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ABSTRACT

Oil and gas production represents an essential source of energy. Optimization of oil and gas production systems
requires accurate calculation of pressure drop in tubing and flowlines.

Many empirical correlations and mechanistic models exist to calculate pressure drop in tubing and flowlines.
Previous work has shown that some correlations provide more accurate results under certain flow conditions, PVT
data, and well configurations than others. However, the effects of errors in input data on the selection of which
correlations to use have not been investigated. This paper studies different multiphase flow correlations to determine
the effects of their input parameters on (1) the accuracy of calculated pressure drop and (2) the selection of best
correlation. A database consisting of 33 oil wells and 32 gas wells was selected, and a commercial software was used
to build different well models. A total of 715 well models were constructed and used to investigate the effects of
errors in correlations inputs on both the calculated bottomhole pressure and the selection of best correlation(s). The
methodology was based on perturbing the values of the selected input parameters and calculating the new predicted
bottomhole flowing pressure. Then, the effects of error in input parameters on how the calculated bottomhole pressure
was different from observed data were quantified. The effect of this error in input parameters was also checked against
the algorithm that selects the best correlation(s).

It was found that errors in input GOR have the greatest effects for oil wells, while gas specific gravity and the
tubing roughness are the most effective parameters for gas wells. The results were integrated into a rule-based expert
system. A new set of data, consisting of 220 cases from 10 new oil wells and 10 new gas wells, was used to validate
the expert system. The expert system was found to predict the best correlation(s) with a success rate of 80%, and it
also identifies the input parameters whose error would affect the value of calculated bottomhole pressure significantly.
Finally, the rules of the expert system were programmed into a VBA-Code to ease its use.

Keywords: Multiphase Correlations; Data Error; Outflow Performance; Well Modeling; Pressure Drop.

INTRODUCTION

Petroleum engineers work on maintaining oil and gas production from petroleum reservoirs. They also attempt
to provide accurate forecasts for future production profiles and optimize well completion and artificial lift. Nodal
analysis is often used for all these purposes. Nodal analysis requires pressure drop calculations in both the production
tubing and the flowlines.
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Many investigators have worked on developing different methods to calculate pressure drop in tubing and pipes.
Different correlations and models were developed since the 1930s and until today. The different models used for
pressure drop in pipes calculations can be classified into three categories: (1) empirical correlations, (2) mechanistic
models, and (3) neural network models.

In empirical correlations, researchers worked on developing different correlations using experimental data coming
from either flow loops or actual wells. Three distinct categories of correlations can be identified as follows: (1)
correlations that do not consider slippage and flow regimes, such as Fancher and Brown (1963); (2) correlations
that consider slippage but not flow regimes, such as Hagedorn and Brown (1964); and (3) correlations that consider
both slippage and flow regimes. Examples of the latter include Duns and Ros (1963), Beggs and Brill (1973), and
Mukherjee and Brill (1983).

All of these correlations are derived from the general energy equation as follows:

dP dpP dP dP
(&) = (@) (@) ) )
dL/¢ dL hydrostatic dL/acceleration dL/friction

The different terms of hydrostatics, friction, and acceleration are calculated using different input parameters. The
hydrostatic term mainly depends on the production and PVT parameters like GOR, W.C., CGR, WGR, API, and y,.
The friction term mainly depends on the tubing size and roughness.

Another class of models (mechanistic models) was also used in a trial to improve the models prediction of multiphase
pressure drop. These models rely on the use of physics laws and models to more accurately describe the multiphase
flow in pipes. Several mechanistic models were published. Aziz et al. (1972) developed a simple mechanistic model
for the prediction of pressure drop in oil and gas wells. They developed a new map for the different flow patterns; the
model depended on dividing each well into small segments that started from the known well head pressure; then, they
calculated the pressure drop at the end of each segment. The model showed good pressure prediction with less error
compared to the different empirical correlations. Hasan et al. (1986) developed another model to predict the pressure
drop in vertical oil wells only. They developed a new map for flow patterns identification by defining new transition
regions between bubble, slug, churn, and annular flow. They used mixture properties between oil and gas to calculate
the frictional factor unlike the work by Aziz et al. Moreover, the model gave better pressure drop prediction than Aziz
et al. model and different empirical correlations. More improvement in the mechanistic model for the pressure drop and
liquid holdup prediction for different flow patterns has been achieved by Ansari et al. (1990) who developed another
mechanistic model by defining new transition boundaries between bubble, slug, and annular flow patterns. The model
showed a better accuracy for the prediction of pressure drop compared to the different empirical correlations and the
mechanistic models developed by Aziz et al. and Hasan et al. Abdul-Majeed et al. (2000) developed a mechanistic
model for the calculation of the pressure drop for the upward movement in both vertical and inclined pipes. They
worked on the data of two-phase slug flow (1712 cases) since they considered it the dominant flow regime in most
producing wells. The error resulting from the model was found to be lower than the error from the previous mentioned
mechanistic models and empirical correlations.

