Modeling the flow behavior as a function of
pressure to characterize well productivity

ABSTRACT

Understandingmultiphase flow through pipes, whichis the simultaneous flow of two or more
phases, is crucial.

This flow, typicallyconsisting of oil, gas, and water in oil or gaswells, forms the basis of
reservoir production capacity and wellcompletion design.

The estimation of pressure drop in vertical wellsis not just important, it's a critical aspect.
This estimation directly impacts well-completion design, production optimization, and the
selection of surface equipment.

Understanding the field's production capacityis key. It's the rate of oil or gas production that
can beachievedfrom a wellwithin a specific time frame, under certain pressure and
temperature conditions. This knowledge sets the context for discussing good performance.

A significant factor affecting the production capacity of wellsis the bottom pressure.

The production capacity of the depositdetermines the types of completion and artificial lifting
methods to beused.

Reservoir production capacitydepends on Reservoir Pressure, Thickness and Permeability
of the Production Zone, Type and Spacing of ReservoirBoundaries, Well Radius,
ReservoirFluidProperties, Near Well Conditions, and Relative Permeabilities of the
Reservoir.

Reservoir production capacity can bemathematicallymodeledbased on flow regimessuch as
transient flow, steady-state flow, and pseudo-steady flow. Thesemodels can describe how a
reservoirproduceshydrocarbons as a function of variations in pressure and otherparameters.
The well's flow rate as a function of bottom pressure characterizes the flow through the
reservoir, and thisdefines the well'sbehaviorcurve (IPR—"Inflow Performance
Relationships").

This paperaddresses the procedures for establishing IPR curves for variousreservoir types
and well configurations.
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1. INTRODUWCTION

The total pressure drop from the bottom of the well to the surface has three
components [1]:

- Hydrostatic pressure drop;

- Pressure drop throughfriction;

- Pressure drop due to acceleration.

In a properlyfilledoilwell, the hydrostatic component shouldaccount for approximately
80% of the total pressure drop through the tubing, with the component due to
accelerationbeingnegligible. In the case of a gaswell, especially at low pressures, the
pressure drop due to friction becomes dominant in the calculation of the total pressure drop,
and the acceleration of the fluids must betakenintoaccount [2].

Efforts to estimate the pressure drop in an oilwell date back to the early 1950s,
whenPoettmann and Carpenter publishedtheirpredictivescheme. Sincethen, there have been




manyattempts to estimate the complex flow behavior in a borehole, startingfrommodifying
the Poettmann-Carpenter correlation to complexmathematicalmodels of hydrodynamic flow.
Althoughnumerouscorrelations and models have been proposed for determining the
pressure drop in vertical wells, theireffectivenessisstillunder discussion [3].

Currently, no single correlation or model can accuratelyestimate pressure drop
becausethereis a wide range of well operating conditions worldwide.

The flow correlations/models can beclassified as follows:
a. Homogeneous flow model (homogeneous flow model), [4]

The first method of establishingsomecorrelationstreated the problem of multiphasic flow,
like the flow of a homogeneous mixture of gas and liquid.

This model assumes that the multifazic mixture behaves more like a homogeneous
single-phase fluid, with values of the propertiesthatrepresent an average (of weight,
volumetric, etc.) of the constituent phases.

Thus, the model impliesthatthereis no speed differencebetween phases.

This approachcompletelyignored the factthat the -gaseous phase, due to
itslowdensity, exceeds the liquid phase, resulting in a "slip” between phases. The slip
increases the density of the mixture's flow to the homogeneous flow of the two phases at
equal speeds.

This categoryis the pioneeringactivity of Poettmann.and Carpenter, as well as the
subsequent changes made by Baxendell and Thomas, Tek, Fancher and Brown, and
Hagedorn and Brown [5].

Each modification of the Poettmann-Carpenter correlationimproveditsapplicability,
but thesestudiesalsoconcludedthat the’ assumptions on which the original
workwasbasedwereverylimited. Moreover, in this model, the effects of the gas-liquid ratio,
the total flow rate, the fluid'sviscosity, and the diameter of the tubing are not properlytreated

[6].

Also, in somewells, the"'RPoettmann and Carpenter method gave deviations,
especially in wellswithlow production, lowbottom pressure, and high viscositycrudeoil. This
ismostly due to the factthattheyconsidered a factor of energylossthrough constant friction
along the entirelength of the extraction pipes [7].

Govier and Aziz developedothercorrelationsfromlaboratoryexperiments on air-water
systems, whichcould have found more applicability in industry [8].

