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aBSTraCT
Differential pressure measurements are commonly applied in industrial conditions, due to the fact that 
measurements that apply them are simple and offer relatively high accuracy. In gas installations, the 
liquid is often condensed in the form of a droplet present in the gas. When the liquid is transported 
along with gas, this leads to a significant increase in the differential pressure and incorrect indications 
of measuring equipment. In addition, the presence of the liquid phase in the flow leads to interference 
and pressure pulsations. This article reports the results of a study concerned with finding a solution that 
can offer a way to correct the over-reading of the measured gas flow rate depending on the mass fraction 
of the liquid in it. The standard orifice was subjected to an experimental study, and then on the basis of 
this analysis, an algorithm for a computer over-reading model was developed. The experiment involved 
the measurement of airflow with a small amount of dispersed water in the form of droplets. The results 
were compared with other correction methods familiar from the literature.
Keywords: air–water flow, experimental research, over-reading, standard orifice, two-phase flow,  
wet gas.

1 INTrODuCTION
In many industries, various types of orifices plates and slotted orifices are applied for gas flow 
measurements. During the transport of gas in industrial conditions, we have to do with the 
conditions when liquids carried with gas can be condensed. The occurrence of small liquid 
droplets leads to measurement error performed using differential pressure flow meters result-
ing from the change in the physical properties of the measured gas flow. as a result, pure gas 
takes the form of a two-phase gas–liquid mixture. The standard relations applied in the gas 
measurements offer significant levels of measurement error [5, 9, 22, 24].

another area in which the above problem can occur includes the areas of natural gas 
extraction where very often the flow of wet gas, that is, one in which the volume fraction of 
the liquid phase does not exceed 5% [11]. There are many examples in the literature of the 
use of differential pressure flow meters in the measurements of mixtures containing gas and 
small amounts of liquid [2, 3, 8–12, 17, 21, 22]. In many research centers, studies are under-
way with the purpose of developing new equipment and improving existing techniques 
applied for the measurements of wet gas flow. Often such equipment has large dimensions, 
complex design, and its use is associated with the high cost of manufacture [10, 14, 16]. Thus, 
there is a great need for equipment with a relatively simple design and low cost of production. 
Due to the simplicity of construction, low cost, and operational reliability, differential pres-
sure flow meters are some of the cheapest and most common types of equipment applied in 
flow measurements.

2 OPEraTINg PrINCIPlE Of DIffErENTIal PrESSurE flOW METErS 
The measurement of flow rates of liquid by applying differential pressure measurements 
involves the use of a contraction of the flow cross-section (fig. 1). The flow of gas through 
the contraction leads to an increase in the velocity of the fluid flow, which in turn results in 
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the formation of differential pressure downstream of the meter in relation to the upstream 
section of the pipeline [25].

Due to the great popularity of this type of flow meters, standards have been applied to 
define the design of the contraction. as a result of applying an orifice plate as the solution, it 
is possible to use a standard orifice without the need of performing calibrations of the flow 
meter. The use of orifice meters specified in the standard [25] provides the possibility of 
measuring mass flow rates based on the differential pressure measurements. The mass flow 
rate is calculated based on the following formula:
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where C is the discharge coefficient, ε is the expansion number relative to fluid compress-
ibility, β is the beta ratio of the orifice, d is the orifice diameter, ΔP is the differential pressure 
at orifice plate, and ρ is the fluid density. 

The application of the standard orifice ensures high accuracy of measurement only in the 
conditions of single-phase flows. The presence of the liquid phase in the gas flow leads to the 
variations in the differential pressure and its pulsations, as well as changes in the density of 
the fluid and the expansion factor [3, 12, 16]. Therefore, the use of standard orifices is not 
recommended for applications involving measurements of wet gases or multiphase 
mixtures.

3 WET gaS MEaSurEMENT
The measurement of wet gas flow is associated with a variety of technical difficulties [15, 16]. 
Even small amounts of liquid in the gas flow can lead to flow disturbances [5, 9, 22]. The 

figure 1: Operating principle of orifice plate [25].
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lockhart–Martinelli parameter forms one of the most common parameters employed in the 
determination of the relative fraction of liquid in a two-phase mixture flow. It is defined by the 
formula (2). for a wet gas, the value of the XlM parameter should not exceed 0.35 [3, 11, 12, 21].
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where �mG and �mL correspond to the mass flow rates of the gas and liquid phases, respectively, 
and ρl and ρg denote liquid and gas densities, respectively.