Starting in the 2000s and with the aid of computer technology, new methods that use artificial intelligence
techniques were investigated. Osman et al. (2001) developed artificial neural network (ANN) model using 199 points
to identify flow regimes and calculate the liquid holdup in horizontal pipes. Shippen et al. (2002) used 627 liquid
holdup measurements to develop an ANN model for the prediction of liquid holdup and flow patterns in horizontal
pipes. Mohammadi (2006) developed ANN model using 2292 data points for predicting liquid holdup that will be
used in the pressure drop calculation. Alizadehdake et al. (2009) conducted an experiment to study the flow regimes
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and calculate the pressure drop in both vertical and horizontal pipes. They developed an ANN model that used data
from Computational Fluid Dynamics (CFD) simulation to predict the pressure drop. They also compared their model
with the experimental results. Al-Shammari (2011) developed a model using fuzzy logic to predict bottomhole flowing
pressure in oil wells using 795 data points. Attia et al. (2015) developed two models for flowline and well tubing. They
used four artificial intelligence techniques: adaptive-network-based fuzzy inference system (ANFIS), ANN, support
vector machine (SVM), and decision tree (DT). They used 239 field data points for the flowline model and 795 for
well tubing model. They calculated pressure drop from wellhead to gas oil separation plant (GOSP) for flowline
model and from sandface to well head for well tubing model. Abd El-Moniem et al. (2015) collected a large database
(3250 bottomhole flowing pressure data points) from 880 oil and gas wells to select the best correlation that gives
the lowest error for different flowing conditions. Chen et al. (2017) developed a model based on SVM technique to
predict bottomhole flowing pressure for gas wells based on statistical theory. Abd El-Moniem et al. (2018) developed
an expert system for selecting the best multiphase flow correlations for oil wells for different flow conditions using
2874 points. The expert system has been validated using a new set of data (144 points), and a Visual Basic Application
(VBA) for excel has been developed to automate the selection process of the best correlation for the different flowing
conditions and well configuration. El-Kadi et al. (2019) developed an ANN model to predict the pressure drop in
different oil and gas fields. They used 7581 points and divided the well into segments to increase the accuracy of
the pressure drop prediction. Abd El-Moniem et al. (2020) studied the effect of the different input parameters of the
different multiphase flow correlations for gas wells.

In this work, we studied the pressure drop in the tubing from the sandface to the wellhead using a database of
actual wells with measured bottomhole flowing pressure for different production conditions, PVT data, and well
configurations. The objective is to provide guidelines to identify which input parameters have the highest impact on
pressure drop calculations at different flow conditions and well configurations. These guidelines are used to develop a
rule-based expert system. The expert system was programmed using VBA-code to facilitate its use.

EXPERT SYSTEM DEVELOPMENT

A large database of bottomhole flowing pressure points from both the literature (e.g., Ashiem (1986), Baxendell
and Thomas (1961), Chierici et al. (1974), Hill and Wood (1994), Peffer et al. (1988), and Reinicke et al. (1987))
and actual data from different fields around the world has been collected. The data was collected from pressure
measurements performed in either flowing gradient surveys or recorded by permeant downhole pressure gauges. The
data covers wells that have natural production or are under gas lift or ESP. Estimation of bottomhole pressure from
multiphase flow correlations requires input data that may have some measurement errors or uncertainties. These errors
in input data may affect the prediction of bottomhole pressure to variable degrees under different flow conditions and
well configurations. The large database gave us the chance to cover wide range of different fluid types, production
conditions, and well configurations.

We classified the data according to fluid type into oil and gas, then according to well configuration to vertical or
deviated hole. Figure 1 shows a flow chart for the different classifications.
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Figure 1. Parameters Considered in the Study.

A total of 85 wells have been selected for this study (43 oil wells and 42 gas wells). 33 oil and 32 gas wells were
used to develop the expert system. They were then validated by data from 10 more oil wells and 10 more gas wells.
Table 1 shows the range of data used in this study for both oil and gas wells.
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Table 1. Range of Data Used in this Study for Oil and Gas Wells.

