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THESIS ABSTRACT

NAME: ABDALLH M. AL-GAHTANI
TITLE: OPTIMIZATION OF HORIZONTAL WELL COMPLETION
DEPARTMENT: PETROLEUM ENGINEERING

Due to the large exposure to the reservoir, horizontal wells may be several times
more productive than vertical wells. Hence, longer horizontal wells are expected to
be more productive than shorter wells. This assumption is valid for openhole
completions, however, it may not be always the case for cased, cemented, and
partially perforated wells where the productivity of the well becomes a function of
length and distribution of perforated intervals. The productivity of a horizontal well
may not increase with increasing well length and perforation percentage of the
horizontal section. Field experience with horizontal wells has shown that the
productivity of a horizontal well may be restricted by frictional losses obtained in
longer horizontal sections espicially for wells drilled in high permeability reservoirs
where frictional losses in the horizontal section may be comparable to the pressure
drawdown across perforations.

In this work the effect of horizontal well length as well as the length and
distribution of perforated intervals on horizontal well performance are studied. A
computer program based on analytical solution of the flow performance of partially
perforated horizontal wells has been developed and tested against field data. An
extensive number of computer runs to study the influence of the main parameters
affecting the performance of horizontal wells have been conducted. Those
parameters were the length, the perforated length fraction, the reservoir
permeability and the fluid viscosity. A correlation has been developed to describe
the performance of partially perforated horizontal wells by comparison to openhole
wells. Another correlation to estimate the optimum horizontal well length, beyond
which the contribution of horizontal wellbore to the production rate is negligible, is

also presented.

MASTER OF SCIENCE DEGREE
KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arabia
December 1997
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hapter 1

INTRODUCTION

In the last decade, drilling of horizontal wells has gained wide acceptance
as a viable option to maximize the return on investment due to the
enhanced productivity horizontal wells offer. As the technology matures,
horizontal wells have become an established way of o1l and gas recovery.
Horizontal wells made it possible to develop previously uncommercral
reservoirs. The success of horizontal wells is attributed to their high
productivity, as compared to conventional wells, and to their numerous

applications in o1l fields.

The principal application of horizontal wells is to increase the well
productivity via increased contact with the reservoir rock. Increasing the
area of contact with the reservoir will result in augmenting the
productivity index of the well Typically, horizontal wells offer
productivity indices four times higher than vertical wells penetrating the
same reservoir. That relative productivity increase is more pronounced in
thin reservoirs. Increasing the area of contact with the reservoir will also
tesult in increasing the area of the fluid influx flow toward the wellbore
and that will decrease the fluid influx velocity, which help mitigate the
water/gas coning. Another application of horizontal wells has been to
place the borehole in a direction that intersects several of the existing
natural vertical fractures or isolated productive zones, which might
otherwise be bypassed. Horizontal wells are most productive in cases
where the ratio of vertical to horizontal permeability is high. Horizontal
wells may have different applications depending on the type and shape of
reservoir or in situations where vertical well drilling is not feasible.



To date, the majority of horizontal wells have been completed as open
holes. If the drain hole must be cased, slotted liners, preperforated liners
or prepacked screens may be used. More recently, as the technology of
horizontal wells has matured, there has been a clear industry trend toward
cemented completion or selective completion using External Casing

Packers (ECP).

From the reservoir viewpoint, horizontal wells proved successful.
However, recent experience with horizontal wells has revealed that the
wellbore pressure drop, due to frictional losses in their long horizontal
sections restricts the high productivity of these wells.

This study has been undertaken to provide insight about some of the
parameters that control the productivity of horizontal wells namely: well
length and diameter, perforation length and distribution and reservoir
permeability and dimensions.



Chapter 2

LITERATURE REVIEW

A considerable amount of work has been published on various aspects of
horizontal wells, including transient flow models, stabilized flow models
productivity indices, and coning and cresting behavior. Although these
models have provided insight into the behavior of horizontal wells, they
have generally been based on the assumption of well being a line sink
with a uniform flux boundary condition at the well and an infinite
conductivity. Hence, any impact of fluid flowing within the wellbore on
the well's inflow performance was neglected. This aspect of well
modeling has not received much attention in the literature, particularly
the effect of well completion on its performance.

Several authors have presented formulae for determining the productivity
index of horzontal wells, Jh, in a variety of geometries. All methods,
however, assume that only a single section of the well 1s open to
production.

Despite the belief that horizontal wells are appropriate only in tght
reservoirs, a survey of the literature review shows that horizontal well
applications concern as well with high permeability reservoirs. The
problem of optimizing the production of horizontal wells has two facts:
the first one is related to the productivity index of the formation and the
second one is related to the multiphase flow in the horizontal well. Both
topics have received some attention in the literature. Several papers have
been published on pressure transient behavior and productivity of
horizontal wells. Giger ef al' reported the productivity of horizontal wells



by using the steady-state equations for flow into horizontal wells
presented by Borisov>. Goode and Thainbynayagam presented an
excellent paper on pressure drawdown and buildup analysis of horizontal
wells in anisotropic media. Their well, finite in length, is perpendicular to
the linear barriers that are no-flow boundaries, and these boundaries are
parallel to the y-axis. The well lies on the x-axis and the y-axis is infinite.
They presented an analytical expression in closed form for the pressure
drop for both the drawdown and buildup. One shortcoming of this
model is that if the well lies parallel to the linear barriers, the result given
must be modified. Most work dealing with horizontal-well problem uses
the instantaneous Green’s function technique developed by Gengarten
and Ramey* to solve 3D isotropic diffusivity equation. Daviau ef al’