Due to "thes faultyphysical model adopted, thesecorrelations have a
verylowcalculationaccuracy.

Another motivation for this aspect is the complexity of multiphase flow in vertical
wells.

Whilecrudeoil and water have nearlyequalvelocities, gases have a
muchhighervelocity. The velocitydifference affects the pressure drop [8].

b.Separate flow pattern or slip (Separate Flow or Slip Model)

This model considers the slip effectthatappearsbecause the two phases (gas and
liquid) have different speeds due to the floatability. In particular, thisis the case of flowing at
low speeds. It involves the artificial division of the phases withuneven speeds (slip).

Thus, the sliding speed or the fraction of each in-situ phase and the frictional
interactions between the phases with the well and between the phases themselves must
beknown.

To calculate the friction, itisnecessary to estimate the speeds of the two phases. The
factthat the twofluids have different speeds also influences their surface occupied. The



fluidthat moves faster (gas) willoccupy a smallerspacebecauseit moves faster. This has a
significant influence on the generaldensity of the mixture.

In 1965, Hagedorn and Brown developed a correlationthatrequiresestimating an
effective free gas fraction. Despiteitsempiricalorigin, thiscorrelationiswidelyapplied in the
industry [8].

Numerouscorrelations have been developedusing the slip model for horizontal
multiphase flow. Also, the pioneeringwork of Lockhart and Martinelli isbased on this model

(8].
c. Flow pattern approach

In thisapproach, an attemptis made to define a flow correlation for each flow regime,
togetherwith the delimitation of the flow regimes. Although, in principle,this technique
isintended to be the mostrigorous of all, the difficulty of identifyingeach flow regime.leads to
differentmaps of the flow regimes and, hence, to differentcorrelations:{ A map of ‘the flow
regimesis made based on the superficialvelocities of the gas and liguid and depending on
the diameter of the tubing.

Estimating the flow regimeoccurring at a given momentiin the boreholeisextremely
important. All flow regimepredictions are based on data:’ fromlow:pressure, negligible
interphase mass transfer, and single-phase liquidsystems. These flow regimes are shown in
fig.1.

In real conditions, a transition between flow regimes can accur, and differentregimes
can occur in the case of horizontal and inclinedwells..

I I

(bubble) (slug) (churn) (mist)
Fig. 1.Types of flow regimes in a vertical well

In the pioneering activity of Ros, respectively Duns & Ros, the use of a map of flow
regimes with dimensionless gas and liquid velocities was realized. Other flow regime maps
published in the early 1960s are those of Griffith and Wallis and Gover et al., which other
authors later used to develop correlations for pressure drop.



Orkisewski [1967] proposed a model in which the transition from bubble flow to plug
flow follows the Griffith and Wallis criterion, while the transition from plug flow to foam and
from foam to annular flow follows the criterion of Duns and Ros.

The Orkiszewski method has proven to be the most accurate correlation used in the
oil industry.

In the 70s, four other correlations appeared in the specialized literature:

- the mechanistic model of Aziz et al. based on the Gover-Aziz flow regime map;

- the Beggs and Brill correlation, based on extensive laboratory data and the own
map of flow regimes developed for horizontal flow;

- Chierici et al. who modified the prediction regarding the free fraction during bullet
flow;

- Gould et al. modified the free fraction prediction during bubble flow.

The last two correlations were published in 1974 and derived from the Orkiszewski
model with minor modifications.

Among all these correlations, the mechanistic model of Aziz et al. proved to'be one of the
best methods. The mechanistic model assumes that a complex system can be.understood
by examining its parts and their interaction.

In 1986, Hasan and Kabir developed a multiphase flow ‘model in which the free gas
fraction or mixture density estimation for each flow regime and the transition from one flow
regime to another are rigorously modeled [8].

In 1994, M.A. Aggour presented a comprehensive evaluation of Beggs and Brill,
Hagedorn and Brown, and Hasan and Kabir correlations, analyzing over 400 field data sets
to determine and recommend the best correlation for various deposit conditions. He
suggested that the Hasan and Kabir correlation”is better for total liquid flow rates above
20,000 barrels/day (3,200 m*/day) [8].

2. MATERIAL AND METHODS

In the case of a well, an analysis study is carried out on the influence of some
properties of the reservoir rocks and reservoir fluids on the flow performance using the
behavior curves of the well.:The operating conditions, technical characteristics and
properties of the fluids involved in the process are known based on the correlations. With the
help of numerical simulators, the behavior curves of the layer were drawn.