Oil Wells Gas Wells
Development Validation Development Validation
Property Property
Range Range
Gos STB/D 14.6 - 23,370 175 - 13,468 Qe MMsct/D 0.53 - 101 0.6 - 84.5
GOR, scf/STB 189.5-9,799 307.8 - 6,450 | CGR, STB/MMscf 0-317 0-351.6
W.C., % 0-90 0-65 WGR, STB/MMscf 0-1,457 0-2,100
APL ° 15.6 - 55 10-51.3 APL, ° 44 - 67 44.3 - 63.2
Ye 0.625-1.178 0.7-1.12 Ve 0.57-1.1 0.61-0.73
Py psi 518 - 6,891 1,225 - 6,695 Py psi 705 - 10,075 1,351 - 8,382
WHEFP, psi 45 - 4417 85-3,730 WHEFP, psi 990 - 5,085.3 395-3,770.8
WHEFT, °F 72 -222.8 80 - 183.7 WHEFT, °F 40 - 145 40-222.8
BHT, °F 125.8-329.3 132.7-307.4 BHT, °F 123.8 - 322 133 -314.6
Depth, ft. 2,980 - 14,358 3,627 - 13,497 Depth, ft. 4,855-15918 | 4,468 - 15,918
ID, in. 1.99 - 6.28 2.44-8.76 ID, in. 1.99-5.92 1.99-592

Then, an arbitrary classification was done to ensure reasonable data coverage for the different flow conditions
according to oil rate, GOR, and W.C. for oil wells. Gas rate, CGR, and WGR were the key parameters for gas wells.

Tables 2 and 3 show the criteria of the classification for oil and gas wells, respectively.

Table 2. Criteria of the Classification for oil wells.

Classification (ST(}; /D) (sfﬂg’l;B) W.C. (%)
Low <3000 <1000 <10
Medium 3000-10000 1000-3000 10-50
High >10000 >3000 >50

Table 3. Criteria of the Classification for gas wells.

Classification 9. CGR WGR
(MMscf/D) (STB/MMscf) (STB/MMscf)
Low <10 <30 <10
Medium 10-50 30-70 10-50
High >50 >70 >50
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After that, the data were further classified into subclusters based on flow conditions for both oil and gas wells as
shown in Table 4. In this table, “H” represents high, “M” medium, and “L” low.

Table 4. Subclusters Classification.

0Oil Gas
Rate | GOR | W.C. | Subcluster Rate | CGR | WGR
Code

L 1 L

L M 2 L M

H 3 H

L 4 L

L M M 5 L M M
H 6 H

L 7 L

H M 8 H M

H 9 H

L 10 L

L M 11 L M

H 12 H

L 13 L

M M M 14 M M M
H 15 H

L 16 L

H M 17 H M

H 18 H

L 19 L

L M 20 L M

H 21 H

L 2 L

H M M 23 H M M
H 2 H

L 25 L

H M 26 H M

H 27 H

After the collection and classification of data, a commercial software was used to calculate the pressure drop in the
tubing from the sandface to the wellhead. Well models were then built for all 85 wells, and conditions were simulated
with multiple correlations to calculate bottomhole pressure in every case and compare it with actual measured
bottomhole pressure. We performed 715 runs for the expert system development, 363 for oil wells including 33 base
runs and 352 for gas wells including 32 base runs.
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We determined the predicted pressure using the available fourteen different multiphase flow correlations in the
software and then calculated the error resulting from each correlation using

Flowing Pressuregptained—Flowing Pressuregpserved

Error % = *T00 oo 2)

Flowing Pressuregpserved

After finishing the calculations of the error resulting from comparing the actual data with the calculated bottomhole
pressure from different correlations, we moved to study the effect of some input parameters on the pressure drop
calculations. We selected GOR, W.C., API, gas specific gravity, and tubing roughness for oil wells and CGR, WGR,
API, gas specific gravity, and tubing roughness for gas wells. These parameters usually have measurements uncertainty
and are believed to be the most influential on correlations calculations (Abd El-Moniem et al., 2018).

The idea for this study stems from the fact that many engineers prepare the above input data for multiphase
correlations calculations without recognizing their uncertainty on the calculated results. The study should reveal
which input parameters are the most influential on the calculated bottomhole pressure for different flow conditions
and well configurations.

