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MEASURING THE FLOW OF WET GAS 

by G. Washington, Koninklijke/Shell Exploratie en Produktie Laboratorium 

(KSEPL) 

SUMMARY 

Paper for the North Sea Flowmetering Workshop, 

in Stavanger, 23-26 October, 1989 

The capability to measure the flow of gas with entrained liquid can play an 

important role in the economic development of small fields in the North Sea. 

Such a capability enables separators•to be omitted on small developments for 

which the separator was needed only to provide adequate gas quality for 

allocation meters. In a search for the best meter this paper presents a 

number of field tests of gas meters at a production location onshore in The 

Netherlands. Two aspects are considered, firstly the effect on meter 

accuracy of increasing quantities of entrained water, and secondly the spot 

measurement of the ratio of liquid to gas using a tracer technique. 

Of the meters tested, the conventional venturi or orifice meter proved the 

most predictable. With these meters, the already published expressions of 

Chisholm or Murdock enable the meter reading to be accurately corrected for 

the effect of wetness. One class of meter for which the performance was not 

so good was that in which the gas velocity is measured. Tests with a vortex 

meter showed the wetness effect to be unpredictable because of slip between 

the liquid and gas. 

No technique was found that was independent of the liquid-to-gas ratio. This 

prompted the development of simple non-nucleonic tracer methods to take spot 

measurements of the liquid and gas flow rates. The gas measurement has been 

completed and it gives a gas flow ra te to within ±5\ independently of the 

liquid content. The development of liquid tracer methods is still underway. 



INTRODUCTION 

Many offshore gas-field developments could be simplified if the flow 

measurements could be made before rather t han after the produced liquids 

have been removed from the gas. This would enable the use of cheap satellite 

platforms without any separation facilities, it would remove any need to 

provide a test line to the mother platform for well testing and would enable 

the commingling of production from different fields before the gas is 

processed for sale. 

There are two problems that stand in the way of this simplification of the 

measurement: there is no widely recognised technique for measuring gas flow 

accurately when entrained liquids are present and a method for quantifying . 
the liquid production must be found in order to monitor the performance of 

the wells. This paper considers these two problems . It first reports on a 

series of tests on venturi and vortex meters t hat quantify the error and 

uncertainty which entrained liquid cause. It then describes the development 

of non-radioactive tracer methods for ·independently measuring the liquid and 

ga~ flow rates for well-testing purposes. 

DIFFERENTIAL-PRESSURE-TYPE METERS 

Literature survey 

There have been many investigations into the measurement of gas and liquid 

flow through orif i ce-plate-type meters (see Ref . l for a comprehensive 

list). Most investigators have proposed their own expression to cover their 

range of experimental data, with little agreement between the different 

expressions proposed. However, the range of liquid/gas ratios found in most 

producing gas fields is limited to 500 m3 of liquid to 10' normal m3 of gas 

and, in this range, many of the proposed expressions predict the same 

effect. 

The two most important expressions have been proposed by Murdock 2 and 

Chisholm 3 4 Murdock ' s relationship can be written: 
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while Chisholm's takes the form: 

where y = x 
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These two expressions are plotted in Fig. l for natural gas at 100 bar. The 

agreement between the two expressions is excellent despite them being of 

very different forms. However, the experimental data base used to derive 

these expressions does not cover natural gas at 100 bar; this result is an 

extrapolation from the original measurement. 

Field measurements 

To establish the validity of either Murdock's or Chisholm's expressions at 

flowline conditions, a set of field measurements were taken with a 100 mm 

venturi meter installed in a well flowline at a production station. The test 

facility (Fig. 2) was constructed between the test header and separator. 

Here, the gas was passed through a reference venturi flowmeter and then made 

wet by injecting water either through a wall tapping or through a spray in 

the centre of the pipe. The wet gas then flowed through the meter under 

test. The effect of the additional water on the meter under test could be 

determined by comparing the ratio of the readings ·of the test and reference 

meters with and without water injection. 

All lhe instruments were connected to a data logger and each measurement 

consisted of the average of 10 individual readings over a period of about 

15 seconds. The data logger took l second to scan all the instruments 

sequentially and 10 scans were taken for each measurement. Both the average 

and the standard deviation of the 10 readings were calculated for each 

instrument and if the standard deviation exceeded l\ for any of the 

instruments the run was rejected and repeated. The flows were calculated 

.once from lhe average values. 
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Venturi test results 

Test runs were made at pressures between 80 and 100 bar and at at various 

gas flow rates between 50 000 and 200 000 normal m1 /day. The actual 

conditions for each test run are given in Table l. Typically, 10 liquid flow 

rates were used in each test run. For the majority of the tests, eight 

measurements were taken at each injection flow rate, four with the water 
' · 

injected through the spray nozzle at the pipe centre and four with the water 

inject~d at the wall tappin~ . This enabled any mixing effect t o be 

i~entified. 