The data of the probechosen by us are given in table 1.

For all cases analyzed, the mechanical skin factor was calculated using the Karakas
and Tariq (1991) [8] method.

Input data:

* Fluid type:crude olil

» Well type: production

* Node:position: Probe head

* Correlations used:

o.For the wellbore: Hagedorn & Brown for crude oil (1963)

o For the mixing line: Beggs & Brill (1973)

o For bubble flow: Griffith & Wallis (1961)

o For heat/temperature transfer calculation: Alvez et al (1992) unified model
o For the productivity index: Jones et al (1976)

*kc - permeability of the compacted zone around the perforation (crushed zone
permeability)
kz - average permeability of the deposit



Table 1. Oil field properties

FLUID PROPERTIES units value
Oil density glcm® 0,82
Specific gravity of the gas 0.65
Impurities % 10
The density of water 3
g/cm 1,070
Crude gas ration m3y/m? 172
Separator temperature °C 10
Separator pressure bar 8
CHARACTERISTICS OF THE DEPOSIT
pressure bar 185
Temperature °C 60
Average permeability mD 22
The thickness of the productive layer » 32
Perforated interval m 14
The skin factor 5
Probe radius of influence m 280
CONSTRUCTION AND PRODUCTION DATA
OF WELLS
Probe radius nm 70
The outside diameter of the column mm (in) 139,7(5 %)
The inside diameter of the column mm (in) 127,31(5)
Column depth m 2300
Tubing depth m 2100
The outside diameter of the tubing mm (in) 73,03(27/8)
The inner diameter of the tubing mm 59
Head perforations m 2180
Flow 3, .
m/zi 22,9
DATA RELATING TO COMPLETE
METHOD
Perforated interval m 14
Perforation density glim (spf) 19,7(6)
The diameter of the perforations
mm (in) 10
_ (0.4)
The length of a perforation mm 152.4

kc/kz ratio*

0,7




Permeability of the damaged zone around

the borehole mD 1
Radius of the damaged area around the
borehole mm 900
Angle of phase shift of the perforations 600
Skin factor due to perforations -0.604

CHARACTERISTICS OF THE MIXING

LINE

The length m 300
Internal diameter of mixture line mm (in) 525 (2)
Nozzle inner diameter mm 3.5
Specific heat of the gas k/kgK 226

Results and discussion
2.1. The influence of the diameter and length of the perforations (Duns and

Ros correlation)

In the first case, based on the data presented, where the correlation of Duns and
Ros was used for the borehole with the diameter of the perforations of 10 mm and the length
of a performance of 152.4 mm, the behavior curve “of the layer was created. This is
represented in the following figure:
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Fig. 2. Variation of the flow rate depending on the pressure- Duns and Ros
correlation(diameter of the perforations of 10 mm and the length of a performance of
152.4 mm)

In the second case, based on the data presented, where the correlation of Duns and
Ros was used - for the borehole with the diameter of the perforations of 40 mm and the length
of a perforation of 1270 mm, the behavior curve of the layer was made. This is represented in
the following figure:



. /O‘\
— 20
e
=
[ //
<
10
o} | | I | i | | | |
O 5 10 15 20 25 30 35 A0 15

Q Imc/zil

Fig. 3. The variation of the flow depending on the pressure-Duns and Ros correlation
(diameter of the perforations of 40 mm and the length of a perforation of 1270 mm)

In the following figure, the behavior curves for the two cases presented above have been
superimposed:
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Fig. 4.The variation of the flow depending on the pressure -Duns and Ros correlation

Regarding.the influence of the change of perforation length and perforation diameter on the
flow performance for the two cases, the following can be observed:
- the flow rate of the well increases with the increase in the length of the
perforations as well as with the diameter of the perforation;
- the pressure in the eruption head increases with the increase in the length of the
perforations as well as with the diameter of the perforation;
- the total skin factor decreases with the increase in the length of the perforations
as well as with the diameter of the perforation;
- small pressure variation depending on the change in the length of the perforations
as well as the diameter of the perforations.
2.2. The influence of the diameter and length of the perforations (Orkiszewski
correlation)



In the first case, based on the data presented, where the Orkiszewski correlation
was used - for the borehole with the diameter of the perforations is 10 mm and the length of
a perforation is 152.4 mm, the behavior curve of the layer was created. This is represented

in the following figure:
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Fig. 5The variation of the flow depending on the pressure- Orkiszewski correlation
(diameter of the perforations is 10 mm and the length of a perforation is 152.4 mm)

