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Abstract 

     Following the unloading of completion fluids, wells face the most critical step of 

ramping up production toward a peak rate for the first time.  The challenge is delivering 

the maximum rate with limited well performance information and without damaging the 

completion integrity at the same time.   

     This research develops a production surveillance methodology to monitor and ramp-

up production for open hole stand-alone screen (OH-SAS) completion that optimizes 

production by considering risks of production impairment and screen erosion failure. 

Laboratory evaluations of drill-in fluids showed non-uniform filter cake clean-up or 

presence of “pinholes” resulting in concentrated inflow around the wellbore. A 

combination of laboratory return permeability tests, CT scans and a developed reduced 

order model determines the pinhole size and filter cake properties to calculate the total 

pinhole flow area or concentrated inflow velocity using an established relationship. The 

pinhole inflow velocity is distributed into the radial and axial annular flow velocities in the 

OH-SAS wellbore using a network flow model to assess the screen erosion failure risks 

from direct impingement and convergence at the top of the screen assembly, 

respectively.  The ramp-up strategy is to use successive PBU data of increasing production 

rates and evaluate the absolute and relative changes of completion pressure drop and 

velocities against established failure criteria.   

      The application of filter cake properties and PBU data showed the internal filter cake 

permeability has the most dominant effect on the inflow velocity.  The completion 

pressure drop as a function of flow rate is non-linear and higher than the case without 
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pinholes. Results from the network model showed that convergent velocity is higher than 

the impingement velocity. Adding screen above the pay interval reduces the screen 

impingement erosion risk but increases the annular scouring risk. Scouring velocity is 

found to be significantly higher than the convergent velocity.  This highlights the need to 

consider screen and borehole failure due to scouring erosion. The convergent velocities 

for pinhole and non-pinhole cases were similar and the implementation of pinhole in this 

methodology only affected the completion pressure drop or the completion impairment 

risk.   
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Introduction 

     The open hole stand-alone screen (OH-SAS) is becoming a preferred sand control 

completion for reservoir rock that has some cohesion strength. In such a completion, 

casing or liner is installed above or in the formation. The reservoir section is drilled and 

left as an open hole, i.e., it has neither casing nor liner. Only a sand screen is installed in 

the completion interval to produce with sand control. The installation process is simpler 

and more cost efficient as compared to open hole gravel pack completion. However, 

without gravel pack supporting the borehole, some rock cohesion strength is needed to 

prevent borehole collapse during production which can localize flow and cause 

completion failure.  Figure 1-1 presents a schematic of a typical OH-SAS completion. 

 

Figure 1-1: Schematic of OH-SAS Completion 
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     Since production comes from open hole, the drilling fluid for the reservoir section can 

affect well productivity (Hodge, Burton, Fischer, & Constien, 2010).  Unlike conventional 

drilling mud, this fluid is known as a reservoir drilling fluid or drill-in fluid (DIF). It is 

designed to minimize formation damage for optimum well productivity (Van Zanten, 

Horton, & Tanche-Larsen, 2011).    

     Following the well completion, the process of producing a new well generally involves 

following operations:  

➢ Unload the completion fluids: This process consists of producing the completion 

fluids and lifting the solids from the wellbore. Depending on the reservoir 

temperature and suspension time prior to unloading, a lower portion of the OH-

SAS interval might be covered with settled weighting solids in the DIF. 

➢ Bean-up (choke change strategy): This step is an engineered sequence of choke 

setting which gradually increases the production to achieve the target rate.   

➢ Ramp-up production to peak rate: Reaching the maximum target production rate 

for the first time. 

➢ Re-start production after a shut-in: This is the process of opening up a well after 

an expected or unexpected shut down. 

This dissertation focuses on ramp-up methodology for OH-SAS completions. 

1.1 Motivation and Objective 

     After unloading, the well faces the most critical step of ramping up production toward 

its designed peak rate for the first time. The challenge is delivering this maximum rate 

with limited well performance information and without compromising the completion 



3 
 

integrity at the same time.  Therefore, having surveillance information during the ramp-

up process is critical in making proper adjustments and avoiding well impairment or 

failure before reaching the peak production rate.  

     Currently, there are limited monitoring tools installed across the completion interval 

with real-time data to help production engineers make real-time decision during the 

ramp-up process. Typically, the only available surveillance information is from pressure 

build-up (PBU) data measured by downhole pressure gauges. PBU uses the flowing and 

shut-in pressure data and the pressure transient analysis (PTA) method to calculate the 

reservoir properties and completion skin pressure drop (DPcom). The use of PBU data and 

PTA results provides a viable surveillance approach for well ramp-up operations.   

     The main objective of this research is to develop and present a production surveillance 

methodology to monitor and ramp-up production for OH-SAS completion. The aim is to 

ramp-up the well safely and optimize production by taking into account the risks of 

completion impairment or failure. The methodology utilizes reservoir, completion, and 

PBU data and develops an open hole filter-cake flow model with DPcom to calculate an 

average wellbore inflow velocity (Vc). This inflow is then distributed into the OH-SAS 

geometry as a direct screen impingement velocity (Vs) and the annular flow velocity at 

the top of screen or convergent velocity (Va). Values of Vs, Va and DPcom are used to 

monitor and operate the ramp-up operations by minimizing screen erosion failure and 

completion impairment risks. The strategy is to use successive PBU data of increasing 

production rates and evaluating the absolute and relative changes of Vs, Va, and DPcom.         
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These provide a direct surveillance feedback to help adjust the ramp-up process. The 

methodology includes the followings: 

➢ Choose impairment and failure mechanisms and associated criteria. 