analyzed horizontal wells of uniform flux and/or infinite conducuVIty in
the wellbore, with wellbore storage and skin. Kuchuk e/ al*" Dealt with
horizontal wells with and without a gas cap on top or an aquifer at the
bottom in the infinite x and y directions. They also discussed the inflow
performance in terms of pressure difference between reservoir and
wellbore for a horizontal well producing from a closed rectangular
region. They used finite Fourier transforms to solve the an1sotrop1c
problem for the line-source case. A solution published by ]osh1 deals
with flow in vertical planes perpendicular to the well axis at early time,
and in horizontal planes at late time. The three-dimensional problem is
broken into a series of two-dimensional problems. The solution 1s sought
by means of potential theory in fluid mechanics. Babu and Odeh’, using
Green’s function and Newman’s product method applied the intersection
of the three infinite source planes in 2 bounded reservoir. This results in
an instantaneous source point. A uniform flux solution and no-flow
boundaries were assumed. Goode e 4/ presented a general solution for
the pseoudosteady state pressure drop of a horizontal well producing
from a rectangular region of uniform thickness. Their solution is also
applicable for a2 well bounded above and below by no-flow barriers and
for cases of constant pressure boundary as in gas cap reservoirs. Probably



one of the most important paper directly related to this topic has been
presented by Goode e al'. In this paper a theoretical solution of the
inflow performance in the case of partially perforated horizontal wells is
presented. This solution is derived in two steps. First, the horizontal well
is simulated by a set of vertical fractures corresponding to the perforated
intervals. These fractures are assumed to penetrate the whole vertical
cross section of the reservoir. Second a skin factor compensating for the
horizontal well penetration in the vertical direction is used to complete
the procedure. This method is a result of an elegant mathematical
procedure using successive integral transforms (Laplace and Fourter).

This solution is presented in the form of a normalized productivity index
by reference to the open-hole solution. This study shows that the more
the perforated intervals are spread over the horizontal section, the higher
the productivity index. Also the effect of length of the perforated
intervals on the normalized productivity index for different reservoir
thickness is presented. In general, the well flowing pressure is taken as
the average pressure existing in the middle of the horizontal section of
the well and no pressure drop is assumed between the toe and the heel of
the well.

Several authors conducted analytical or experimental studies to
investigate different aspects of flow behavior in horizontal wells.
Dikken'? examined the effect of pressure drop in the horizontal well on
the overall performance of the well. He presented an analytical solution
that links a single-phase turbulent liquid flow in a horizontal wellbore to
an isothermal reservoir flow, and predicts the frictional pressure gradient
along the wellbore. Constant productivity index per unit bore length and
constant well and reservoir characteristics were assumed. The author
examined the effects of a non-negligible pressure drop in the horizontal
well on the overall performance of the well. This effect is most likely to
be significant in the case of large flow rates where turbulent flow regimes



may prevail. The results showed that the augmentation of production rate
with increasing wellbore length levels off quickly after the well length
reaches a certain critical value. He concluded that the reduced drawdown
caused by the turbulent flow along the wellbore may result in the total
production rate reaching a certain critical value as a function of wellbore
length. This means an optimal length exists for which little additional
production results from extending the horizontal well.

Brice" tested the frictional pressure drop in horizontal wellbores. He
concluded that reservoir simulators do not predict the pressure drop n
the wellbore if they are not corrected for diameter due to perforation in
the production liner to represent actual flow conditions.

Islam and Chakma'* presented a physical model based on experimental
results that describe multi-phase flow in a horizontal wellbore. They
observed that multiphase flow in horizontal wells should be treated
differently from multiphase flow in normal horizontal pipelines. They
suggested a numerical method to analyze fluid flow in a honzontal well.
Their work confirmed the previous results presented by Dikken'? and
shows that friction losses in horizontal wells cannot be ignored. The
presence of perforations along the horizontal section complicates
furthermore any modeling of the flow in horizontal wells. This paper
proves the need for a rigorous treatment of the flow in horizontal wells
even in the case of low viscosity oil. However, the interaction between
the flow behavior in the wellbore and the reservoir was not taken into

account.

Suzuki e 2/ has also examined the effect of perforations on multiphase
flow in horizontal wells. In their paper, the authors simulated the effect
of such perforations in the laboratory. They used a flow test unit
designed specifically for this purpose. They also proposed a theoretical
model to describe two phase flow in perforated horizontal wells. These



authors claim that both experimental and theoretical results were in
agreement and it was important not only to take into account the effect
of perforations in evaluating multiphase flow in horizontal wells but also
to consider the reservoir interaction with the horizontal well behavior.

Ozkan er al'® presented a semi-analytical model coupling wellbore and
reservoir single-phase liquid flow, and incorporating the effect of larmnar
and turbulent flow patterns in the wellbore. In another paper Novy
examined the effect of friction forces on horizontal well rates. He
presented charts of oil rates versus length to show when frictional losses
can be considered significant. A region in these charts is safe when oil
rate losses due to frictional forces do not exceed 10%. This paper 1s in
fact a generalization of Dikken’s paperlz. It is based on a simplified
productivity index equation describing the flow from the formation to
the horizontal well coupled with a Poiseuille type theoretical relation
between the pressure drop and the flow rate. This study concerns both
oil and gas wells. Cases where friction can be assumed negligible are
identified using field data published in the literature. The author shows
that even for 4” diameter horizontal wells, pressure losses can be
considered negligible for most gas wells. This is not the case for some oil
wells, where even for an 8” diameter tubing, the pressure drop could be
significant. Other conclusions are as follows: The pressure drop in the
horizontal section of the well over the drawdown pressure should not
exceed 10 to 15% to avoid flow rate loss.

Thara ef a/'® have conducted experimental and theoretical investigations
on the subject using large-scale test facility. These test facilities closely
simulate the interaction between a horizontal well and a reservoir, and
enable to acquire data on pressure drop and liquid hold-up. Although
good agreement was found between the data and the physical model
proposed by them, the model showed a discrepancy from the data at
downstream where fluid velocity was relatively high. The model was



combined with a single-phase inflow performance relationship to study
horizontal well productivity.