The effect o~ the ~njecte~ water for the whole series of tests is shown in 

Fi9. 3, in which the ratio of the t•st venturi reading and the reference 

ven_turi reading is plotted. :.; against wetness fraction. Each point in the 

f ig,ure_ is the average of four measurements with water injected either 

t~rough the the spray nozzle or through the wall tapping. The effect of 

adding water can be see11 to l;le_ line.a.r over this r~nge with a slope slightly 

~reater than that pre~icted llY MurdQck or Chisholm. (The small zero shift is 

due to sma),l qiff~rences betw.ee.n the test &!\d r~ference venturis.) H can 

also be seen from this figure that there is no difference between the 

metho ds of water injection and hence the way in which the liquid is 

distr.ibuted in the pipe. The actual flow conditions have no effect . De t ails 

of indivi dual test runs are discussed more ful l y in ref. 5. 

These results confirm that the expressions of either Murdock or Chisholm can 

be used for correcting venturi meters for the effect of liquid entrai~ment 

at typical gas-well flowline conditions. Others (see ref. 1) have shown t hat 

there is no difference between the effect of water or conde nsate (ot her t han 

the density dependence shown in equations (l) and (2)), that t he size o f t he 

~eter has no effect and that the expressio ns can be used up to 64 bar. I t 

' is, therefore, reasonable to say that the expressions are valid f or any 

differential pressure meter (except the elbow meter) a~ any pressure up to 

100 bar. 
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VORTEX ME'l'ERS 

The vortex meter is one candidate from a group of meters in which the 

fundamental measurement is one of gas velocity. It would be expected that 

the addition of small amounts of liquid would not effect the velocity of the 

gas and hence would not affect the reading of a vortex meter. This is not 

the case. Two sets of tests were carried out on the vortex meter, one in the 

same test facilities that were used for the venturi meter tests and one in 

the KSEPL multiphase test loop (Fig. 4). 

Vortex meter - f ield_~est results 

Figure 5 shows the results of four test runs in the field test facilities. 

It can be seen that, in contrast with the venturi meter, the vortex meter 

overreading is dependent on gas flow rate. The test run at 130 000 normal 

m1 /day also showed two distinct behaviours (lines 130 A and 130 B), one for 

liquid-to-gas ratios below 100 ml/million normal ml and one for ratios 

above. There is no apparent explanation for the differences and the 

behaviour was not encountered at a later date. 

The explanation for the increases in reading and the apparent variation with 

gas flow rate is found by considering the cross-sectional areas in the pipe 

taken up by the liquid and the gas. The vortex meter in gas service is a 

velocity-measuring device. It is reasonable to suppose that the increase in 

reading is due to an increase in gas velocity and that this is due to the 

reduction in cross-sectional area available for the gas because some of the 

pipe's cross-section is 'blocked' by the liquid, The area blocked is a 

minimum when the liquid and gas ace travelling at the same velocity, i.e. no 

slip, and in this case the ratio of areas for liquid and gas is the same as 

the ratio of liquid/gas volumetric flow rates at actual flowing conditions. 

ln practice, thece is slip between the liquid and gas, the liquid travels 

more slowly than the gas. This results in a buildup of liquid in the pipe 

and this liquid holdup means that less area is available for the gas . As a 

result, the gas velocity increases by a factor greater than the ratio of the 

liquid/gas flow rates. 

The actual areas taken up by the gas and the liquid are difficult to 

predict . At normal gas pipeline velocities the liquid travels either as a 
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small film around the circum(erence of the pipe or as a rivulet in the 

bottom of the pipe if mounted hprizontally, The thickness of the film or 

rivulet depends on the relative velocity of the liquid and the gas in the 

pipe, which in turn depends upon the pipe geometry and the gas and liquid 

flow rates and properties. For the 75mm line tested, it required a rivulet 

of only 1.6 mm depth or a film of only 0.9 mm thick to give an increase in 

gas flow rate of 5\. 

