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Abstract 
Horizontal and multilateral completions are a proven, superior 

development option compared to conventional solutions in 

many reservoir situations. However, they are still susceptible 

to coning toward the heel of the well despite their maximizing 

of reservoir contact. This is due to frictional pressure drop 

and/or permeability variations along the well. Annular flow, 

leading to severe erosion "hot-spots" and plugging of screens 

is another challenge. Inflow Control Devices (ICDs) were 

proposed as a solution to these difficulties in the early ‘90s. 

ICDs have recently gained popularity and are being 

increasingly applied to a wider range of field types. Their 

efficacy to control the well inflow profile has been confirmed 

by a variety of field monitoring techniques. 

An ICD is a choking device installed as part of the sandface 

completion hardware. It aims to balance the horizontal well’s 

inflow profile and minimize the annular flow at the cost of a 

limited, extra pressure drop. Fractured and more 

heterogeneous formations require, in addition, the installation 

of annular isolation. The new technologies of Swell Packers 

and Constrictors can provide this annular isolation in an 

operationally simple manner.  

This paper describes the history of ICD development with an 

emphasis on the designs available and their areas of 

application. These technical criteria will be illustrated using 

published field examples. The ICD’s flexibility will be shown 

by its integration with other conventional and advanced 

production technologies e.g. Stand-Alone-Screens, annular 

isolation, artificial lift, gravel packs and intelligent 

completions in both horizontal and multilateral wells.  

It will be shown how the value of such well-construction 

options can be quantified using commercially available, 

modelling simulators. Simple, but reliable, guidelines on how 

to model the performance of ICDs over the well’s life will be 

provided. This technique can thus be used as part of the value 

quantification process for both the evaluation of completion 

options and for their detailed design.    

1 Introduction 

Horizontal and multilateral wells are becoming a basic well 

architecture in current field developments. Advances in 

drilling technology during the past 20 years facilitated the 

drilling and completion of long (extended reach) horizontal 

and multilateral wells with the primary objective of 

maximising the reservoir contact. The increase in reservoir 

exposure through the extension of well length helped lower 

the pressure drawdown required to achieve the same rate and 

enhance the well productivity
1-2

. Major operators have proved 

the advantages of such wells in improving recovery and 

lowering the cost per unit length. The production from thin oil 

column reservoirs (e.g. The Norwegian Troll Field) became a 

reality thanks to such wells
3-4

.  

However, the increase in wellbore length and exposure to 

different reservoir facies came at a cost. Frictional pressure 

drop caused by fluid flow in horizontal sections resulted in 

higher drawdown-pressure in the heel section of the 

completion, causing an unbalanced fluid influx. Hence, coning 

of water and gas toward the heel of the well was observed. 

Variable distribution of permeability along the wellbore also 

results in variation of the fluid influx along the completion and 

an uneven sweep of the reservoir.  

Annular flow is another challenge often encountered when 

horizontal wellbores are completed with Stand-Alone-Screens 

(SAS) or with pre-perforated/Slotted liners. Neither of these 

completion options employs any form of isolation between the 

casing and the formation (i.e. external casing packers). 

Annular flow, which is dependent on many parameters such as 

the size of the clearance between the sandface and the liner 

(screen) outer diameter, still imposes several problems 

including: dislodging of the sand grains causing erosion of the 

sandface, formation of "hot-spots" and plugging of the sand 

screens
5-6

.  Previously, the elimination of such phenomenon 

required the utilization of gravel packs or installation of 

Expandable Sand Screens (ESS), which often had a significant 

impact on the well productivity and/or involved a very 

complex operation
6-7

.    

Inflow Control Devices (ICDs) are a new sandface completion 
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technology specifically developed to help balance the 

contribution along horizontal wellbores. Extensive flow-loop 

testing and subsequent field experience have proved the 

potential of ICDs to extend the well life by extending the 

plateau period, minimizing water and gas coning, minimizing 

annular flow and increasing recovery.    

2 Historical Development  

Norsk Hydro introduced the ICD technology in the early 

1990s as a means to enhance the horizontal wells performance 

of the Troll Field. The Troll field is a giant gas field located on 

the Norwegian shelf of the North Sea. The field contains a thin 

oil column (4-27 meter thick) overlain by a large gas cap and 

underlain by an aquifer. The field was originally developed as 

a gas field in the “thin-oil-column” part of the field since the 

production of such thin oil column was deemed non-viable 

using conventional wells. Two horizontal wells were then 

drilled and long-term well tests were conducted to determine 

the ability of such wells to economically drain the oil
8-9

. The 

wells were completed with large diameter pre-packed slotted 

liners to reduce the effect of frictional pressure losses along 

the wellbores. The long-term test results indicated that a 

significant oil production potential existed. The initial flow 

rate of the first well was four times that expected from a 

vertical well. The well PI was very high ~ 6,000 Sm
3
/day/bar; 

which is some 5-10 times higher than that expected from a 

vertical well. This also meant that a small pressure drop of 

only 0.5 – 1.0 bar is sufficient drawdown pressure to produce 

the well at a target rate of 3,000 – 5,000 Sm
3
/day.  

A new field development plan was then put in place that 

employed horizontal wells. However, the production logging 

of the first test well indicated that 75% of the contribution was 

coming from the first half of the horizontal section. This is 

indicative of the significant effect frictional pressure losses 

can have on the performance of the horizontal wells once this 

frictional pressure drop is of the order of magnitude of the 

drawdown
8
.  