Landman and Goldthorpew presented a mathematical model that couples
pressure-flow rate relationship for each of a specified number of
perforations with a wellbore pressure drop model that treats the
perforated well as a pipe manifold containing T-junctions. However, the
flow was assumed to be single phase and turbulent within the wellbore.

Seines ef. af’ analyzed the importance of friction pressure losses within
the completed section of the horizontal well under some reservoir
conditions in planning horizontal wells in the Troll field . They studied
the phenomena with subsequent three-phase reservoir simulator.
However, they did not address the effect of perforations distribution
along the completed section.

Thara ef a/*' conducted an experimental and theoretical investigation on
the effect of frictional pressure drop on the performance of a horizontal
well. They used both small-scale and large-scale test facilities. They
proposed a model that uses the [PR approach and mechanistic model for
wellbore hydraulics.

To mitigate the frictional effects, Brekke er al? developed an innovative
approach of placing a string at the heel of the well. The purpose of the
string is to distribute the fluid flow, thereby minimizing the pressure
losses. The performance of the stringer was examined using a horizontal
well simulator. A field test on the North Sea wells verified the simulation
results and succeeded in reducing the frictional losses. They also found
that the optimal stringer length to be 28% of the horizontal wellbore
length regardless of the drawdown and well length.

. 23 .. )
Asheim et al” proposed a frictional factor correlation for wellbore
pressure drop calculations, which include acceleration pressure losses due



to continuous fluid influx along the wellbore. Yuan ef al** investigated
the flow behavior in a horizontal pipe with fluid injection from a single
injection point in the pipe wall and from multiple injection points with
different perforation densities. They developed a new correlation for
predicting frictional losses in horizontal wellbores.

The mechanistic model, however, may not necessarily mimic the actual
flow in horizontal wellbores because it assumes constant flow rate
through each perforation and does not account for the interaction of the
wellbore and the reservoir. In addition, the types of fluid and flow regime
in fluid flow were not considered. The fluid flow studies have shown that
the frictional effects are exacerbated during two-phase flow.
Furthermore, the models that were used were laboratory-scale test
models much smaller than in real life. In addition, the validity of those
models was not checked using actual field data. In all these studies,
however, the emphasis was on evaluating the frictional losses per say, but
not the impact this may have on the loss of productivity due to
horizontal pressure drop. Cleatly, effort had to be made on simulating
the whole horizontal well, distribution of perforation, and reservoir
systems as realistically as possible. Not considered by the foregoing
studies are the influence of well completion scenario on the mnflow
performance as well as the well bore hydraulics, and the interaction of
these two parameters considering two-phase flow with different flow
regimes. Moreover, no guidelines have been publisheed for completion
optimization of horizontal wells from the production-engineering

viewpoint.



Chapter 3

RESERVOIR ENGINEERING ASPECTS OF HORIZONTAL
WELLS

One of the distinguishing features of horizontal wells as compared to
conventional ones is the relatively long well length that penetrates the
reservoir and allows more exposure to the reservoir, as well as selective
production. For a given reservoir thickness, the productivity index of a
horizontal well, J;, is a direct function of the horizontal section length.
However the incremental gain in reservoir contact area in a thin reservoir
is much more than in a thick reservoir. As a result the increase of the
productivity index of a horizontal well is more pronounced in thin
reservoirs than in thick reservoirs compared to a vertical well penetrating
the same reservoir as presented by _]oshis. This makes horizontal wells
more appropriate for thin reservoirs. Reservoir anisotropy, which 1s
characterized by the horizontal to vertical permeability varations Ky/K,,
may have similar effect as the increase of reservoir thickness. Reducing
the K, /K, value will have the same effect on the incremental gain in a
horizontal well as increasing the reservoir thickness by the same ratio.

The productivity ratio increase J/J, is shown 1n fig’s 1& 2.

In a2 horizontal well that is cased and selectively perforated, the
productivity index calculations are different. The fluid flow convergence

10



toward these open intervals is taken into account. An analytic formulae
which can be used to determine the inflow performance in a horizontal
well with several open intervals placed arbitrarily along the drilled length
of the well was recently presented by Goode & wilkinson'".

Those solutions suggest that the productivity index of a partilly
completed horizontal well will increase with increasing perforation
length. However, that increase is not linear and may level out after a
certain length of perforation depending on the reservoir thickness and
characteristics. Moreover, it was shown that for thick and high
permeability reservoir, having 60% of the horizontal section length
perforated will result in obtaining 90% of the productivity index of an
openhole horizontal well penetrating the same formation. Results of
these solutions are shown i fig 3.

The effect of near-wellbore damage can be incorporated wmto the
calculations of the productivity index of a horizontal well. The solutions
apply to a horizontal well under steady-state flow conditions assuming an
elliptical drainage area. For that reason, the equivalent skin has to be
multiplied by the scaled aspect ratio (I h/L). Comparing the steady-
state solutions for vertical and horizontal well, the effect of near-wellbore
damage is more detrimental because it is multiplied by the scaled aspect
ratio. The skin effect may easily have a value as high as 10 to 20. The
effect of near-wellbore damage on horizontal wells is depicted in fig. 4.
As shown on the graph, the slope of the horizontal well productivity
index decline is steeper, indicating the relatively larger detrimental impact
of skin. Another conclusion we can draw from this graph is that fully
stimulated vertical well may outperform damaged horizontal well at
reasonable skin effect value.
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Chapter +

STATEMENT OF PROBLEM

Due to the large exposure to the reservoir, a horizontal well may be
several times more productive than a vertical well drilled in the same
formation. Hence, longer horizontal wells are expected to be more
productive than shorter wells. However, that may not be always the case
and a major uncertainty is how the productivity of a horizontal well
would increase with increasing well length and perforation percentage of
the horizontal section. Field experience with horizontal wells have shown
that the productivity of a horizontal well may be severely restricted by
frictional losses obtained in longer horizontal sections. Wells suffering
from this are those drilled in high permeability reservoir where frictional
losses in the horizontal section may be comparable to the pressure
drawdown across perforations. From the reservoir-engineering
standpoint, horizontal wellbore is treated as an infinite conductivity
fracture; ie. the pressure drop along the well length is negligible.
Although this may be a good assumption in situations where the pressure
drop along the horizontal section is small compared to that in the
reservoir, in practice, a pressure drop from the upstream end is essential
to maintain fluid flow within the horizontal section.