Laooratory tests 

The labora~ory ~~sts e~altiated the vortex met•r with air/~~ter mixtutes at 

'n'c>mfnally atmospheric pressure~ : The intent ion was to confirm that slip 

between the liquid a·nd gas .' was the cause of the overreading and to see 

whether it could be reduced by mounting the meter in a vertical run with th~ 

~low down. Im~edi•teiy upstream of the meter a transparent s~ction o~ pipe 

was fitted so that the actual air/liquid distribution in the vortex meter 

could b·e seen. 

Horizontal tes~s 

Two sets of test runs were made in the horizontal section. Initially the 

meter was installed in an almost identical manner to the field tests 

(Fig. 2) and it showed a similar behaviour. The results for th1s 

installation are given in Fig. 6. They show that the meter was affected by 

liquid in the same way as in the field tests although the magnitude of the 

effect is lower. The difference in magnitude is to be expected because the 

effect is dependent on the actual distribution of liquid and gas in the pipe 

and this depends on actual line conditions; the field trials were at a 

pressure of 80 bar whereas the laboratory tests were at atmospheric 

conditions, This means that for the same liquid-to-gas ratio at reference 

conditions, the ratio of liquid-to-gas flow rates at line conditions in the 

laboratory was one eightieth of that in the field tests. The effect of the 

liquid, however, was not one eightieth because the gas could not drive so 

much liquid through the pipe, since the density was also one eightieth. The 

resulting difference in velocities between the gas and liquid (slip) was 

therefore greater in the laboratory than in the field. The two effects, less 

liquid but more slip, are in the opposite directions. These tend to cancel, 

giving an overall effect of similar magnitude in both the field and 

laboratory. 
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During these first tests the liquid was runn i r1g in P rivulet along the 

bottom of the pipe for all but the highest gas flow rate. At the h i gh gas 

flow rate the liquid spread up around the walls cf the pipe to about half 

the pipe diameter. 

A second set of tests were made with a simple liquid bypass around the 

vortex meter, Fig. 7. This sucessfully removed any effect of e n tra i ned 

liquid for the majority of the conditions, the resul t s are shown in Fig. 8. 

The bypass was a tube running below the pipe and inserted into the bot t om of 

the pipe by means of T-joints a short distance upstream and downs t ream o f 

the meter. Its effect was to divert away from the meter the r i vulet of 

liquid that was running along the bottom o f the pipe. The liquid was driven 

through the bypass by the differential pressure acro ss the vortex meter 

created by the bluff body. The distance of the bypass below the main line 

was sufficient to ensure that this same differential pressure could not 

empty it of liquid. This ensured that no gas could go through the bypass 

onc e it had become full of liquid. This was completely successful as long as 

the liquid ran only along the bottom of the pipe. At high liquid- t o-gas 

ratios and high gas flow rates when the liquid was s een t o be t ranspo r ted 

partially along the pipe walls, the bypass only partly reduced t he p r oblem. 

This conf i rms that the meter overreading was due to l iquid holdup in the 

meter. 

Vert i cal tests 

The attempt to reduce the effect of the slip between the liquid and gas by 

installing the vortex meter in a vertical s~c~ion was unsuccessful because 

the liquid distributed itself around the walls of the pipe and, because of 

this contact, it was slowed down considerably. An attempt was made to inject 

the liquid in the pipe centre but the liquid had still dist r ibuted itself on 

the walls by the lime it passed through the meter only 1 . 5 m downstream. 

A vertical installation, therefore, is no t a practical way of reducing the 

effect of entrained liquid on a gas vortex meter . 
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The tracer measurement methods have two purposes: firstly they provide a way 

of carrying out a well test with no test separator, and secondly, they 

provide a method of measuring the actual liquid/gas ratio so that venturi 

meters can be corrected for the effect of wetness. Separate methods are 

required for the liquid and gas phases and both methods will be described, 

although only the gas me~hod has been tried in the field. The liquid tracer 

·:in~thod is currently under development. 

Gas .tracer method 

The main objective of the method is that it must measure gas flow' in a well 

flowl ine to ±St. at press·ures between 65 and 150 bar independently of any 

produced liquids up to a liquid/gas ratio of 500 m,/10' normal m>. It has to 

be simple enough to be carried out by operators without any special 

training, it has to be portable and not require special equipment to be 

permanently installed at the measurement location. A tracer dilution 

technique using a non-radioactive tracer was chosen because it is 

operationally simple and requires no special facilities in the field. 