The analysis was performed by changing the value of the selected input flow conditions parameters by a percentage
up to £+ 20% for GOR, CGR, W.C., and WGR from the actual data. The error in these parameters can be in this range
depending on the accuracy and frequency of production testing. PVT data such as API and gas specific gravity were
changed by a percentage of £10% since these data are usually known with less uncertainty than production data
(McCain 1991). For tubing roughness, we selected 0.0006 in. for the base run, and we selected two values of 0.00015
and 0.001 in. to study the effect of not knowing the tubing roughness on the calculated pressure drops. Not much
experience exists in the industry about the level of uncertainty in tubing roughness; therefore, the commonly used
default values in different commercial programs were used. Figures 2 and 3 show the average error for the base run
and the two perturbed runs for all parameters used in this study for the used database.

Average Error Versus Percentage of Change for Each Input Parameter for
Oil Wells

EGOR

20 -10

Gas Specific Gravity
mWC

Tubing Roughness

HAPI

Figure 2. Average Error versus Percentage of Change for Each Input Parameter for Oil Wells.
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Average Error Versus Percentage of Change for Each Input Parameter for
Gas Wells

H API
20
Gas Specific Gravity
B WGR
Tubing Roughness
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10 0

Figure 3. Average Error versus Percentage of Change for Each Input Parameter for Gas Wells.

The effect of input data errors on multiphase flow correlations was investigated in two ways: (1) effect on the
selection of the best correlation that gives the lowest error and (2) the maximum error in the correlations calculations
due to the error in input data.

Effect of Input Data Error on the Selection of the Best Correlation

In this study, we determined the best correlation from the base run as the correlation that gives the lowest error
when compared with the actual data. Then, we determined the best correlation for each perturbed run. We assumed
that if the best correlation never changed, this parameter will have a low effect on the selection of the best correlation.
Also, if the best correlation changed in the two perturbed runs, this parameter will be considered to have a high effect
on the selection of the best correlation; otherwise, the parameter will be assumed to have a medium effect.

Effect of Input Data Error on the Maximum Absolute Error Resulting from Each
Correlation Relative to the Actual Data

The target for this method is to find the effect of the error in some input parameters on the maximum absolute error
of the calculated pressure drop from the multiphase correlations when compared with the actual data.

For each correlation, we calculated the maximum error resulting from the two perturbed runs by
Maximum Absolute ETT07for each correlation =

Maximum Absolute Error from the two perturbed runs compared with the actual datagoy each corretation ...... 3)

Then, we calculated the mean absolute percent error for these maximum values for the fourteen correlations
using
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n .
i—1 Maximum Absolute Percent Error
MAPE1 = Hiat i SO BT o O e 4)

n

Then, we calculated the MAPE2 for the errors resulting from the fourteen correlations of the base run by

Y, Absolute Percent Error

OO OO (5)

MAPE?2 =

The qualitative indicator for the relative error was calculated to study the effect of the input parameters on the
maximum error calculated from the 14 different correlations by

MAPE1

RE = m ..................................................................................................................... (6)

We assumed that if RE is less than 1.1, the input data parameter will be considered to have a low effect on the
calculated pressure, and if RE is higher than 1.2, this parameter will be considered to have high effect. Otherwise, it
will be considered to have a medium effect.

Finally, the average values between the two methods were calculated to help visualize the effects of different
input parameters on calculated bottomhole pressure. A color code was also assigned to quickly reveal which input
parameters have the highest effect in different flow conditions and well configurations. The high, medium, and low
effects are shown by red, orange, and green colors, respectively.

RESULTS

The target was to study the effect of different input parameters of production, PVT data, and tubing roughness. We
could obtain the results after applying the two methods mentioned above. We separate the results of the vertical wells
to compare them with the others from deviated wells. This step helped us in studying the effect of the deviation as a
secondary parameter in addition to the main input parameters.

Oil Wells

Tables 5 and 6 show the results of the effect of error in different input parameters for vertical and deviated oil wells.
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Table 5. Effect of Different Input Parameters for Vertical Oil Wells.

Roughness

Rate GOR W.C. | Well Geometry

L
L M

H v

L v

L M M v

H v

L \%

H M \%

H v

L v

L M v

H A%

L v

M M M \%

H v

L v

H M v

H A%

L v

L M A%

H v

L v

H M M v

H A%

L v

H M A%

H \%
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Table 6. Effect of Different Input Parameters for Deviated Oil Wells.