Unlike conventional wells, the open intervals to flow in horizontal
wellbores are relatively extensive. However, If the well is selectively
completed, the productive length of the well may no longer be the drlled
length. The productivity of the well will be affected by the total length of
the open intervals to flow and their distributions along the horizontal
section. Moreover, the horizontal well productivity is drastically reduced
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with the near-wellbore damage causing additional pressure drop in the
formation, as explained earlier. Hence, having additional pressure drop in
the wellbore will aggravate the problem. A major uncertainty i1s whether
the production of the well will increase with increasing the horizontal
section of the well. Economics aside, these facts imply that longer
horizontal wells are more productive and horizontal wells should be
drilled as long as possible. However, increasing the well length will
increase the frictional losses in the hornizontal wellbore, which in turn will
increase the backpressure at the reservoir rendering some portion of that

wellbore unproductive.

As the technology matures, the issue of the effect of frictional losses on
the performance of horizontal wells becomes more conceived. As more
wells are being drilled and more experience with horizontal wells is
gained, the fact of the frictional losses having the potential of seriously
impairing the productivity of horizontal wells has been established.
Nowadays, it is a common practice to consider wellbore hydraulics in

planning development of oil field utilizing horizontal drilling.

Fluid flow in horizontal completion systems are controlled by two
opposing forces, namely the drving force which is the pressure
drawdown in the reservoir, that is the difference between the reservoir
pressure and wellbore pressure, and the resistance force which is the
frictional pressure losses from the point of inflow to the heal end of the
well. As a result, the wellbore pressure is increasing toward the upstream
of the wellbore and that will reduce the pressure drawdown on the sand
face causing a reduction in the fluid influx into the wellbore. The
wellbore pressure profile is depicted 1n fig. 5 &®0.

Hence, an equilibrium between the driving force and the resistance force
has to be reached in order to maintain fluid flow in that section. If the
flowing pressure gradient within the wellbore is comparable to the

13



drawdown, no flow can occur beyond a particular distance from the start
of the horizontal section (the heel end). Friction can thus reduce
productivity. Systems likely to suffer from this effect include those with
low drawdown in high permeability formations, and long horizontal

section wells with small diameters.

Modeling of fluid flow in horizontal wells has not been given much
attention in literature. Moreover, no study has been reported that couples
the inflow performance of partially completed horizontal wells with fluid
flow in the wellbore. Both the flow behavior in a horizontal wellbore,
and its interaction with the reservoir, have been recognized as one of the
unsolved, yet most important problem in production engineering.
Neither the pressure drop-flow rate behavior in horizontal section nor

the interaction with the reservoir has yet been clanfied.

In this research, the effect of well length, length and selection of
perforated intervals on the performance of horizontal wells are examined.
The approach is to combine the inflow performance of the reservoir to
the outflow performance of the horizontal section of the well to obtain
the overall performance of the horizontal well. This research will quantify
the influence of the inter-related production parameters of honzontal
wells: the driving force (the inflow performance) and wellbore hydraulics
(the outflow performance). A semi-analytical approach is used to carry
out this work. The inflow performance will be determined using
analytical equations whereas the outflow performance will be calculated
using pressure drop empirical correlations. This is accomplished using a
computer program that couples the theoretical solution of the
productivity index, presented by Goode'', to an empirical multiphase
model of the flow in the horizontal section of the well. From the results,
two correlations were developed that can relate the performance of a
partially completed well to the performance of the open-hole completion,

14



and to calculate the optimum well length for different reservoir
characteristics and well configuration.
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Chapter 5

FLOW MODELING IN HORIZONTAL WELLBORES

Although a large body of literature was devoted to predicting the
behavior of both single phase and multiple phase flow in horizontal
wellbores, flow modeling in horizontal wellbores is still a subject of
research due to the complexity of flow, effect of fluid influx & varation,
effect of length & distribution of perforated intervals, and the interaction
of wellbore to reservoir which makes it different from flow in pipelines

and vertical wells.

Many authors have studied modeling of fluid flow in horizontal wells.
Untl recently, the effect of frictional losses on the performance of
horizontal wells has not been given much attention.

5.1 INFLOW PERFORMANCE

Analytical solutions suggest that the inflow performance of a horizontal
well is proportional to the length of the horizontal wellbore. However,
for a well that is cased, cemented, and selectively perforated that may not
apply. The drilled section length may not be the only parameter
characterizing the well productivity. The inflow performance depends
also on the length and distribution of the perforated intervals along the
horizontal wellbore.

Goode, et al'!, has presented one important paper directly related to this
topic. In this paper a theoretical solution of the inflow pressure in the
case of partially perforated horizontal wells is presented. This solution 1s
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derived in two steps. First, the horizontal well is simulated by a set of
vertical fractures corresponding to the perforated intervals. These
fractures are assumed to penetrate the whole vertical cross section of the
reservoir. Second a skin factor compensating for the hornzontal well
penetration in the vertical direction is used to complete the procedure.
This method uses a mathematical procedure based on successive integral
transforms (Laplace and Fourer).

This solution is presented in the form of a normalized productivity index
by reference to the open-hole solution. This study shows that the more
the perforated intervals are spread over the horizontal section, the higher
the productivity index. Also the effect of length of the perforated
intervals on the normalized productivity index for different reservoir
thickness is presented. In general, the well flowing pressure 1s taken as
the average pressure existing in the middle of the horizontal section of
the well and no pressure drop is assumed between the toe and the heel of
the well.