The tracer has to be in gaseous form, must not react with the natural gas, 

the produced liquids or the pipe walls, and it must not be present in the 

produced gas. Ideally, it should remain entirely in the gas phase and not 

partially partition into the liquids. A noble gas satisfies the chemical 

requirements and neon was chosen because it is not present in natural gas 

· ·.~Y.et is freely available. The drawback of a noble gas is that the required 
~. •'-:-

. analysis technique is complex because the gas is chemically inert. 

Th.e method chosen generally follows the ISO recommended procedure'. In this, 

a chemical tracer is injected at a known flow rate into the gas stream. At 

some point downstream, at a distance sufficient for the tracer to be ~i~ed 

uniformly, the stream is sampled. The gas flow rate is calculated from the 

concentration of the tracer in the sample and the tracer injection rate. The 

technique is shown schematically in Fi.g. 9. 

~wo aspects of the method proved problematic: the choice of injection 

., fl,owineter and the analysis technique. The flowmeter eventually chosen was a 
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gas turbine meter (Fluid Dynamics Inc. type FTO- l/Nl/ Sa-GHC-5), after the 

failure of many other meters to retain their calibration. For the analysis 

two techniques were tried, both using chromatographs but with different 

detectors for different gas concentrations. At low concentrations of the 

tracer, 1 to 50 ppm by volume, a system with t wo columns and a microwave 

plasma detector was used. This achieved a standard deviation of about 1\. A 

simpler technique using a single column and a thermal conductivity detector 

achieved the same target for concentrations over 100 ppm . 

Proving the technique was done in two phases, firstly in dry gas against a 

fiscal s t andard (±1\) dry gas measurement and secondly in wet gas, for which 

the effect of entrained water in the gas was evaluated. The results of three 

trials are shown in Fig. 10. By the third trial, results within ~5\ were 

achieved. This third trial was also in wet gas with liquid/ gas ratios 

between zero and 500 ml/10' normal ml. The method is shown to be independent 

of wetness fraction. 

Liquid tracer method 

The liquid tracer method follows very closely the principles of the gas 

tracer method. Again, the tracer has to be chosen for its abiltiy to remain 

entirely in the liquid and a suitable analysis technique has to be found. 

The main problem is that the liquid is made up of two liquids, produced 

water and condensate. A simple tracer that is suitable for both cannot be 

found so two tracers have to be used. The selection of a tracer for the 

condensate phase is still under discussion but glucose is an ideal tracer 

for water and simple analysers are available. 

CONCLUSIONS 

A venturi meter can be used to measure the f l ow of wet gas. The effect of 

entrained liquid is predictable and can be compensated f o r by using t he 

expressions of either Murdock or Chisholm. Velocity-measuring meters cannot 

be used for wet gas measurements. They are affected unpredictably by 

slippage between the liquid and gas phases and this depends on the pipe 

geometry and the actual liquid and gas flow rates and properties . 
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simple tracer methods can also be usec;'I to measure gas flow independently of 
. ·.=· .. . ~ • J. 

-(~quld content to an accuracy adequate for well-monitoring purpo~es. It 

should also be possible to extend these tracer techniques to measure the 

liquid flow in a wet gas stream. This will enable a full well test to be 

carried out without a test separator. 

'· .,: NOMENCLATURE 
:_ . ..:..::' ~ :; .. . 

0 . : Flow of gas alone 
-::.9,. . 
o: Flow of liquid alone 

<-9,i~i;;'. _ Flow cal cu lated f<om the ~easu<ed differential pressure and the dry 

/ -~ , '- gas density 

x Gas quality (ratio of mass of gas to mass of liquid) 

C Discharge coefficient for gas . 9 
t Expansion coefficient for gas 
9 

C · Discharge coefficient for liquid . l 

_ ~- ~q :.. Gas density 

. ".'.i Liquid density 
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Table 1. Venturi meter test run conditions 

Nominal !Press. !Temp. I Maximum 

gas flow liquid/gas 

(m 3 /day)*l(kg/s )l(bar) I ( °C) I (m~ ;1o •m 3 )*I (actual \V) 

l_ l 
I I 

180 000 1. 7 82 I 40 I 100 0. 8 

150 000 l. 4 83 I 38 I 100 0.8 

95 000 0.9 85 I 39 I 240 2.0 

56 000 0.5 86 I 32 I 150 1. 3 

75 000 0.7 98 I 42 I 400 3.8 

108 000 1.0 97 I 43 I 180 1. 7 

72 000 0.7 80 I 35 I 365 3.1 

180 000 1. 7 78 I 38 I 100 0.8 

* Volumes are at 1 bar and o0 c. 
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