The second parameter applied to characterize the flow of wet gas is gas volume fraction 
(gVf). This is the ratio of the volumetric flow rate of the gas phase to the flow rate of the 
two-phase mixture. The boundary value for differential pressure flowmeters is gVf>95%  
[5, 12].
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There are a number of alternative methods described in the literature and applied to adjust 
the results of the measurements of differential pressure flow meters depending on the param-
eters characterizing wet gas [3, 20, 24]. The most common one involves the determination of 
the correction which is employed to express the response of a flow meter to the existence of 
the wet gas flow, so-called over-reading (Or) factor, combined with measures applied to 
correct the results given in terms of this factor. The parameter Or (4) is defined as the ratio 
of the current gas mass stream �mG,apparent to the mass flow rate of pure gas [3, 23].
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The apparent mass flow rates and the actual gas mass flow are determined based on the 
eqns (5) and (6), respectively, where C is the discharge coefficient, β is the beta ratio, ε is the 
expansion factor, ρg is the gas density, ΔpTP is the differential pressure created during  
the flow by gas–liquid mixture, and Δpg is the differential pressure for the dry gas flow. 

The determination of the value of the Or parameter is not unambiguous, and many models 
can be found in the literature. an outline of the most familiar models is presented below.

1. Murdock model [17]
Murdock model is expressed in the form of a correlation representing the two-phase flow 
theory. It was developed based on a large data set for stratified two-phase flow. Murdock was 
the first to propose an applicable dependence [17]. The model is limited only to the wet gas 
flow as it was demonstrated by Murdock that the type of flow pattern has a big influence on 
the measurement error in the form:

 OR .LM= +1 1 26. X  (7)
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The assumption that the over-reading correction is linear is valid only within a narrow 
range of measurements. Therefore, modifications have been made to the initial release of the 
model. In 1998, Phillips Petroleum updated the Murdock correction using wet gas measure-
ment data for the case of differential pressure flow meters [17]. 

 OR .LM= +1 1 5. X  (8)

2. lin model [13]
The correlation proposed by lin deals with the flow through the orifice and applied for strat-
ified flow patterns. lin investigated the outcomes of interactions at the interface of the phases. 
lin also introduced a variable value of the coefficient θv.

 OR ,v LM= +1 θ X  (9)

where:
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3. Chisholm model [6, 7]
In 1977, Chisholm published a general over-reading model to describe two-phase flow 
through the standard orifice. The Chisholm model includes assumptions with regard to strat-
ified flow expressed in terms of shear forces between phases. as a result, it was possible to 
take into account the influence of pressure regardless of the lockhart–Martinelli parameter. 
Therefore, Chisholm correlation represents the function of XlM and pressure.
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4. Smith and leange model [19]
The Smith and leang model was developed to apply to a standard orifice as well as a venture 
tube. It can be applied to take into account the presence of liquid by introducing a parameter 
that accounts for the reduction of the cross-sectional area of the pipe area by the liquid:
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where 1−α is the mass flow rate of gas.

5. De leeuw model [8]
This is the only one of the first models that applies to the flow of wet gas through the venture 
tube. De leeuw stated that the error resulting from the presence of the liquid in the gas flow 
is relative not only on the pressure and XlM parameter but also on the froud number:

 

OR ,l

g

g

l
LM LM= +









 +



















+1 2ρ
ρ

ρ
ρ

n n

X X  (12)

where n:
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6. Steven model [21]
This correlation is one of the most recent developments. Steven investigated a 150 mm ven-
turi flow meter with a beta factor of β=0.55. The types of examined flow included a gas flow 
rate in the range from 400 to 1000 m3/h for pressures of 2 MPa, 4 MPa, and 6 MPa. The 
volume fraction of liquid was from 0.1% to 5%. Steven’s results confirmed De leeuw’s idea 
that the value of the over-reading factor is dependent on the froud number and the pressure.
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4 EXPErIMENTal SETuP
In order to compare the quality of over-reading resulting from the application of particular 
models discussed above, an experimental installation was designed and built to perform tests 
of the standard orifice for various mass fractions of the liquid flow. a two-phase mixture 
consisting of air and water was applied for this.

The experimental part of the study was carried out on a setup, whose diagram is presented 
in fig. 3. The air into this installation was fed via a compressor (1). The air was routed for the 
experiment via a throttling valve (2), which provided a constant pressure value. The flow rate 
of the air was regulated by a valve (3). The parameters of the airflow were controlled by a 
measuring system comprising a pressure sensor (4) and a temperature sensor (10) and an 
orifice plate (5, 6). Water was supplied from the water network to a chamber (7) in which the 
two-phase mixture was formed, and the flow rate was regulated by a valve (9). The flow rate 
of the water was measured by a rotameter (8). The horizontal section of the pipeline com-
prised a system designed for testing slotted orifice plates (11) that could be removed and 
replaced. The differential pressure resulting from the installation of the slotted orifice plates 
was measured with a differential pressure transducer (5). The static pressure value in the 
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pipeline was measured with a sensor (4). a separator (12) was applied to remove the air from 
the liquid at the end of the measuring section in the installation. The signals from the meas-
urement sensors were recorded continuously by a dedicated card on a PC throughout the 
duration of the experiment.