Three completion options were proposed to overcome this 

problem including: a stinger method, reduced perforation 

density and an innovative Inflow Control Liner Device 

(ICD)
10

. This latter, the original ICD concept had a number of 

labyrinth channels installed within a pre-packed screen 

mounted on a solid base pipe (Figure 1). The fluid flowing 

from the formation passes through the screen and the channels 

before entering the casing (liner) internal section through 

predrilled holes in the base pipe. The labyrinth channels’ 

length and diameter can be adjusted to achieve the required 

pressure drop to balance the inflow along the length of the 

liner. Reservoir simulation studies indicated that the best 

completion option was to install the ICDs along the length of 

the completion resulting in an extension of the plateau period 

by 50%. The ICD design was then modified by Supplier 1 for 

commercial manufacturing by altering the labyrinth channels 

to helical channels.   

3 ICD Designs  

Three of the worlds leading suppliers of technology to the 

upstream oil and gas industry have developed their own, 

unique ICD design for the mechanism to create the flow 

resistance (Channels, Nozzles or Orifices). All these designs 

can be mounted on a Stand-Alone-Screen (SAS) for 

application to unconsolidated formations or they can be 

combined with a debris filter for use in consolidated 

formations.     

3.1 Channel-type ICD 

The channel-type ICD was developed by supplier 1 as a 

modification to the original labyrinth ICD. The device uses a 

number of helical channels with a preset diameter and length 

to impose a specific deferential pressure at a specified flow 

rate (Figure 2). The produced fluid flows from the formation 

through a limited annular space into multiple screen layers 

mounted on an inner jacket. The fluid then flows along the 

solid base pipe of the screens to the ICD chamber where the 

chosen number of channels impose the desired choking before 

the fluid passes onto the inner section of the casing; either 

through holes of preset diameter or a slotted mud filter 

installed to prevent the screen from being contaminated by kill 

mud during any future, well killing operation.  

This ICD is available with five flow resistance ratings (0.2, 

0.4, 0.8, 1.6 and 3.2 bar) based on the diameter, length and 

number of channels incorporated into the device
11

. These 

choking values were measured at a flow rate of 26 

Sm
3
/day/ICD joint for the design fluid

12
. This reference 

reports the carrying out of extensive flow tests in which the 

pressure drops at different flow rates were recorded for the 

different ICD ratings. A sample of these flow test 

measurements was included in this reference.   

The specific design of the channel-type ICD causes the 

pressure drop to occur over a longer interval compared to the 

nozzle and orifice-type ICDs, an advantage that is deemed to 

reduce the possibility of erosion or plugging of the ICD ports. 

However, this device depends on friction to create a 

differential pressure in addition to the acceleration effect. This 

implies that the actual pressure drop created will be more 

susceptible to emulsion effects.          

3.2 Nozzle-type ICD  

The nozzle-type ICD was developed by Supplier 2. The device 

uses nozzles to create the pressure resistance (Figure 3)
13

. The 

fluid passing through the screen is collected in a chamber 

where a set of preconfigured nozzles control the fluid flow 

from the chamber to the inner section of the liner joint. The 

number and diameter of the nozzles are chosen so as to 

produce the desired pressure drop across the device at a 

specific flow rate. Constricting the fluid flow to a number of 

nozzles makes the pressure drop highly dependent on the fluid 

density and velocity but less dependent on viscosity. However, 

high fluid flow velocity is one of the major causes of erosion, 

especially when combined with sand production.             

3.3 Orifice-type ICD 

Suppler 3 employs multiple orifices to produce the required 

differential pressure for flow equalization (Figure 4)
38

. Each 
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ICD consists of a number of orifices of known diameter and 

flow characteristics. The orifices are part of a jacket installed 

around the base pipe within the ICD chamber as opposed to 

the nozzles type ICD. Different pressure resistance values are 

achieved by reducing the number of open orifices. Although, 

the exact location of the orifices within the ICD chamber is 

different to that of Supplier 2’s nozzle-type ICD, the flow 

characteristics are expected to be similar, though with minor 

difference in the flow coefficient value. More details on these 

differences between these designs will be explained in the 

modelling section.          

4 Published Applications  

The advantage of this technology was recognized by many 

operators through its application to different fields. The first 

application of ICDs was reported in the Troll Field for which 

the technology was originally developed. ICDs have since 

gained rapid acceptance throughout the industry. The 

following is a revue of published applications of ICDs to both 

sandstone and carbonate formations.   

4.1 ICD with SAS in Horizontal Wells  

As indicated above the first ICD application was of the helical 

channel-type ICD. One of the reported ICD installations is in 

the longest horizontal section to be completed in the Troll 

Field. Well M-22 had a horizontal section length of 3,619 

meters. It was completed with 279 joints of SAS equipped 

with ICDs. The numerical simulation indicated that a "stair 

step" arrangement with the highest strength ICD (3.2 bar) at 

the heel section of the well and a SAS without ICDs toward 

the toe of the well is the optimum completion design
14

. 

Annular isolation with External Casing Packers (ECPs) to 

prevent flow along the length of the formation face was not 

employed. The stair step design was later modified to single 

ICD strength of 3.2 bar along the entire horizontal section due 

to the insignificant increase in the simulated cumulative oil 

production predicted for the optimised (stair step) design and 

to simplify the operational logistics at the wellsite (how to 

ensure that the different strength of ICDs are run into the hole 

in the correct order). Another important reason that influenced 

the decision to utilize a single ICD strength was the inability 

to calculate the magnitude of the above annular flow in the 

available reservoir simulator. There were worries that a 

significant flow from the region of the high strength ICD to 

that of the lower strength ICD might exist
12

. This concern will 

be addressed in chapter 6 of this paper where this modelling 

deficiency is removed.      

