprogram for the Standing-Katz method and 
Statpcsck (18) is used for SRK and Peneloux. 

Resr;;ff:.; o,1J iffscr.s~ions. 

'I·he first proiJ~i':!iil one meets when ..;...,:.;1paring exi?erimental and cal
cul~ted v2Jues is: W~ii::h is right ? !n other words; Are the accu
~acies of the experimental data satisfactory and within the claims 
of t:7he e.A~! 4. i:r.~r .. tt; ~ i ~t.:i ? 

'l'he id.ec.l s.itu.ativ1i ~ 1Ju:L.~ ::.C to let t-wc laboratories measure the 
same gas with different equipment, and then compare the results. 
This is often done for pure components, where comparisons are easy. 
For natural gas mixtures, this lfould require close cooperation 
between laboratories since exchange of gas samples would be nec
essary. Unfortunately, this is not often the case, especially not 
in the prE~3~~~ 77~2 ~t~~: 1or ba~3 (~450 p3ia). 

It ~as decided to ~ake ~ f.irst comparison ~tween the experimental 
data and an eqi~at~on of state experienced to give a good accuracy 
in the pressure area below 100 bara. The OU/G~I method was selected 



.. 
-~ 

because the accuracv of this equation is well documented in the 
litterature (5). · 

For the uncertainty analysis the average absolute percent devi
ation was used: 

A.A.D.{%) -~ t 
n . 1 t= 

exp· - Zcalc,: 

Zexp: 
100 (6) 

We carefully picked data~ints mainly in the range from 100 to 250 
bara (1450-3625 ~sia) with a few controlpoints below 100 bara. 
Since the deviation is larger in the high pressure area than in 
the low pressure area, one should be a~are that to include a lot 
of good low-pressure data would give a "better" - but more mis
leading - overall accuracy. 

The temperature range was from 0 to 100 C ( 32 - 21 2 F). The results 
are given in Table 1 and the conditions are given in Table 2. 

Total Oil Marine (U.K), Elf Aquitaine (Norway), The Norwegian 
Petroleum Directorate and Statoil (Norway) are now running a joint 
research project with the Dantest Laboratory (Denmark) to inves
tigate natural gas density meters. After 3 years of different 
comparisons between density meters and experimental densities 
obtained by a laboratory z-meter, we are now confident that the 
results are within 0.1% accuracy. The Dantest results (12,13) are 
for that. reason shown separate. The last serie of experiments with 
comparisons are given in Fig. l and Table 3, since these results 
give a representative view of the overall comparison. 

Conclusions. 

1) The comparisons of 6 equations of state versus experimental 
data gave the following ranking (average absolute deviation 
is given in parenthesis); 

* OU/GR! and Vennix-Kobayashi 
* Benedict-Webb-Rubin 
* Standing & Katz 
* Peneloux 
* Soave-Redlich-Kwong 

(0.3 %) 
(0.4 %) 
(1.1 %) 
(2.2 %) 
(2.8 %) 

2) Both OU/GRI and V-K gave an average absolute deviation of 0.3 
%. However, at pressures of about 200 bara there is no reason 
to expect better accuracy than 0.5 %. 

31 V-K seems to be the best available method for lean gases (C1 
> 85 mole %) up to 150 bara, but are not s.uitable for gases 
with a high C3 + - fraction. 

4} The simple Standing & Katz method which is widely used in 
flowcomputers, seems to be capable of calculating z-factors/ 
densities to an accuracy of 1.5 % in the total PVT-range of 
interest to practical gas metering. Compared with most ref
erences the Katz densities are too high (Katz z-factors too 

5 



low). This is also experienced by comparisons against density 
meters at the Karst0 terminal. 

5) SRK and Peneloux are not suitable methods for calculating 
high pressure z-f actors/ densities of interest for gas 
metering purposes (note that other modifications of the Red-
1 ich·-Kwong than SRK may give other results). 

61 There is an obvious need for accurate measurement of z-fac
tors in the pressure range 100 to 200 bara (1450 - 3625 psia). 

71 The experimental data for gases close to the dew point are 
uncertain. At low temperatures there is a big scatter between 
experimental z-factors and also between the different state 
equations. 
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BWR V-K OU/GRI I S-Katz I SRK I Peneloux I 

IDantest I 
l\11 points . 