In experimental research, a standard orifice with the beta factor of β=0.5 was applied. 

5 OVEr-rEaDINg MODEl DEVElOPED By ThESE auThOrS
The authors of the article developed their own model for determining gas flow. This model is 
based on calculating the value of pressure that would occur on an orifice if the flow of dry gas 
occurred through it. This basic calculation involves the knowledge of the mass fraction of gas 
and the pressure value measurement for the wet gas flow. The relation was derived empiri-
cally based on a series of measurement data (fig. 3).

 ∆p A B CTP = ⋅ + ⋅ +α α4  (15)

where α is the liquid mass fraction.
figure 3 contains the results of the comparison of the results of calculated pressure ΔpTP 

based on the formula (15) with the data gained for measurements for two selected flow rates. 

figure 2:  Diagram of experimental setup applied in the experiments applying two-phase 
gas–liquid flow.

figure 3: Dependence between differential pressure and liquid mass fraction.
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The 0.078 line was established for an intermediate gas flow rate value of 0.078 kg/s. The 
analysis of experimental data demonstrates that the non-linearity of the measuring curve 
increases following an increase in the gas flow. The theoretical lines 0.06, 0.078, and 0.086 
can be used to represent the characteristics of the effect of water in the measured airflow on 
the value of the measured pressure. This indicates that the function (15) was developed in an 
adequate manner.

Coefficients a, B, and C are expressed by equations in which the pressure that accompa-
nies a given flow rate of dry gas. The equations were formulated based on the experimental 
results for the air–water mixture (fig. 4).

figure 4: relation between a, B, and C factors and pressure for dry air.
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Based on the relations presented in fig. 4, it was possible to derive mathematical functions 
to define the linear relations of the a, B, and C factors with the value of the pressure differ-
ence that accompanies dry gas flow.
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after substituting eqn (16) into eqn (15), we can calculate the pressure value Dpg, which 
is equal to the pressure that would accompany the flow of dry gas. This pressure forms the 
basis for calculating the value of gas flow rate based on the relation in eqn (6). 

6 rESulTS Of EXPErIMENTal STuDy 
a series of experimental tests were carried out for two airflows of 0.06 and 0.086 kg/s. On this 
basis, the value of gas flow rate was derived using various correction models (fig. 5). The 
models of lin, Petreleum, and Murdock gave very similar results. however, in these mod-
els, the value of the gas flow rate was overestimated. This greater value of the over-reading 

figure 5:  results of correction of measured airflow rate for (a) gas flow rate of 0.06 kg/s and 
(b) gas flow rate of 0.086 kg/s.
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factor is recorded in the conditions when we have to do with a greater flow rate of water 
relative to the airflow. a similar tendency was also demonstrated in the model Chisholm. 
however, we can note that this model performed much better for small flow rates of gas. 
for larger flow rates, the results gave excessive values of the gas flow rate. It was also noted 
that the Steven model performs better for larger gas rates. In the case when flow rates of 
water are considerable, this model gave excessive values of the water flow rate, whereas, 
for low flow rates of water, the results are underestimated. The De leeuw model can be 
successfully applied for the correction of the effect of the large volume of water that is 
contained in the airflow; however, the recorded gas flow rate was underestimated. The value 
of Or resulting from the use of the model proposed by Smith and leang was much lower; 
yet, in this model, we have to do with the effect of water concentration in the airflow.

The results of the comparison of literature models demonstrated significant discrepancies 
in the results that were derived from each model. hence, we need to look for other methods 
of correction of over-reading recorded in the measurements, as it is difficult to propose a 
universal method. figure 6 shows the results of the correction model proposed by the authors. 
This model provides a significant level of convergence between the actual flow rates of gas 
for both small and large ranges. however, it requires individual calibration for each orifice 
plate that is applied.

7 CONCluSIONS
The conducted analysis concern with the comparison of the Or parameter demonstrated that 
the existing comprehensive correction models for wet gas flow measurement lead to signifi-
cant errors. Much better conformity of the results is obtained by the application of the model 
proposed by these authors. however, this model requires an experimental selection of the 
linear coefficients of over-reading functions individually for a selected orifice. This may sig-
nificantly impede its use in some applications.
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