4.2 Integration with Annular Isolation 

One claimed advantage of ICDs is the elimination of annular 

flow. However, this will only be achieved if a highly 

homogenous permeability distribution exists along the length 

of the horizontal wellbore. Variations in permeability, hole 

size or undulation along the wellbore can trigger annular flow 

even when ICDs are installed. In practice, annular isolation is 

a necessity to ensure that the full benefits of ICD installation 

are achieved. Different forms of annular isolation are available 

in the industry at this stage, including: Inflatable or 

Mechanical External Casing Packers (ECPs), Swell Packers 

(SPs), Constrictors and Expandable Packers. Many of the 

reported ICD applications included one of these packer 

types
17, 19, 20, 22

. The Z-253 well was completed in Zuluf Field, 

offshore Saudi Arabia, utilized four Mechanical ECPs in 

conjunction with single strength channel-type ICD to segment 

a 2200 ft-long wellbore
14, 15

. The placement of the ECPs was 

based on the permeability of each hole section. This 

completion enhanced the productivity and equalized the 

inflow of the well compared to its neighbour a conventionally 

cemented and perforated well. SPs were used for annular 

isolation in the West Brea 16/7a-W8z well
18

. This horizontal 

well was completed with multiple ICD strengths ranging from 

3.2 bar at the heel to 0.8 bar at the toe with swell packers 

installed when the ICD strength changed. This completion 

allowed an increase in the well production by an incremental 

rate of 5,000 barrels of oil per day and delayed water 

breakthrough compared to the offset wells.  

The above example applications were for sandstone reservoirs. 

In carbonate reservoirs, however, annular isolation has a 

second objective. ECPs or SPs were installed in conjunction 

with (multiple) lengths of blank pipe to cover fractured or 

super-K permeability zones. Alternatively, they may be 

installed with ICDs to restrict the inflow of free gas from the 

gas cap through high permeability zones. An example of the 

former is the installation of 35 ICDs in a slimhole well (Well-

A) in a Saudi Arabian carbonate reservoir
24

. A total of five 

openhole packers were set along the completion string two of 

these packers were combined with the 250 ft of blank pipe to 

isolate the highly fractured zone which had been identified 

through mud losses during the drilling and image logging 

operations. The remaining packers were utilized to separate 

the different permeability zones. Installation of 20 ICD joints 

along with eight external packers was used in Well SHYB-257 

to reduce the well Gas Oil Ratio (GOR) from 4,000 scf/stb to 

2,450 scf/stb by restricting the gas-cap-gas influx through the 

high permeability zones
23

.      

All above examples were channel-type ICD applications. 

Installation of a nozzle-type ICD with annular isolation was 

reported in Well Sakhalin-1 in the Chayvo field
21

. The 

completion string design incorporated a pre-drilled liner across 

the low permeability zones and ICDs across the high 

permeability zones with SPs to separate the two completion 

components. This helped equalize the inflow profile along the 

well by minimizing the contribution from the high 

permeability zone, which was expected to dominate the 

production and suppress the contribution of the low 

permeability zones.    

4.3  Integration with Artificial Lift 

Artificial lift is usually implemented to revive dead wells or to 

enhance the productivity of existing producers by lowering the 

well bottom hole pressure and boosting the vertical lift energy. 

In horizontal wells this will further aggravate the influence of 

pressure drop along the wellbore, hence, encouraging 

increased coning of water or gas. The combination of ICDs 
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with artificial lift will help minimize this effect. Wells in 

Saudi Arabian Z and M fields and in the Troll and Grane 

fields in the Norwegian shelf of the North Sea have reported 

the combination of ICDs with different forms of artificial lift. 

The latter included conventional gas lift, gas-cap gas (In-situ 

gas) lift and Electric Submersible Pumps (ESP)
16, 19, 20

.      

4.4  Integration with Gravel Pack 

ICD installation and integration with annular isolation aims to 

eliminate annular flow, a primary cause of sand particles 

becoming dislodged from the sandface and being transported 

along the annulus. Screen erosion and plugging, in addition to 

many sand production related problems at the surface will 

result. However, experience with gravel packs in conventional 

and horizontal wells have proven their ability to eliminate or 

minimize sand production in various fields. In the Etame oil 

field, offshore Gabon, channel-type ICDs combined with a 

horizontal gravel pack was applied to the Subsea ET-6H well 

both to eliminate potential sanding problems and to delay 

water breakthrough
25

.      

4.5  Integration with Multilateral, Intelligent 

Completion 

Simulation results have indicated that the installation of ICD 

completions in individual laterals of dual or higher level 

lateral well in a homogeneous formation helps even out the 

water and gas fluid front movement towards each lateral
11

. 

However, if the laterals are completed in different reservoir 

facies or at different vertical depths, then water breakthrough 

in one lateral before the other will lead to a deterioration of the 

total well performance. This effect can be alleviated by 

combining an ICD completion along the well laterals with 

installation of Inflow Control Valves (ICVs) at the mouth of 

each lateral. The ICVs can be remotely controlled to adjust 

each lateral’s flow contribution upon the onset of unwanted 

(water or gas) fluid production. 

An integrated ICD completion with level 4 multilateral 

junctions equipped with ICVs to control the production from 

each lateral was implemented in the Z Field, offshore Saudi 

Arabia
22

.   

5 ICD Commercially Available Modelling Techniques 

Brekke et al.
10

 paved the way for the modelling of ICD 

completions. They represented a horizontal well in an in-

house, wellbore modelling program and the resulting sand-

face pressure of the ICD completion in the wellbore simulator 

was applied to a “frictionless well” in the reservoir simulator. 