The analytical solutions of the performance of partally perforated
horizontal wells suggest that a considerable amount of productivity is lost
because of partial perforation. However, it is possible in some cases for a
partially perforated horizontal well to attain 90% of the inflow
performance of the openhole potential.

The analytical solutions of the performance of partially perforated
horizontal wells are shown in appendix.

5.2 OUTFLOW PERFORMANCE

Horizontal wells are assumed to perform like an infinite conductvity
fracture of the same length and height, which assumes no pressure drop
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along the wellbore and hence constant fluid influx from reservoir, is
obtained. This may be a valid assumption in openhole wells with large
diameters and short lengths where all the horizontal wellbore section is
exposed to flow. The constant pressure along the horizontal wellbore can
be a reasonable assumption when the horizontal wellbore pressure drop
is very small as compared to reservoir pressure drawdwon. In contrast, if
the pressure drop along the horizontal wellbore is significant as
compared to the pressure drawdown, the pressure drop can not be
ignored. This is especially true in the case of highly productive 1CServolrs
with limited pressure drawdown, small wellbore diameter, and horizontal
wells produced at high GOR and/or high water cut.

The effect of frictional losses is more pronounced in horizontal welbores
that are cased, cemented, and selectively perforated where the flud may
enter the wellbore at various locations along the horizontal well length.
The distance between perforations may not be sufficient to achieve 2
stabilized velocity profile. In other words, the length and distribution of
the perforated intervals along the horizontal wellbore affect the wellbore
hydraulics. However, in long horizontal wells with large diameters, the
disturbance of flow by fluid influx from perforations may not be
significant. This makes the use of conventional pipeflow pressure
correlations for calculating the frictional losses along the horizontal
wellbore legitimate.

Experience with horizontal wells revealed that frictional losses 1n
horizontal wellbores may not be significant. However, they do affect the
performance of the well. The frictional losses in horizontal welbores are
wellbore-related phenomena and function of flow rates in a manner
analogous to the non-Darcy skin factor in gas wells. Wells that are likely
to suffer from that effect are those with long horizontal wellbores and
small diameter wells with high viscous fluid and high flow rate. Field data
showed that horizontal wells completed with 2000° of 7” liner and
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producing as much as 20 MSTBD may have frictional losses of 3 to 5
psig at the most. Field example is shown i fig. 7.

The horizontal wellbore is considered like a pipe manifold with N-
junctions distributed along the wellbore as depicted in fig. 8. The pressure
drop in each segment due to friction, change in kinetic energy, and
change due to well inclination is calculated using pressure drop empirical
correlations™

5.3 OVERALL PERFORMANCE

Depending on the backpressure at the heel of the horizontal wellbore, an
interaction between the inflow and outflow will take place that would
determine the overall performance of the well The length and
distribution of the perforated intervals along the horizontal wellbore
influence that interaction.

As mentioned eatlier, the frictional losses in horizontal wellbores may not
be significant. However, the issue here 1s not the magnitude of the
frictional losses in horizontal wellbores but the effect of length &
distribution of perforated intervals on inflow/outflow performance of
the horizontal well and its effect on the overall performance of the well.

A computer model has been developed to handle the calculations
involved. This program consists of two parts: The first part concemns the
estimation of the productivity index based on the perforations
distribution and the reservoir and fluid characteristics. The second part
relates to the iterative process for computing both the fluid flow rate and
pressure distribution along the horizontal section of the well.
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The productivity index solution as a function of distribution and length
of perforated intervals as suggested by Goode'' is used to describe the
reservoir flow performance. This solution is valid for an open-hole
horizontal well. The primary advantages of this type of solution are that
it describes in detail the fluid flux from the reservoir to the horizontal
section of the well. The method consists of dividing the horizontal
section of the well using a finite difference approach. The flux m each
grid of the horizontal section is guessed and a pressure drop is estimated
at each block. The calculations are repeated using an iterative process
untl a fairlly accurate fluid production and pressure distribution
evaluation is reached. The flow chart for that program is presented in fig

9.

A certain number of utility programs are used in order to complete these
computations such as the definition of flow regimes, estimation of
viscosity, gas gravity, compressibility and so forth. In this regard, the
main program presents some flexibility in the sense that it can
incorporate future developments for handling the different process
variables in the system. The inflow and outflow performances are
coupled. Starting with an initial pressure at the upstream of the well, the
flow rate from the first set is calculated using the inflow performance.
Proceeding to the next segments, the pressure and rate are updated along
the horizontal section. Non-uniform fluid influx is expected due to
pressure gradient along the horizontal section.

Understanding the fluid flow behavior in horizontal wellbores is crucal
to designing the optimal well characteristics of length and diameter.
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In order to check the validity of the method, the computer program has
been run to simulate four actual cases of honzontal wells. Data relevant
to these four cases is presented in table 1. The flow rate distribution
along the horizontal section of the well as computed by the program has
been checked against the flowmeter measurements in each case and
plotted in figures 10 through 17. As shown in these figures, the

simulation of the flow rate is fairly accurate.

The results of wellbore modeling are compared to field data and the
pressure-rate relation in each perforated segment, obtained from the
model, is compared to the actual data.
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Chapter 6

PARAMETRIC STUDY

The results obtained showed that the performance of a cased, and
perforated horizontal well can be affected by the perforated length
fraction, total length, tubing diameter and reservoir permeability on the
horizontal well performance are studied in this section. Results were

presented in Ref. 26.