Rate GOR W.C. | Well Geometry W.C. API SP GR Roughness
L D 1.07 1.04 1.00
L M D 1.13 1.00
H D 1.02 1.08
L D 1.01
L M M D
H D
L D
H M D
H D
L D
L M D
H D
L D
M M M D
H D
L D
H M D
H D
L D
L M D
H D
L D
H M M D
H D
L D
H M D
H D




Mohamed A. Abd ElI-Moniem and Ahmed H. El-Banbi 347

The same data in the above tables are summarized in Figures 4 and 5 for vertical and deviated oil wells. The
figures show (for every input parameter) how many wells had high, medium, and low effects in bottomhole pressure
calculations. The figures quickly show which input parameters are more important to obtain with greater accuracy.

Different Input Parameters Effect on Vertical Oil Wells
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Parameter Effect
EGOR mWC ®API mGasSpecific Gravity M Tubing Roughness
Figure 4. Different Input Parameters Effects in Vertical Oil Wells.
Different Input Parameters Effect on Deviated Oil Wells
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Figure 5. Different Input Parameters Effects in Deviated Oil Wells.

Investigating Figures 4 and 5 reveals that GOR has the highest effect on pressure drop calculations for oil wells
followed by gas specific gravity. Since GOR is the ratio between the gas and oil quantities that flow in the tubing, the
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superficial velocities of oil and gas are responsible for the different flow patterns that are used in the pressure drop
calculations of the hydrostatic term for oil wells.

We found that, for high flow rate wells with high and medium GOR, well deviation increases the effect of GOR
in the pressure drop calculations. Generally, GOR has a high to medium effect except for vertical wells with low flow
rates and high W.C.

W.C. has medium to low effect, and well deviation exaggerates the effect of W.C. in most cases of low flow rates.
This could be explained by the following: (1) the effect of water appears with oil in the liquid term for the calculation
of the liquid holdup, and (2) the gas slippage and change of the flow patterns are affected by the presence of gas, and
they are considered the most influential parameters in the calculation of pressure drop. Therefore, W.C. has medium
to low effect following the GOR effect.

The error in API has low effect in most cases, but its effect increases to medium effect in some cases of deviated
wells with medium and high flow rates. Gas specific gravity error has medium to high effect, but it decreases to low
effect for wells with low flow rates with medium and high W.C. and GOR. The high effect of densities represented in
gas specific gravity compared to API also confirms the explanation of the significant effect of the gas and its related
properties in the calculation of the pressure drop.

Finally, the error in tubing roughness has low effect but can have medium effect in some cases of medium flow
rate with low W.C.

For deviated wells, it was found that well deviation increases the effects of GOR, W.C., and gas specific gravity
(Y,) on the pressure drop calculations, especially for high flow rate wells. This could be explained by changing flow
patterns due to the gas slippage, which in turn affects the pressure drop calculations.

In this study, the low oil flow rate is considered to be less than 3000 STB/D. We showed examples for low oil flow
rate specifically in vertical and deviated wells in Figures 6 and 7.

Different Input Parameters Effect on Vertical Low Oil Rate Wells

Mo I_-‘I-‘-I

High Medium Low

Number of Wells
O R N W b U1 O N

Parameter Effect
EGOR mWC HEAPI Gas Specific Gravity H Tubing Roughness

Figure 6. Different Input Parameters Effects in Vertical Low Oil Rate Wells.
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Different Input Parameters Effect on Deviated Low Oil Rate Wells

Number of Wells
O P, N W BHB U1 OO N 0

..'I.-'L

High Medium Low
Parameter Effect

EGOR mWC HEAPI Gas Specific Gravity B Tubing Roughness
Figure 7. Different Input Parameters Effects in Deviated Low Oil Rate Wells.

Figures 6 and 7 show the high impact of GOR, which is considered the most effective parameter, followed by gas
specific gravity and WGR. These results confirm the importance of the gas slippage and its role in changing the flow
patterns even in the low flow rate oil wells. However, well deviation has a considerable influence in increasing the
effects of these different parameters. The effect of deviation in oil wells is represented in increasing the gas slippage
phenomenon. This could be explained by the possibility of the liquid accumulation on the low side of the well and
allowing the gas to slip and be produced faster, and, hence, the variation of the flow regime. The results of vertical and
deviated wells indicate the importance of having good gas measurements in low flow rate oil wells. Approximations
or assumption of gas production rates when they are not available will lead to significant errors in estimating the
bottomhole pressure. Gas density is also important in identifying the gas-liquid mixture density and liquid holdup
calculations. This explains the presence of gas specific gravity as an effective parameter in the calculation of pressure
drop. We can conclude that obtaining an accurate flow pattern, which represents the existing flow conditions, is the
key to have good pressure drop prediction. This is mainly achieved by having accurate measurements for the oil, gas,
and water flow rates in addition to gas specific gravity.