Later, Brekke et al.
27

 proposed an integrated 

wellbore/reservoir simulation approach in which, simulation 

of the originally proposed labyrinth ICD in a horizontal 

wellbore simulator was coupled with a 3-D, two phase 

reservoir simulator. The horizontal wellbore simulator 

employs a general network solver for calculation of steady 

state flow through the wellbore completions with the option of 

applying one of several multiphase flow correlations. The 

horizontal wellbore is modelled as a network of nodes in a 

gathering tree topology; starting from the sand-face 

connection point (at each reservoir gridblock) to the tubing 

bottom/head output point. Various flow variables; including 

(phase) rates, total reservoir fluids, bottom hole and tubing 

head pressures could be set as the well control parameters in 

the wellbore network simulator.  

An iterative coupling technique was used. The reservoir 

simulator supplied the reservoir (reference) pressure and 

connection productivity indices to the wellbore simulator 

which, in turn, calculated the pressure drop through the 

completion to the output point. The application of this 

technique resulted in a very good convergence in the wellbore 

simulator calculated oil flow rates. However, the indicated 

wellbore representation in the published paper did not account 

for flow splitting between the annulus and the tubing, which 

means that the flow from the reservoir connection (gridblock) 

is forced to flow through the ICD and into the tubing. This 

latter may not be an accurate representation of what happens 

in practice, though the technique is an adequate modelling 

approach when there is a homogeneous permeability 

distribution along the wellbore. However, the inclusion of 

annular flow is critical for the proper design of the ICD 

strength distribution and selection of annular isolation points 

when a heterogeneous reservoir simulation model is coupled 

with a wellbore model. Also, automated identification of 

required ICD strengths for each wellbore section is preferable 

over the (manual) iteration of the required labyrinth length to 

achieve the required pressure drop.    

5.1  ICD Modelling in Reservoir Simulator 

Eclipse
TM

 100 is black oil, finite difference reservoir simulator 

which has the capability to model ICDs through its 

Multisegment Well Model
28

, which divides the wellbore into a 

number of segments (Figure 5). The individual segments can 

be part of the annulus, tubing or an intermediate device 

between the two (i.e. an ICD or ICV). Flow from one or more 

reservoir gridblocks can be directed to a single annular (or 

tubing) segment. It should be noted that the “2005a” version 

of the simulator allows the flow from one or more segments to 

be directed to only one segment in the direction of the topmost 

segment. Previous simulator versions used a special keyword 

allowing a wellbore segment to be identified as a Labyrinth 

ICD. Recently, a new keyword which accurately models the 

ICD flow behaviour through the proportionality constant 

relating the flow rate to the pressure drop through the ICD was 

introduced
12

. This was included after the development and 

extensive testing of the helical channel-type ICD (chapter 3.1). 

The authors can confirm that this keyword accurately matches 

the flow test data published in reference 12 when single phase 

fluid was used.      

This technique is equivalent to that used by Brekke et al.
27

. 

This approach is highly recommended when analysing the 

benefits of ICD application in homogenous reservoirs where 

split flow between the annulus and tubing is not expected to be 

significant. Identification of the proper ICD distribution with 

or without annular isolation is a relatively uncomplicated 

process in this type of reservoir.   

Other reservoir simulators which are capable of modelling 
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downhole control valves in a network are also limited to the 

gathering tree type networks with merging nodal flows
37

.     

5.2 ICD Modelling in Wellbore Simulator 

NETool
TM

 is a commercially available well completion 

modelling and planning simulator
29

. It is a network based 

modelling tool with the capability to solve steady state 

multiphase fluid flow through a variety of well completions. 

The data describing the near wellbore area is retrieved from a 

reservoir simulation model and upscaled while honouring the 

complex, reservoir geological description. The flow from the 

near wellbore nodes (i.e. reservoir gridblocks) into the well 

completion are represented by a specified number of nodes 

which can be connected in a number of different ways in order 

to simulate flow through the annular space, through any 

completion equipment such as ICDs or through the tubing. 

This simulator includes four specific correlations that model 

helical channel-type, nozzle and orifice-type ICDs in different 

reservoir and fluid flow environments with great accuracy. A 

very good illustration of the capabilities of this software has 

been presented by Ouyang et al.
29

. Unfortunately, the current 

commercially available version of the software (2.5) is not 

coupled with a reservoir simulator. Automated interaction 

between the reservoir and wellbore models as proposed by 

Brekke et al.
 27

 is therefore not possible. The transfer of the 

reservoir/wellbore productivities from the reservoir simulator 

to the wellbore model and the return of the specific control 

parameters from the wellbore simulator (after accounting for 

annular flow and different packers settings) at every time step 

of the simulation is necessary when it is required to capture 

the time dependent depletion effects associated with the 

planned completion design.       

5.3  Other Models for Channel and Nozzle- type ICDs  

Augustine
11

 presented a complex integrated reservoir/wellbore 

modelling technique using channel-type ICDs in the 

SINDA/FLUINT fluid dynamics software package. The 

software is a finite difference, network analyzer. Augustine’s 

model represents the reservoir parameters governing the three 

dimensional fluid flow, such as reservoir permeability and 

fluid viscosity, as flow resistance parameters.  

SINDA/FLUINT is relatively cumbersome to use and only a 

limited number of petroleum engineers are familiar with its 

use. 

Atkinson et al.
30

 conducted a thorough investigation and 

developed a mathematical model of steady single-phase flow 

into a horizontal wellbore completed with ICDs in an 

anisotropic reservoir. They solved the one-dimensional, 

singular, integro-differential equation numerically. The model 

can be used to find the flux distribution along the wellbore for 

a specified pressure drawdown and to determine the ICD 

properties when the flux or reservoir pressure drawdown along 

the wellbore is known. Annular flow is not included in this 

model nor is it currently commercially available.    