6.1 Effect of perforated intervals position

Considering a 2000 ft horizontal well in a 4 darcy permeability reservoir,
five computer runs have been performed to study the effect of the
position of the perforated sections on the rate. In the first run, it s
assumed that a portion of 20% of the well length is perforated at the toe
of the horizontal well. In the second run, it is assumed that the next 20%
have been perforated and so on. In the last run the 20% section located
at the heel of the horizontal well is perforated. The reservoir
characteristics used for all these runs are similar to case 1. The resulits,
which are, presented in figure 18 show that the position of the perforated
section has a significant effect on the production rate. Depending on the
case where the horizontal well is perforated near the toe or near the heel
the rate can be multiplied by a factor of more than two. For instance at a
flowing pressure of 2900 psig, the rate can reach 25000 STBPD when the
well is perforated at the heel instead of 12000 STBPD for the same well



perforated at the toe. At a flowing pressure of 2800 psig, the production
rate gain can be even higher, 150% approximately.

6.2 Effect of perforated intervals percentage

In another set of experiments, the perforated length fraction has been
varied from 20 to 80%. Figures 19 to 22 show such experiments for a
1000-ft horizontal well and different tubing diameters. Two observations
can be made. First, for a small tubing diameter, 0.3 ft, the production rate
gain resulting from increasing the perforated section from 20% to 80%
does not exceed 20 to 25% while this increment reaches 75% 1n the case
of a 0.6 ft tubing. The second observation is that for small tubing
diameters, the rate increment resulting from increasing the perforated
section beyond 40% is not significant.

Similar experiments have been conducted for 2000 and 3000 ft horizontal
wells. The results, which are presented in figures 23 to 26 and figures 27
to 30 successively, show a similar trend. A close examination of figures 23
and 26 which describe for instance the behavior of a 2000 ft well, show
that for small diameter tubing’s, longer perforated sections do not lead
necessarily to higher production rates and may even result in poor well
performances for lower flowing pressures. This shows the increasing role
of friction forces and illustrates the fact that high friction losses can go

against an efficient production of the well. The comparison of figures 27
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to 30 related to a 3000-ft horizontal well confirms this fact for small
diameter tubing. It also confirms the same observation made previously,

which is; the rate increment is not significant beyond 40% perforated

length.

6.3 Effect of Well Length

Some of the results generated in the previous sections are presented in
Figures 31 to 34 to illustrate the effect of the total well length on the
production rate. These figures show cleady that for a small tubing
diameter, 0.3 ft, the friction forces are so important that a 1000-ft
horizontal well can lead to better performance than a 3000 ft well. For a
0.6-ft tubing diameter, figure 34 shows that the production rate
increment is negligible for horizontal well length larger than 2000 ft.

6.4 Effect of Reservoir Permeability

In another series of experiments, the effect of reservoir permeabulity is
examined. Since the higher the reservoir permeability, the higher the ratio
APf,ion /AP fomation, the question is what is the sensitivity of the well
performance to the combination of reservoir permeability and tubing

diameter.
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Figures 35 to 46 illustrate this sensitivity. [t can be observed from these
figures for instance that, regardless of the horizontal well length and the
tubing diameter, the production rate increases proportionally to the
reservoir permeability. More importantly, a close examination of these
figures reveals the crucial role of the ratio  APficion /AP formation:
Comparing figure 35 to 43, it can be observed for instance, that the
performance of 2 1000 ft and a 3000 ft horizontal well are very similar for
a small tubing diameter of 0.3 ft when the reservoir permeability is 1
darcy. On the other hand, For a reservoir permeability of 7 darcies, the
performance of a 3000-ft horizontal well is reduced over the 1000 ft well
for the same tubing diameter of 0.3 ft. The reason is that the increase of
friction forces due to longer horizontal section leads to less production in
the heel region, which results in lower performance. This does not
happen for larger diameter tubing as it can be seen from the comparison

of figures 38 to 46.

6.5 Effect of Solution GOR

In the last series of experiments, the effect of solution GOR is examined.
The results are presented in fig.’s 47 through 49. The results indicated
that the increase of solution GOR value reduces oil viscosity and hence
reduce frictional losses. This will increase production rate. Going for

longer length of wellbore will increase the productivity index, however it
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will increase frictional losses and as a result it will reduce the effect of

solution GOR as indicated by companng fig.’s 47&49.

26



Chapter 7

OPTIMIZATION OF WELL COMPLETION

7.1 Optimization approach

The type of formation dictates the well completion. Very often, the
horizontal wells need to be cased and perforated. It is important in this
case to know how much of the horizontal length should be perforated
and where to locate the perforations. That would involve two parts: on
one hand, the completion scenario that will yield high productivity index,
and on the other hand, it will yield the minimum frictional losses
possible. The key element of the well completion success from the
production point of view is to have the configuration that makes more
production with less frictional losses. Examining different perforation

scenarios can attain this.

As mentioned earlier, the analytical solution showed that the productivity
index of a partially perforated well will increase with the perforation
length. However, that increase is not linear and may level out after certain
length of perforation depending on reservoir thickness and
characteristics. Moreover, it was shown that for thick and high permeable

teservoir, having 60% of the horizontal section length perforated will



result in obtaining 90% of the productivity index of an open hole
horizontal well penetrating the same formation.

The definition of optimum horizontal section of a well completed 1n high
permeable reservoir, comes from the observation that the production rate
of a horizontal well increases to a certain limit and starts flattening out
and may not increase with increasing the well length. This is the optimum

well length as supported by the denvative curve in fig. 50.

Different reservoir permeabilities, from 1 to 7 darcys were studied to
show the effect of the inflow on the overall performance of the
horizontal wells. Results presented in figure 51 suggest that high
permeability reservoirs deliver more production. Moreover, in high
permeable reservoirs, more frictional pressure losses are expected as
shown in figure 52. The plot shows that as more frictional losses are
created in the horizontal wellbore, more back pressure is exerted at the
sand face and the wellbore pressure at the end of the wellbore levels out
and becomes comparable to the reservoir pressure. As a result, the flow
rates obtained at the end of the wellbore in different reservoir
permeability are comparable. Further more, the majority of the flow s
obtained near the heel of the wellbore as shown in fig. 51.