Gas Wells

Tables 7 and 8 show the results of the effect of different input parameters errors for vertical and deviated gas
wells.
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Table 7. Effect of Different Input Parameters for Vertical Gas Wells.

Rate CGR WGR | Well Geometry CGR WGR API SP GR Roughness
L \Y% 1.03 0.94 1.00 1.15 -
L M \% 1.01 1.02 1.01 1.04 1.00
H \% 1.02 1.09 1.01 1.19 1.00
L v 1.19 1.00 1.08 _
L M M A% 1.04 1.01 1.02 1.15 1.00
H \Y% 1.02 1.06 1.01 1.06 1.01
L \% - 0.96 1.05 1.13
H M \Y% 1.08 1.05 1.03 1.12 1.00
H \% 1.05 1.05 1.02 1.05 1.00
L \% 1.05 1.08 1.01 1.19
L M v 1.01 1.02 1.00 1.15 1.00
H \%
L \Y%
M M M \%
H \Y%
L \%
H M \Y%
H \Y%
L \Y%
L M A%
H \Y%
L \%
H M M \%
H \Y%
L \Y%
H M \Y%
H \Y%
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Table 8. Effect of Different Input Parameters for Deviated Gas Wells.

Rate | CGR | WGR | Well Geometry CGR WGR API SP GR Roughness
L D 1.05 - 1.00 1.17 1.06
L M D 1.00 1.01 1.00 1.08 1.00
H D 1.08 1.20 1.08 1.13 1.03
L D 1.05 1.07
L M M D
H D 1.02 1.11 1.01 1.04 1.00
L D 1.01 1.03
H M D 1.03 1.01 1.06 1.03 1.01
H D 1.05 1.11 1.00 1.00 1.03
L D 1.16 1.16 1.16
L M D 1.01 1.03 1.00 1.09 1.04
H D
L D
M M M D
H D
L D 1.13 0.74 1.00 1.00 1.01
H M D 1.01 0.88 1.00 1.00 1.05
H D 1.16 1.12 1.04 1.11 1.00
L D
L M D
H D
L D
H M M D
H D
L D
H M D
H D
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To clarify the data in Tables 7 and 8, the same results are plotted in Figures 8 and 9 for vertical and deviated gas

wells, respectively.

Number of Wells

Number of Wells

20

15

10

15

10

Different Input Parameters Effect on Vertical Gas Wells

- o .'l

High Medium

Parameter Effect
ECGR EWGR ®EAPI Gas Specific Gravity H Tubing Roughness

Figure 8. Different Input Parameters Effects in Vertical Gas Wells.

Different Input Parameters Effect on Deviated Gas Wells

— a i

High Medium

Parameter Effect
ECGR EWGR m®API Gas Specific Gravity B Tubing Roughness

Figure 9. Different Input Parameters Effects in Deviated Gas Wells.

It was found that the error in gas specific gravity has the highest effect followed by tubing roughness then CGR.
This result may be due to the fact that gas specific gravity affects the density that is used in the calculation of the
Reynolds number, which is used, in turn, to calculate the friction factor. The friction factor is used in the calculation of
the friction pressure drop term that can be a dominant term in gas wells pressure drop calculations. It was found that
well deviation decreases the effect of gas specific gravity in the calculation of pressure drop, especially for medium

flow rate gas wells.

Generally, errors in CGR have low effect, but the effect may increase to medium level in case of medium flow rates
with low WGR. Moreover, the well deviation has minor effect on the pressure drop calculation. The low effect of CGR
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and WGR in gas wells is believed to be due to the presence of gas as the main phase, which leads to a minor effect of
the associated phases (either condensate or water) due to the low possibility of changing the flow regime. Therefore,
the hydrostatic term will have a minor effect.

It can be also concluded that well deviation can increase the effect of WGR to be “medium” for low flow rate gas
wells with high WGR. This can be also confirmed by the inverse effect of deviation on the influence of both WGR
and gas specific gravity. Although the deviation increases the effect of WGR, it decreases the effect of gas specific
gravity. This could be explained by the possibility of liquid loading in case of high water production in gas wells, or
the occurrence of phase segregation and water circulation in deviated gas wells. This may have considerable effect on
the pressure drop calculations in deviated gas wells compared to vertical wells.