6 Proposed Modelling Approach  

ICDs were originally proposed and commercially developed 

for homogenous sandstone reservoir. However, the review of 

the various published application of ICD completions in 

chapter 4 has shown that this is no longer the case. More 

heterogeneous environments including fractured carbonate 

reservoirs are benefiting from the application of this 

technology. Such applications require accurate modelling of 

the completions, as discussed in chapter 5. In this chapter, we 

will follow on the steps of Brekke et al.
27

 by utilizing an 

integrated reservoir/wellbore approach which, can be used to  

optimise the distribution of ICD nozzle/orifice configuration 

along the horizontal section, account for annular flow which is 

key parameter in locating external isolation and can be 

extended to surface facility network modelling as well.  

6.1 Reservoir Simulator  

The reservoir simulator could be any, commercially available, 

3-D, finite difference reservoir simulation software with the 

capability to be linked to a surface network modelling 

software. In this paper we will use the Eclipse
TM

 100 black oil 

reservoir simulator. Eclipse
TM

 300 (compositional reservoir 

simulator) and Reveal
TM

 have also been tested in this study 

and achieved similar results to those reported here. These 

simulators allow the reservoir gridblocks to have any suitable 

geometry (i.e. Cartesian, radial or unstructured). A frictionless 

horizontal wellbore can be modelled in the reservoir simulator 

with controllable connection pressures or flow rates at each 

gridblock. If this is not possible, then each gridblock 

connection has to be modelled as a well without Vertical Flow 

Performance Table (VFP) but with controllable bottom hole 

pressure or flow rate. The coupling of the bottom hole nodes 

(at the sandface) of these connections into one (horizontal or 

inclined) completion is then constructed in the 

subsurface/surface network modelling software. However, 

within the reservoir simulator, the separate wells can be 

connected in a frictionless downhole network with common 

output node that can be used for comparison with the wellbore 

model output node pressure or rate value. This will ensure 

conversion between the two models at the topmost node. It is 

preferred that the gridblock length size, in the direction of the 

wellbore, matches the ICD joint length since the modelling of 

fluid flow from one inflow connection to multiple pipes might 

introduce flow circulation.     

6.2 Subsurface/Surface Network Solver and Optimiser 

The modelling of ICD modules was successfully tested in 

three, steady state, subsurface/surface network solver 

software(s): The General Allocation Program (GAP
TM

 

provided by Petroleum Experts), Pipesim
TM

 (provided by 

Schlumberger) and Reo
TM

 (provided by e-Petroleum Services-

Weatherford). All of these software(s) are capable of 

modelling merging flow as well as diverging flow nodes, 

allowing the capture of split flow between the annulus and 

through the ICD to the tubing. In this paper we will focus on 

the utilization of GAP
TM

 due to its ability to automatically 

optimise choke settings and connection (Wells/inflows) 

pressures together with the availability of commercial tools 

allowing its coupling to many reservoir simulators.  
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GAP
TM

 allows the user to model a downhole wellbore 

completion that can be connected to a surface network through 

Vertical Lift Performance (VLP) tables or through pipes with 

a choice of multiple flow correlations that can be matched 

accurately to the well performance and deviation. The 

downhole completion could contain in-line controllable or 

fixed chokes, valves. These devices can be modelled by built-

in flow correlations or by programmable elements. 

Programmable elements allow the user to define any 

equipment as a pressure loss element. Both the existing choke 

model in GAP
TM

 and the programmable element will be used 

to model the ICD effect as follows:    

6.2.1 Modelling of the channel-type ICD: 

Both single and two phase flow of steam (or air) and water 

through helical pipes have been studied extensively by many 

researchers, especially for the design and evaluation of heat 

exchangers. One of the distinguishing factors between flow in 

helical pipes and flow in straight pipes is the centrifugal force 

effect, which was initially characterized by W. R. Dean
31

. The 

effect of the centrifugal force is to cause the critical Reynolds 

number (Re) at which the transition from laminar flow to 

turbulent flow occurs to be a function of the Dean number 

(De) and the Curvature ratio (λ): 

 2

1

Re De  Equation 1 

Where: 

Dd /  Equation 2 

Where d is the pipe diameter and D is the helical diameter. 

Ju
32

 found that the critical Reynolds number, responsible for 

the transition from laminar to turbulent flow, for flow through 

small helical pipes is much greater than its match in straight 

pipes. However, when modelling helical channel-type ICD in 

network modelling software, it should be considered that the 

fluid flowing through the ICDs could be a single phase, two-

phases or even three-phases, depending on the application 

environment.   

Chen, et al. have studied the flow patterns and pressure drop 

of two phase (oil-water) and three phase (air-oil-water) flow in 

horizontal helical pipes
34

. They observed that the water-cut at 

which phase inversion point (the point at which the dispersed 

phase changes into a continuous phase and the continuous 

phase changes into a dispersed phase) occurs at a lower value 

in helical pipes than in horizontal straight pipes. The phase 

inversion water cut (εw) in a horizontal straight pipe in an oil-

water system was referred to Arirachakaran, which can be 

obtained as follows: 

 log1108.05.0 w  Equation 3 

Where η is the dynamic viscosity of the oil in cP.  

Chen, et al.
34

  also indicated that a modification of the 

Chisholm pressure multipliers, which are based on the 

Lockhart-Martinelli method, fits the measured pressure drop 

through the horizontal helical pipes adequately and Chen’s 

equation can therefore be applied to calculate the pressure 

drop though a helical channel-type ICD. However, the ICD 

channel dimensions have not been published. Hence the 

above, more fundamental approach to the calculation of 

pressure drops can not be used. We therefore used the pressure 

drop calculation procedure followed in Eclipse
TM

 reservoir 

simulator in an element in GAP
TM

, reproducing the exact 

pressure drop calculated by Eclipse
TM

 for a single ICD.  