In the second case, based on the datapresented, where the Orkiszewski correlation
was used - for the borehole with the diameter of the perforations is 40 mm and the length of a
perforation is 1270 mm, the behavior curve of the layer was made. This is represented in the

following figure:
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Fig. 6The variation of the flow depending on the pressure-
Orkiszewskicorrelation(diameter of the perforations is 40 mm and the length of a

perforation is 1270 mm)

In the following figure, the behavior curves for the two cases presented above have been
superimposed:
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Fig. 7The variation of the flow depending on:the pressure-Orkiszewski correlation

Regarding the influence of the change in the length of the perforation as well
as the diameter of the perforationion the flow performance for these 2 cases, the following
can be observed:

- the flow rate of the well increases with the increase in the length of the
perforations as well as with the diameter of the perforation;

- the pressure in the eruption head increases with the increase in the length of the
perforations as‘well as with the diameter of the perforation;

- small pressure variation depending on the change in the length of the
perforations as well as the diameter of the perforations.

2.3. Theiinfluence of the diameter and length of the perforations (Hagedorn &
Brown correlation)

In the first case, based on the data presented, where the Hagedorn & Brown
correlation for crude oil (1963) was used - for the borehole with the diameter of the
perforations is 10 mm and the length of a perforation is 152.4 mm, the behavior curve of the
layer was created.

This is represented in the following figure:
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Fig. 9 The variation of the flow depending on the pressure- Hagedorn & Brown
correlation(the diameter of the perforations is 40 mm and the length of a perforation is
1270 mm)

In the following figure, the behavior curves for the proofs presented above have
been superimposed:
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Fig. 10The variation of the flow depending on the pressure- Hagedorn & Brown
correlation

Regarding the influence of the change in the length of the perforation as well as the
diameter of the perforation.on the flow performance for these 2 cases, the following can be
observed:

- the flow rate of-the well increases with the increase in the length of the

perforations.as well as with the diameter of the perforation;

- the pressure inthe eruption head increases with the increase in the length of the

perforations.as well as with the diameter of the perforation;

- “uthe total skin factor decreases with the increase in the length of the perforations

as well-as with the diameter of the perforation;

-~ small pressure variation depending on the change in the length of the

perforations as well as the diameter of the perforations.

- the total skin factor decreases with the increase in the length of the perforation.

2.3. The influence of the diameter and length of the perforations (Beggs and
Brill correlation)

In the first case, based on the data presented, where the Beggs and Brill correlation
was used - for the borehole with the diameter of the perforations is 10 mm and the length of
the perforations is 152.4 mm, the behavior curve of the layer was created.

This is represented in the following figure:
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Fig. 11 The variation of the flow depending on the pressure- Beggs and Brill
correlation(perforations is 10 mm and the length of the perforations is 152.4 mm)

In the second case, based on the data. presented, where the Beggs and Brill
correlation was used - for the borehole with the diameter of the perforations is 40 mm and the
length of a perforation is 1270 mm, the behavior curve of the layer was created. This is

represented in the following figure:
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Fig. 12 The variation of the flow depending on the pressure- Beggs and Brill
correlation (diameter of the perforations is 40 mm and the length of a perforation is

1270 mm)

In the following figure, the behavior curves for the two cases presented above have
been superimposed:
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Fig. 13The variation of the flow depending on the pressure-Beggs and Brill
correlation

Regarding the influence of the change in the length of the perforation as well as the
diameter of the perforation on the flow performance for these*2 cases, the following can be
observed:

- the flow rate of the well increases with the increase in the length of the

perforations as well as with the diameter ofithe perforation;

- the pressure in the eruption head increases with the increase in the length of

the perforations as well as with the diameter of the perforation;

- the total skin factor decreases with the increase in the length of the perforations

as well as with the diameter,of the perforation;

- small pressure variation depending on the change in the length of the

perforations as well as the diameter of the perforations.

- the total skin factor decreases with the increase in the length of the perforation.
In the adjacent figure, the behavior curves made with the help of the 4 correlations are
superimposed:
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Fig. 15 The variation of the flow depending on.the pressure (the diameter of the
perforations is 40 mm and the length of the perforations is 1270 mm)*

4. CONCLUSION

Based on the results obtained representing the behavior curves of the layer,
considerable differences are found between them, therefore a careful correlation with the
production data of the well is required.

In all the situations presented, the maximum flow of crude oil produced was obtained
when communication with' the probe layer was achieved using the Penedrill perforation
system, with a perforation length of 1270 mm and a diameter of 40 mm.
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