The error in API has low effect in most cases, and well deviation does not increase or decrease the effect of API
errors on pressure drop calculations. This can be explained by the low quantities of condensate compared to the main
gas phase and consequently the minor effect of the condensate density in the calculation of the liquid holdup.

Tubing roughness error has medium effect for medium and high flow rate gas wells. The effect can decrease to low
in case of low flow rate wells.

The above leads to conclude that the friction term is the most effective term in the pressure drop calculations for
gas wells. The friction term depends on tubing roughness and gas specific gravity. Therefore, care should be taken
when estimating these input parameters.

To emphasize the results from Tables 7 and 8, Figures 10 and 11 for the medium gas flow rate are plotted.

Different Input Parameters Effect on Vertical Medium Gas Rate Wells
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Figure 10. Different Input Parameters Effects in Vertical Medium Gas Rate Wells.
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Different Input Parameters Effect on Deviated Medium Gas Rate Wells
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Figure 11. Different Input Parameters Effects in Deviated Medium Gas Rate Wells.

Figures 10 and 11 show the importance of using accurate gas specific gravity and tubing roughness. As per our
previous explanation, gas specific gravity is used in the calculation of the friction factor and gas density, which
are considered the main parameters for the calculation of the pressure drop using multiphase flow correlations. The
possibility of changing flow patterns in gas wells is generally less than that in oil wells. The large gas volumes in
gas wells with low associated condensate and water volumes confirm that the flow regime will be dominated by the
presence of gas with low possibilities of significant changes. This could also explain the very low effect of deviation
in gas wells compared with oil wells.

We can conclude that gas specific gravity is the most effective parameter followed by CGR, WGR, and tubing
roughness. Gas specific gravity is used in the calculation of mixture densities and in the calculation for obtaining the
friction factor, so it is used in both the hydrostatic and friction terms. This may explain its high effect on the pressure
drop calculations. On the other hand, obtaining an accurate value for tubing roughness is not obvious. This study,
however, shows that tubing roughness is still important, and it should be estimated with care.

VALIDATION OF THE EXPERT SYSTEM

To assure the results of the expert system, a validation process was applied using a new set of data to test the
set of rules developed to show the expected effect of each input parameter on the accuracy of the multiphase flow
correlations results. An additional data set comprised of 10 oil wells and another 10 gas wells was used. We followed
the same steps used in the development of the expert system. A total of 220 simulations were performed, 110 cases for
oil wells and another 110 cases for gas wells.

Table 9 shows the results of the validated runs for oil wells. It shows that the validation data is successful by 80%.

Table 9. Validation Percentage Result for Oil Wells.

Parameter (%) Vertical Wells Deviated Wells Total
GOR 100 80 90
W.C. 80 60 70
API 60 100 80
Gas Specific Gravity 80 60 70
Tubing Roughness 80 100 90
Total (%) 80 80 80
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For the gas wells, Table 10 shows the results of the validated runs. It shows that the validation data is successful
by 78% for gas wells.

Table 10. Validation Percentage Result for Gas Wells.

Parameter (%) Vertical Wells Deviated Wells Total
CGR 80 80 80
WGR 80 60 70
API 100 100 100
Gas Specific Gravity 80 40 60
Tubing Roughness 80 80 80
Total (%) 84 72 78
VBA-CODE

After finishing the validation process, we developed a Visual Basic code (VBA) for Microsoft Excel to facilitate
the identification of the most effective parameter(s) on the pressure drop calculation from the different multiphase flow
correlations. The user can assume the inputs required by the expert system, and the VBA code will automatically find
the most effective parameter(s). The authors can share the VBA code with interested readers.

An example run of the VBA code is shown in Figure 12.

Final Results

Effective Parameter(s) is(are)
GOR, gasspgr

Weight is(are)
High

SubCluster Item

o Your SubCluster is Oil Vertical Well 1

Figure 12. The Expert System Output Window.

DISCUSSION

The input data to multiphase flow correlations, which are routinely used in nodal analysis, typically include
PVT data, multiphase flow rates, well configuration, and pressure measurements. In many situations, engineers use
inaccurate input data for multiphase flow calculations due to lack of some data. Sometimes the uncertainty ranges
in these inputs are also high. Much of the input data affect the results of multiphase flow correlations. In this paper,
we attempted to shed light on which parameters are expected to affect the results of the multiphase flow correlations
the most. The effect of these input parameters was found to change with the conditions of the well (flow rates, well

deviation, etc.). Therefore, the study of the effects of input data had to incorporate different wells production at
different conditions.