The programmable elements can be distributed in the 

completion model as indicated in Figure 6 so as to resemble an 

ICD installed between the annulus and inner tubing.  

6.2.2 Modelling of the nozzle/orifice-type ICD: 

The pressure drop through nozzles and orifices is best 

described by the ISO 5167-1. Here, the derivation of the 

relation between the mass or volumetric flow rate and pressure 

drop starts from the well known Bernoulli’s equation. The 

differences in fluid flow behaviour through nozzles and 

orifices are reflected in the Coefficient of Discharge (Cd) 

values.  

The inline choke model in GAP
TM

 is based on the 

conservation of energy equations with a provision of a 

Discharge Coefficient correction multiplier
36

. This multiplier 

is used to correlate the calculated pressure drop through a 

particular nozzle or orifice-type ICD with the actual flow test 

data measured for the device. These chokes can be distributed 

in the same manner followed for the channel-type ICD using a 

Programmable Element.  

In many situations, this modelling technique could also be 

used to model channel-type ICDs. For example, when low 

viscosity oil flows through the device the choking effects will 

be more pronounce than the frictional effects. This allows 

normal choke models to be used to model the device’s 

performance.   

The ICD (nozzles/orifices) sizes can be adjusted automatically 

using the Sequential Quadratic Programming (SQP) capability 

of GAP
TM

 to equalize the fluid influx along the horizontal 

section of the well. Minor adjustments to the connections' 

weighting factors in the optimisation process might be 

required to accurately control the contribution of each section 

of the well.  

6.3 Coupling of Reservoir/Wellbore Models 

There are many coupling tools available commercially that 

would allow the integration of the reservoir simulation model 

and network solver and optimiser at the connection (sandface) 

level such as Resolve
TM

, S3connect
TM

, Field Planning Tool
TM

, 

Avocet
TM

, etc. The main task of the coupling tool is to transfer 

the full Inflow Performance Relationship (IPR) of each 

connection from the reservoir simulation to its counterpart in 

the network modelling software and to return the specified 

value of the controlling parameter for each connection to the 

reservoir simulator in an automated process
35

. Experience has 

shown that it is better to use the pressure as the control 

parameter rather than liquid flow rate since the latter tends to 

produce oscillations in the results.    

Only one or two time steps are required to capture the well 

flow behaviour and optimise its completion design as an initial 

step prior to modelling of the full well life. An evaluation of 
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the well flow characteristics if completed with conventional 

completion can be examined after the initial IPR tables are 

transferred to the wellbore network model. Then, an ICD 

completion with annular isolation can be modelled and 

optimised either automatically using the optimisation tools 

available in the network modelling software (GAP
TM

) if the 

reservoir is relatively homogeneous; or manually through 

alteration of the number of ICD and their strength values for 

heterogeneous case.  

Resolve
TM

 (Provided by Petroleum Experts) was used in this 

study to couple the reservoir and well models. It allows a 

number of choices for the controlling parameter for each 

connection such as the Bottom Hole Pressure, Liquid Flow 

Rate, etc. In this study the Bottom Hole Pressure was used to 

control the contribution from each connection. IPR data tables 

for each well connection in the reservoir simulation model 

were generated and transferred to the wellbore network model, 

and subsequently the controlling bottom hole pressure for each 

connection was transferred back to the simulator for each time 

step. 

6.4 Example Case Description           

A synthetic reservoir simulation model containing 3 regions of 

moderate permeability ranging from 2,000 to 3,000 mD with 

Kv/Kh value of 0.1 was generated. The 2,000 mD regions are 

intersected by high permeability zones (5,000 mD) with 

widths of 40 and 80 ft (Figure 7). The model dimensions and 

fluid properties are summarized in Table 1. Also, a numerical 

aquifer was attached to the reservoir model to provide pressure 

support.  

 

Table 1: Reservoir Properties 

Length (ft)   4,000 

Width (ft)   800 

Height (ft)   400 

Regions     3 

Porosity (%): 

Each region   22, 25, 22 

High permeability zones  28 

Permeability (mD): 

Region 1 & 3    2,000 

Region 2   3,000 

High permeability zones  5,000 

Kv/Kh    0.1 

Relative permeability  Theoretical 

Pressure (psi)   3,000 

Temperature (
o
F)   150 

Oil Density (lbm/ft
3
)  58.0 

Oil Viscosity (cP)  10.0   

   

A horizontal well intersecting the high permeability layer was 

modelled in the network solver and optimiser program. The 

horizontal lateral is 3,000 ft-long connecting to 75 gridblocks. 

Each gridblock connection in the reservoir simulation model 

was matched with an inflow in the wellbore network model. 

The well dimensions are listed in Table 2. The wellbore 

dimensions were kept constant in the comparison between the 

ICD and SAS completions to eliminate the effect of tubular 

size variation. The completion was sufficiently large so that 

friction along the openhole was small. Thus, the inflow profile 

will only reflect the effect of the permeability variation. 

Nozzle-type ICDs were modelled using inline chokes which 

were modified by suitable Cd multiplier.   

 

Table 2: Well Dimensions 

Length (ft)  3,000 

Open hole diameter (ft) 0.7083 

ICD Screen OD (ft) 0.6250 

ICD Screen ID (ft) 0.5 

Depth (ft)  4,815  

 

6.5 Methodology           

After the construction of both models, an initial coupling time 

step was run to transfer the IPR tables for each 

inflow/connection and establish a representative well inflow 

performance relationship in the network solver program. The 

wellbore was first modelled with 6-in Internal Diameter (ID) 

and 4-in equivalent annular diameter to resemble an open-hole 

SAS completion with annular flow. The annular segments at 

each edge of the high permeability zones were disabled to 

resemble annular isolation packers. The contribution of each 

connection when SAS with annular packers completion was 

applied is shown in Figure 8. It is apparent that the high 

permeability zones are dominating the well inflow 

performance.   