To generalize the results, several hundreds of runs were conducted
considering different parameters namely reservoir dimension (L, h) and
permeability, fluid properties (u) and well completion parameters (L, Dy,
N,, L) A comparison of the productivity indices of those runs versus
the productivity indices of similar well dimension completed as an open
hole is presented in figure 53. The results obtained support the fact that
the productivity index of horizontal wells is reduced becausc of partial
perforation. Figure 54 is showing a comparson of the flow rates
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obtained in those runs where the horizontal wells are partially-perforated
cases compared to the open hole cases. The effect of partial penetration
and the frictional pressure losses have not been considered. The results
showed that the productivity of partially perforated horizontal wells is
adversely affected by those two factors and a deviation from the open-
hole performance is observed. The two trends obtained here ate true for
the two casing diameters considered 4-1/2” & 7”. It shows also that the
7” is less affected by the frictional losses. However, the influence of

partial perforation is still in effect.

7.2 Optimization correlations

To account for that deviation due to frictional losses and partial
perforation, a correlation was developed to relate the performance of
partially perforated horizontal wells to the performance of the wells if
completed as open hole. This is basically a measure of the completion
efficiency. Two models were developed to describe the performance of
horizontal wells partially perforated and frictional pressure losses. The
first one concems the reduction of performance due to partial
perforation and frictional losses. The other one concerns optimum well
length. The coefficients of the correlations were obtained using non-
linear regression analysis. System outputs are listed in appendix.

7.2.1 Well performance prediction

Model 1:
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0.1988473001 09 .29 ¢ -004455 . -062
a D7Ly K

R = 0.9236222302. ( Jup/Jbo) .

Model 2:

004455 -.062
K,

R = 0.75529. (Ly/Ly) ™ (Lo/L) 2 u” D L,

Where ;
Qo = Jho . (Pr’Pheel)

Q=R.Q,

To test the accuracy of that correlations, a number of runs were done
using both the computer program calculations and the correlations. The
results are presented in fig. 55 and that shows that the results obtained
from correlations are fairly matching the calculated results.

MODEL 2:

Optimum Well Length

Another correlation was developed to estimate the optimum well length
beyond which, little additional production will result from extending the
horizontal well.

LOp ] = 20649.2 Kh-0.238598822 u.241627047 D.734163232

The correlation was used to calculate the optimum well length for
different cases. The coefficients of the correlations were obtained using
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linear regression analysis. System outputs are listed in tables 2 to 4. These
correlations were presented in Ref. 27.

Results compared with the optimum well length obtained that would
yield the maximum production rate using the computer program are
presented in fig. 56.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn:

Friction in horizontal wells is important to consider when the
reservoir permeability 1s large.
The perforated intervals and the location of these perforations directly

affect the performance of honzontal wells.

20% of the length perforated at the heel yields twice the production
of the same fraction perforated at the toe.

20% of the length perforated uniformly across the well yields 3 to 4
times the production of the same fraction perforated at the toe of the
horizontal well

For given reservoir conditions, there is an optimum well length that

yields maximum oil production.

For homogenous reservoirs considered in the study, 2000’ of

horizontal section is the optimum well length.

The performance of a horizontal well is affected by the well length, as

well as the length and distribution of the perforated intervals.
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e In a 41/2 inch casing horizontal section, the rate of increase in
production rate due to increasing the horizontal section is low for

wells with horizontal sections longer than 2000’
e Different well completions may perform similarly.

e Longer horizontal wells yield higher productivity index but not

necessarily higher production rates

e It’s important to consider wellbore hydraulics when designing the well

completion.
e In highly permeable reservoirs, longer horizontal wells do not

necessarily achieve higher production rates.

For future study, further investigation on the effect of vertical

permeability on the performance of horizontal wells is recommended.
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APPENDIX

The analytical solution of the performance of partially perforated
horizontal wells

_ 7.08x 10 Kuh
H B. (pXD +S.m)

pip = S + pod

27Z'Ly K:(1 Yw yw:) 2Lx hnd nwxi . nrlL :
peb =) JK_V (3"L,'L,= YT, z: n’ ZCOS L. L
Where

7 = {1 +exp(-20n Ly)+exp(-20s Yu)+ exp[- 20a (Ly - y...)]}
- 1-exp(-2an Ly)]

K:
L: YK,

h K 27[r'w . 2w nph K[l 2zw Zzw | = g , KT Zw
o= 2| b (Befl 2 Ze ) 423 P cos’
S0 'L VK ln( y sin—, ) L JK1(3+ PRE )J + Z (Be)cos .
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F ) = - I du_ 1 i[exp(—2uL.-)+42exp(—u|x.~—xal).

szﬁ-\/uz -B 2u’ i=1

i

This equation can be written in the form,

. 1 Texp(-a)l
F"(ﬂ") = 2L2PJ'[5\[u2—,3 " du

Let

B B -p
- AR - Wl
“E L TET L M

as u goes from JﬁtOm,z goes from J,—B_toO

FB) = = }exp(_aé) 1

oEo

(3) - . ”exp(““g]
F‘wﬁ = 2 )

ﬂ["’o\/—ﬂ- a2

93 JB-x

dy

Let
x = JBcosw) =dy = - B sin(w) do

T
as y goes from 0 to ,[B , @ goes from > to0
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Jij
o exp(—a—]
12 j Jﬁ cosl) ( .,/_ﬁ sin(w))d(o

fﬁigs(w) Jﬂ B3 cos*(w)

J_ cos(w) exp \/— sec(w)) (_\/B' sin(w))da)

JB V1-cos*(w)

X

F o(fB) = 12 j cos(w) exp(—a JB sec(m)) do

2B ¢

-exp(—Z B sec(w) Li)+

. exp(—J/_i sec(w) |xi —Xil) )
Fp) = ZﬁLp‘[ COS(w)Z 4y, sinh(,/ﬁ sec(a)).L.').