0.18 
0.38 I o.09 I 

- 0.30 
0.12 
0.29 

0.97 
1 .09 I 1.49 I 

2.79 -
1 • 1 5 
2. 18 

Table A1: Average absolute percent deviation between experimental 
and calculated z-factors. 

MW I Methane I P-bara (psia) I T C ( F) 

.1 

--------------------------------------------------------------------
1 
Dantest 117.1-18.81 93.8-82.7, 10-150(145-2175)1 30-35 (86-95) I 
All points 16.0-18.8 100 -82.7 10-300(145-4351) 0-67 (32- 152} 

Table A2: Range for mole weight, methane content (mole percent), 
pressure and temperature for the test points. 

I 
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K[I 63 T = 30 c I GRl/OU p (BARA) [XP. l BWR DEV V-K O[V OEV 
-------- -------- -------- -------- -------- ------·- .. _., _____ __ ._ .... __ 

10.02:?0 . 9775 .9766 .0920 .9766 .09io .9769 .0613 
2(). 0320 .9543 .9532 . 1152 .9534 .oT_i3 .9538 .0523 
30.01110 .9315 .9304 .1180 .9299 . 1 r 11 .9309 .0644 
40.0500 .9088 .9069 .2090 .9077 .1210 .9082 .0660 
50.0600 .6867 .8843 .2706 .8855 .1353 .8860 .0789 
/ll.0800 . 6114~ .8415 .3552 .8434 .1302 .8435 . 1184 
911.0900 .6061 .8038 .3594 .8061 .0743 .8057 . 1239 

110. 1100 . 7766 .1"740 .36011 . 7762 .0772 . 7752 .2059 
130. 1200 . 7560 . 7542 .2380 .7557 .0396 .7544 • 2116 
150. 1r1ou . 71,57 . 71149 . 1072 .7458 .0134- .71140 .2219 
--------- -------- -------- -------- -------- -------- -------- --------
BIAS ('.f,J .2225 .0922 . 1211 
AVfR. AOS Ol"V 1%l .n25 .0949 . 1211 
--------- -------- -------- -------- -------- -------- -------- --------
fff f 83 T -:: 30 c 
p ( HAHA) [XP. l ST-KATZ DEV SRK DEV PENELOUX DEV 
-------- -------- -------- -------- -------- -------- -------- --------

10.ll??O . 9 U'J .9757 . 1811t . 9771 .0409 .9767 . 0818 
?.0.0320 . 9'i43 .9513 . 3143 .9545 .0209- .9537 .0626 
30.011111 .9315 . 92·11 . 4 723 .9323 .0858- . 9311 .0429 
iw. o~oo .9llllR .9032 .6161 .9108 .2200- .9092 . 04110-
'.•ll. 0600 .886( .8191 . "1894 .8900 . 3721- .8880 . 1466-
(0. ()fl(l(I .81145 .8350 1. 12119 . 651 7 .8525- .8490 .5328-
90.0900 .RU67 . 19'i9 1.3387 .8196 1 . 5991- .8161 1. 1652· 

110. 1100 . 1166 . 76'.>h 1. 46 75 . '1956 2.41159- .7914 1. 6795-
130. 1200 . 7'.>6lJ • "111'.Jl 1. 3624 . 7815 3.3730- . 7763 2.6851-
1'..>0.1400 . (II'.> 1 .1312 1. 1398 . 1166 ". 11131- . 1706 3.3391-
---------

_____ ... __ -------- -------- -------- -------- -------- ____ .. ___ 
BIAS f3l • R810 1.30/2- .9604-
AVER. ABS or. v (%) .8810 1. 3 151, .9980 
---------

__ .,. _____ -------- -------- -------- -------- -------- --------

Table A3: Comparisons between experimental z-factors from the 
Dantest project (12,13) and calculated z-factors from different 
state equations. (The experimental values are not previously 
released. The exact temperature vary from 29.95 to 29.99 C) 

Composition (mole %) : N2: 0.62 C3: 1.04 
C02: 0.79 iC4: 0.04 
Cl: 82.71 nC4: 0.08 
C2: 14.70 CS: o.oo 

C6: 0.01 
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FIG. 1 AVERAGE ABSOLUTE f'ERCEl'llT DfVIATION BETmEN EXPERl~ir.tTAL 
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