The well was then completed with nozzle-type ICDs. Annular 

isolation was installed at each edge of the highly contributing 

zones to eliminate annular flow and force the produced fluid 

to pass through the ICDs installed at that depth. The minimum 

and maximum standard nozzle sizes were then set for each 

ICD to allow for automatic optimisation of ICD distribution 

along the horizontal section. High connection weighting 

values were given to the low contributing zones and low 

values to the high permeability zones in the optimisation 

process in order to enhance the optimiser’s performance. 

GAP
TM

 allocated high strength ICDs along the highly 

contributing zones and lower strength ICDs along the low 

permeability zones at the heel and toe sections of the well. The 

allocated nozzle sizes were adjusted slightly to match the 

available nozzle-type ICD sizes (Table 3). The application of 

this design resulted in a relatively equalized fluid influx along 

the wellbore (Figure 9). The coupled reservoir/wellbore 

models were simulated for the full economic life of the well 

after acceptance of this final completion design.          

6.6 Results and Discussion           

The optimisation of the ICD strength distribution along the 

horizontal section equalized the fluid influx early in the well 

life. However, it failed to maintain the equalized fluid front 

after 2 years of production and depletion of the reservoir 

pressure. The waterfront arrived at the wellbore shortly after 

its arrival in the SAS completion and in almost the same zones 

as indicated in Figure 10 and Figure 11. This behaviour is 
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attributed to the:  

1) Transmissibility between the high permeability and low 

permeability zones in the near wellbore region is high; 

causing the fluid to cross flow behind the packer from the 

high to the low strength ICD region (Figure 12), and   

2)  ICD strengths being sufficient to ensure equalized flow 

when the layer pressures were of the same magnitude and 

the only distinguishing factor was the deliverability of 

each zone.  

The above phenomena are not usually considered due to 

limitations of the currently available, ICD modelling 

software(s) (chapter 5). 

ICD strength values and annular isolation packers were 

redistributed along the wellbore in order to eliminate these 

effects. It was found that two annular isolation packers each 

side of the high permeability zone was most effective. This 

double packer arrangement creates a transition zone between 

the high permeability zone and the low permeability zones 

along the wellbore 

This novel arrangement is pictured in Figure 13. Two packers 

are installed at the edge of the high permeability zone and the 

extra packers are installed two ICD joints away from the high 

permeability zone. These ICD joints are of similar ICD 

strength to the ones installed across the high permeability 

zone.  

This arrangement ensures that the 80 ft of low permeability 

formation next to the high permeability region continues to 

contribute to the flow without being restricted by the higher 

productivity zone. The simpler completion, expanding the 

distance between the packers to isolate the high permeability 

zone and a portion of the low permeability region, will result 

in a loss of effective, reservoir inflow length (Figure 14).  

Installation of higher strength ICDs across the high 

permeability zone equalised the zonal contribution early in the 

well life (Table 3). Further optimisation was required after the 

water breakthrough locations were identified to ensure proper 

inflow management over the complete well life (Table 4). This 

final optimisation of the ICD completion resulted in an 

extension of the oil production plateau period (Figure 15) and 

a 11% increase above the SAS completion’s cumulative oil 

production (Table 5).   

6.7 ICD Placement Optimisation Loop           

Optimisation of the ICD strengths and annular isolation 

distribution along the horizontal section of the well during the 

early production period will assist in delaying unwanted fluid 

breakthrough and help equalize the fluid influx into the 

wellbore. However, this might not be the optimum completion 

for the complete well life. Operators often use the models 

described in Chapters 5.1 & 5.3 to optimise the pattern of ICD 

strengths along the wellbore. The planned design is further 

optimised once the actual well logs are acquired.         

The above example illustrates why it is necessary for any 

simulation designed to optimise the ICD strength distribution 

to include all stages in the well life. In particular: 

1. Early, dry oil production,  

2. Water or gas breakthroughs and 

3. Development of pronounced variation in layer pressures. 

N.B. Stages 2 and 3 may occur at more than one time 

throughout the life of the well. 

A multistage optimisation process is therefore required in 

which the initial ICD distribution is optimised to equalize the 

fluid influx to the wellbore. Then, an evaluation of this 

completion throughout the well life with consideration of 

annular flow is carried out. Further optimisation of the ICD 

distribution is performed at the onset of unwanted fluid due to 

variation in the reservoir fluid contacts or when a pronounced 

variation in the layer pressures is noticed. A re-evaluation of 

the new completion from the start of well life is then 

conducted and necessary further completion changes 

implemented and their performance evaluated.       

This technique allows the modeller to properly capture the 

variation in the well completion performance over the well life 

and quantify the value generated from the completion design.  

Also, the proposed ICD modelling and optimisation technique 

can be applied prior to the drilling of the well and/or after 

refining the simulation model with the acquired well data 

(logs) during and after drilling.  

This workflow allows multiple realizations of the simulation 

model to be coupled to the wellbore model simultaneously. 

The modeller can thus evaluate multiple scenarios of the well 

completion before making decisions.  

This modelling technique may not be necessary when 

designing completions for reservoirs with a homogeneous 

permeability distribution (unfortunately a relatively rare 

occurrence).  

Managing unwanted fluid influx in carbonate formations is 

often a major production problem. The ICD/Swell Packer 

enable completion design was shown to give significant 

improved recovery in a model reservoir in which the high 

conductivity contrast approaches the values experienced in 

fractured and other carbonate formations. Translation of this 

favourable result to real well completion recommendations 

will require inclusion of several aspects of reservoir flow 

physics that have not been included here.   