: sinh(ﬁ sec(w). L,-)
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Nomenclature

R ratio of production rate of partially-perforated to openhole, (QP /Qo)
0, Production rate of openhole wells, bbls/day.

QP Production rate of partially-perforated well, bbls/day.

K, vertical permeability ,.L~, n;d

K, horizontal permeability , L™, md

Jup productivity index of partially perforated horizontal well , bbl/day/psi
JHo productivity index of openhole hotizontal well , bbl/day/psi

L. length of horizontal drainage area, ft .

L, hodzontal section length | ft .

Lpt length of perforated section | ft

D, wellbore diameter , ft.

u wellbore fluid viscosity , cp .

L"P ‘ Optimum well length, ft.
formaton thickness

B, oil FVF, RB/STB

bp 3
dimensionless formation thickness, (h/ Lx) % ,md

kH‘ effective horizontal permeability, -\j kxky ,md

L, half-length of open segment 4, ft

np
sum of open half-lengths, 2 Lt
i=l
L. length of x side of drainage region, ft
L, length of y side of drainage region, ft
Ly, half-length of fully open well, ft

number of open sections

n

PP[D dimensionless inflow pressure

P.p dimensionless steady-state pressure

ijD dimensionless pressure drop in xy plane

T wellbore radius of equivalent vertical well, ft

S mechanical skin

S-;_D addition skin from partial penetration

T directional coordinates, ft

X; distance from center of segment 7 to left boundary at x=0, ft
X distance from left boundary at to reference point on well, midpoint between open

extremities, ft

J distance of well from boundary at y=0, ft

o distance of well from boundary at z=0, ft
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M KRR YT Sy

Subscript

Dimensioless

Openhole

Partially-perforated

Horizontal

Vertical

Wellbore

Perforated total

Horizontal alongr wellbore
Horizontal perpendicular to wellbore
vertical
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PRODUCTIVITY RATIO, JhJv

PRODUCTIVITY RATIO, Jhidv
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Fig. 1 Effect of horizontal section length on productivity for different
pay thickness.
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Fig. 2 Effect of horizontal section length on productivity for different
pay anisotropy.
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PRODUCTIVITY INDEX

Normalized productivity index
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Fig. 5 Effect of frictional pressure losses on wellbore pressure
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Fig. 6 Effect of frictional pressure losses on wellbore pressure and

flud influx
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READ DATA

I

INTIALZE:
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=t
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diPavg.=Pi-dp/2
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Fig. 9 Flow chart for pressure traverse calculations.
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Table 1

Reservoir Characteristics

For the Four Different Fields
Case B S 2 3 4
k , darcy 3 7 4 6
Lyw 1795 1050 1785 2200
% Perforated 66 80 35 40
API Grawity 32 30 32 28
FVF 1.2 1.2 1.24 1.15
GOR 600 750 650 300
Rate 5371 11800 11200 19900
T, Degree F 165 165 165 160
P.. Pst 3128 3089 3083 2646
Dw, inch 7 41/2 7 7
Table 2

System output for the non-linear regression analysis
Well performance prediction; model 1

No. of data points

~Constant

.Ihp /Jho

RMSE

1838

0.9236222302 | 0.1988473001

0.00478212

Table 3

System output for the non-linear regression analysis
Well performance prediction; model 2

No. of data points

Constant

L. /L,

RMSE

1772

0.7552904915 | -0.2096495033

0.00420039
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Table 4

System output for the linear regression analysis

Optimum well length correlation

No. of data points

Constant |

5

A

RMSE

174

20649.2

"0.2385988

0.734163232

0.241627047

0.0121354
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FLOW RATE, MSTBD

WELLBORE PRESSURE, PSIG
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Fig. 10 Flow profile simulation, case 1
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Fig. 11 Wellbore pressure profile simulation, case 1
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FLOW RATE, MSTBD

WELLBORE PRESSURE, PSIG
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Fig. 13 Wellbore pressure profile simulation, case 2
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FLOW RATE, MSTBD

WELLBORE PRESSURE, PSIG
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Fig. 14 Flow profile simulation, case 3
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Fig. 15 Wellbore pressure profile simulation, case 3
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WELLBORE PRESSURE, PSIG

FLOW RATE, MSTBD
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Fig. 16 Flow profile simulation, case 4
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Fig. 17 Wellbore pressure profile simulation, case 4
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WELLBORE PRESSURE AT HEEL, PSIG
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Fig. 18 Effect of perforation position on productivity
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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Fig20 Effect of perforated Length Fraction on Production Rate,
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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Fig.22 Effect of perforated Length Fraction on Production Rate,

Lw=1000’, Dw=.6’
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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Fig24 Effect of perforated Length Fraction on Production Rat,
Lw=2000’, Dw=.4’

57



WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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Fig.26 Effect of perforated Length Fraction on Production Rate,
Lw=2000’, Dw=.6’
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE: @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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Fig. 40 Effect of permeability on Production Rate, Lw=2000’, Dw=.4’
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WELLBORE PRESSURE @ HEEL,PSI
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Fig. 42 Effect of permeability on Production Rate, Lw=2000’, Dw=.6
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WELLBORE PRESSURE @ HEEL,PSI

WELLBORE PRESSURE @ HEEL,PSI
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WELLBORE PRESSURE @ HEEL,PSI
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Fig. 46 Effect of permeability on Production Rate, Lw=3000’, Dw=.6’
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Fig. 47 Effect of solution GOR on Production Rate, Lw=1000’, Dw=.33’
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Fig. 48 Effect of solution GOR on Production Rate, Lw=2000’, Dw=.33’
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Fig. 49 Effect of solution GOR on Production Rat, Lw=3000’, Dw=.33’
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Fig. 51 Effect of permeability on horizontal well production rate
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