The different results for oil and gas wells can be explained by reviewing the different terms of the general energy
equation, which is considered the base of the formulation of different multiphase flow correlations.

In case of oil wells, the hydrostatic term is considered the dominant term in the calculation of the pressure drop.
It mainly depends on (1) liquid hold up, which depends on the mixture density of different phases, and (2) the type
of flow regime in each case. Therefore, GOR and W.C. are considered the most effective parameters specially in
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identifying the different flow patterns due to the slippage phenomenon between gas and liquid. Gas specific gravity,
which represents the density of gas, has significant effect compared to API, which represents the density of oil. This
also proves the importance of gas phase in the calculation of the mixture density. Unlike oil wells, the tubing roughness
has a direct relation in the calculation of the friction term, which is believed to be the most effective in gas wells.

If any input parameter has measurement uncertainty, it will not only affect the accuracy of the predicted pressure
drop, but affect the production forecast from nodal analysis as well. This may affect production plans or strategies in
the future. The results in this paper can help petroleum engineers improve their understanding of the most important
input parameters at different flow conditions and well configurations.

The effect of errors in input data was quantified for many cases, and the results were presented in the tables. A rule-
based expert system was also developed to show for certain conditions which input parameters are the most important
in affecting the results of the correlations. The results of the correlations were always measured against real data. We
see that it is important for practicing engineers that they use the tables of this paper (or the expert system) to identify
which input parameters will affect the results of the multiphase flow correlations, and whether the effects will be high,
medium, or low. Then, the engineer can both assess the uncertainty of input parameters and can also focus on trying to
obtain accurate values for these input parameters with high effect on results. The authors welcome sharing the VBA-
code with interested readers.

CONCLUSIONS

This work presents a comprehensive error analysis for the most important input parameters in multiphase flow
correlations for oil and gas wells. Based on the results of the study, the following conclusions can be drawn:

1- Some input parameters to multiphase flow correlations have high effect on pressure drop calculations and others
have low effect. The input parameters investigated in this study (CGR, WGR, API, gas specific gravity, and
tubing roughness) usually carry some element of uncertainty and may have significant errors. The effects of these
parameters are variable and depend on flow conditions and well configuration.

2- GOR has the highest effect on the pressure drop calculations for oil wells. Care should be taken when measuring
gas production rate for multiphase pressure drop calculations.

3- API has low effect on pressure drop calculations for oil wells; however, its effect increases at the high flow rate of
oil, but it has almost no effect on the pressure drop calculations for gas wells.

4- Gas specific gravity (Y,) has medium to high effect on the pressure drop calculations for oil wells, but it has the
highest effect on the pressure drop calculations for gas wells.

5- Tubing roughness has low effect on the pressure drop calculations for oil wells; however, the effect increases in
case of medium flow rate wells. On the other hand, tubing roughness has a significant effect on gas wells except
for low flow rate wells.

6- CGR and WGR have low effect on pressure drop calculations for gas wells.

7- Well deviation increases the effect of different input parameters on the bottomhole pressure calculation error for
oil wells.

ABBREVIATIONS
ANFIS = Adaptive-Network-Based Fuzzy Inference System
API = American Petroleum Institute (Density Measurement)
BHT = Bottom Hole Temperature

CFD = Computational Fluid Dynamics
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CGR = Condensate Gas Ratio

DT = Decision Tree

ESP = Electrical Submersible Pump
GOR = Gas Oil Ratio

GOSP = @as Oil Separation Plant

ID = Inner diameter

MAPE1 = Mean Absolute Percent Error for Maximum Error
MAPE2 = Mean Absolute Percent Error for the Base Run

psi = Pound Force Per Square Inch

PVT = Pressure, Volume and Temperature Relationships
SVM = Support Vector Machine

RE = Relative Error

scf = Standard Cubic Foot

STB = Stock Tank Barrel

VBA = Visual Basic for Applications

W.C. = Water Cut

WHFP = Wellhead Flowing Pressure

WHFT = Wellhead Flowing Temperature

WGR = Water Gas Ratio.

NOMENCLATURE

D = Day
d = Difference
D = Deviated
°F = Degree Fahrenheit
FT = Foot
H = High
in = Inch

= Length
L = Low

= Medium
MM = Million
n = Number of Points

Pt = Bottomhole Flowing Pressure
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P = Pressure
Je = QGas Flow Rate
Jo = Oil Flow Rate
v = Vertical
° = Degree
% = Percentage.

GREEK LETTERS
Ye = Gas Specific Gravity
€ = Tubing Roughness.
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