7 Additional Advantages  

Some of the advantages from this modelling workflow are the: 

1. Evaluation of the most applicable type of ICD for the 

appraised environment can be performed easily.  

2. Effect of erosion or plugging of nozzles/orifices can be 

evaluated after an appropriate production period by an 

increase or reduction in the nozzle/orifice size.  

3. Integration of ICDs with Inflow Control Valves (ICVs) 

controlling zone or lateral inflows from a multi-zone, 

single wellbore or a multilateral completion. ICV 

operation can be optimised to maximise recovery after 

unwanted fluid breakthrough occurs using a commercially 

available optimizer
35

.  

N.B. (Cross) flow from the open annulus back into the 

formation i.e. the case when the section of openhole annulus 

has a greater pressure than the reservoir gridblock forming the 

wellbore, can not be modelled at this stage.  
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8 Conclusions  

1. The efficiency with which ICDs can optimise the well 

influx profile and prolong the well life by mitigating 

water and gas coning has been proven in a wide range of 

reservoir environments.  

2. Previous publications on ICD applications have 

emphasized the need for techniques to optimise the design 

and recognize the full value of such a completion. 

3. A simple technique to model and optimise the ICD 

completion in any well configuration using commercially 

available tools has been presented. 

4. The ability to automatically optimise the ICD strength 

distribution along the horizontal section added a great 

value to this process in term of time that would otherwise 

have been spent on “trial and error” manual alteration of 

the ICD strengths.  

5. The importance of this technique arises from the lack of 

current ICD modelling programmes that adequately 

accounts for both annular flow and time dependent effects 

simultaneously.       
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10 Nomenclature  

ECP = External Casing Packer 

ESP = Electric Submersible Pump  

ESS = Expandable Sand Screen 

ICD = Inflow Control Device  

ICV = Inflow Control Valve 

IPR = Inflow Performance Relationship 

SAS = Stand-Alone-Screen 

SP = Swell Packer 

Cd  = Coefficient of Discharge  

D = Helical diameter  

De  = Deans number  

ID = Internal Diameter 

Re  = Reynolds number  

d  = Pipe diameter   

λ  = Curvature ratio  

εw  = Phase inversion water cut (Fraction)  

η = Dynamic viscosity of oil (cP) 

 

Units: 

stb/day = Stock Tank Barrel per Day 

scf/stb = Standard Cubic Feet per Stock Tank Barrel 

Sm
3
/D = Standard Cubic Meter per Day 
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Figure1: The original Inflow Control Device 

10, 27
   

   

 
Figure 2: A helical channel-type ICD (Supplier 1

11
) 

 

 
Figure 3: A nozzle-type ICD (Supplier 2

13)
 

 

 
Figure 4: An orifice-type ICD (Supplier 3

38
) 

  

 
Figure 5: Multi-segment Well flow direction model as 

applied in Eclipse
TM

 100
28
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Figure 6: The wellbore configuration in the network 

modelling software 

 

 
Figure 7: The reservoir simulation model. The well 

location is shown in red.  

 

 
Figure 8: Fluid influx into the wellbore with a SAS 

completion and annular isolation (Figure 12)  

 

 
Figure 9: Equalised fluid influx into the wellbore at the 

beginning of well life with ICDs and completion together 

with annular isolation (Figure 13) 

 

 
Figure 10: Water breakthrough locations for SAS 

completion with annular isolation (Figure 12) after 3.5 

years of production  
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Figure 11: Water breakthrough locations for initial ICD 

completion with annular isolation (Figure 13) after 3.5 

years of production 

 
Figure 12: Annular Isolation does not control high 

permeability zone due to flow behind packer from high to 

low permeability zone.  

 

 
Figure 13: Effective ICD and Packer distribution around 

the high permeability zones 

 

 

 
Figure 14: High permeability zone limits the contribution 

from any low permeability zones enclosed between the 

packers  
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Table 3: Initial ICD strengths distribution  

Zone Number Number of ICDs Normalized 

Nozzles Effective 

Diameter 

Zone 1 9 0.669 

Zone 2 2 0.433 

Zone 3 21 0.816 

Zone 4 22 0.510 

Zone 5 1 1
b
 

Zone 6 8 SAS
a
 

Zone 7 1 1
 b
 

Zone 8 1 0.433 

Zone 9 1 1
 b
 

Zone 10 9 SAS 

Note:  a)   Pressure drop across SAS is low and values < 

2 psi have no effect on model results  

b)  The nozzles’ effective diameter is normalized 

to the lowest available ICD strength  (i.e. 

largest nozzle diameter)  

 

Table 4: Optimised ICD strength distribution 

Zone Number Number of ICDs Normalized 

Nozzles Effective 

Diameter 

Zone 1 7 0.669 

Zone 2 6 0.361 

Zone 3 18 0.770 

Zone 4 27 0.361 

Zone 5 6 SAS
a
 

Zone 6 4 0.361 

Zone 7 8 SAS
a
 

Note:  a)   Pressure drop across SAS is low and values < 

2 psi have no effect on model results  

b)  The nozzles’ effective diameter is normalized 

to the lowest available ICD strength  (i.e. 

largest nozzle diameter) 

 

 

 
Figure 15: Comparison of the Well Performance for the 

three completion designs  

 

Table 5: Oil recovery for the completions studied 

Completion Design Cumulative 

Oil Production 

(MMstb) 

Increase 

above SAS 

(%) 

SAS with Packers 17.9 - 

Initial ICD Completion 18.8 5 

Optimised ICD Completion 20.0 11 

 

 