➢ Develop models to diagnose well performance and completion flow velocities. 

➢ Propose a practical strategy of using diagnosed data to forecast well performance 

and failure risks for well ramp-up. 

     Finally, example and sensitivity analysis will be presented to demonstrate the 

performance of the developed methodology and identify areas of further studies. 

1.2 Outline 

     This section describes the content of each chapter of the dissertation.  Chapter 1 gives 

general information about OH-SAS completions and the importance of developing a 

ramp-up method for real-time surveillance.  Chapter 2 describes the key requirements 

and strategy for a well ramp-up operation. Chapter 3 provides information about the 

experiments, measurements and models to determine input properties of the filter cake 

created by the DIF.  Chapter 4 explains the relationship between completion pressure 

drop and flow through pinholes from the filter cake to estimate the inflow velocity Vc.  

Chapter 5 presents the development of network modeling of OH-SAS system and 

calculates the distribution of Vc into Vs and Va.  Chapter 6 shows example results and 

discusses their applications and implications. Finally, Chapter 7 summarizes the 

conclusions and recommendations for future studies. 
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Production Ramp-up Methodology 

     This chapter presents the key requirements and strategy for the ramp-up of OH-SAS.  

A review of published literature is presented first, which followed with a summary of 

requirements for the ramp-up methodology. 

2.1 Pertinent Literature on Production Ramp-up and Screen Failure 

     Numerous studies have been published on operation limits of maximum drawdown 

and velocity without a direct method to link back to surveillance data, such as PBU.  Tiffin 

et al. (2003) recommended a range of completion drawdown limits between 500 psi and 

1000 psi. This paper also proposed a simple correlation for determining the maximum 

safe production rate or flux for sand control wells. The correlation was developed based 

on data collected from 200 cased-hole gravel packs and fracpacks. The authors concluded 

that production rate that is too high or too low would result in unacceptable well failure 

rate or loss of production, respectively. Vaziri et al. (2002) conducted a comprehensive 

sand failure study and proposed drawdown guidelines and near wellbore velocity limits 

based on formation shear/tensile failures. A production impairment model based on fines 

mobilization caused by transient pressure gradient for bean-up operations was presented 

by Geilikman et al. (2005). The authors recommended carrying out smaller incremental 

drawdown steps and shorter time intervals between choke opening changes. Karantinos 

et al. (2015) proposed a choke management strategy to maximize well performance by 

reducing formation damage and sand production. Their results showed that selection of 

the best economic strategy depends on the length of ramp-up period. 
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     There are limited surveillance methodologies that adjust the ramp-up operations 

based on well performance results from PBU data.  Wong et al. (2003) presented a 

method for cased-hole gravel pack and fracpack completions.  The method uses DPcom 

from PBU to calculate the perforation flow velocity at the casing inside diameter (Vc) and 

on the screen outside diameter (Vs). Using well failure data from the Gulf of Mexico, the 

paper proposed completion failure limits for gravel destabilization at Vc < 10 ft/s and 

screen erosion at Vs < 1 ft/s. The paper also provided three field examples to demonstrate 

a surveillance strategy of using successive PTA results, with increasing production rates, 

to assess completion performances and adjust the ramp-up operations.   

     Cameron et al. (2018) developed a probabilistic flux, erosion model and workflow to 

calculate the flow through sand screen along the wellbore utilizing wellbore, completion 

and reservoir properties. The authors presented four mechanisms for sand screen erosion 

namely; fines migration, poor annular pack, sand particles and direct impingement 

through voids. For velocity prediction, a coupled reservoir and wellbore flow simulator is 

used with input parameters of fracture geometry, perforation geometry, perforation 

efficiency and proppant pack permeability with reservoir properties. Based on the 

workflow, perforation velocities above 4 ft/s may result in pack destabilization under 

certain conditions. The authors applied CFD simulations to model and understand sand 

screen erosion mechanisms and the most influential parameters. They concluded that 

conventional guidelines, which give simple flux limits do not consider cumulative effect 

of sand production. Sand properties such as particle size range, shape, etc. are uncertain 

and the application of in-situ flow, acoustic, temperature and pressure monitoring may 
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provide additional insights. A screen erosion study to identify the flow parameters that 

effect screen erosion was presented by Procyk et al. (2015), which attempted to provide 

guidelines for safe operation of cased-hole frack pack and cased-hole gravel pack 

completions. Experiments on erosion and CFD simulations are conducted to determine 

erosion damage and to visualize particle flow paths. Based on the analysis, an operational 

envelope is provided for well operating limits using sand concentrations and screen inlet 

velocity (assumed to the perforation flow velocity) to identify safe operating limits for 

various service life. Based on the chart, velocities above 10 ft/s may decrease the service 

life of a screen to less than one year for cased-hole gravel pack system (Procyk et al., 

2015). Mahmoudi et al. (2018) investigated standalone screen failures focusing on 

plugging. The authors analyzed macroscopic and microscopic plugging of different screen 

types. Based on the analysis of wire wrap screen samples, they observed severe erosion-

corrosion of base pipe which resulted in significant mass loss and thickness reduction in 

the base pipe. Also, significant plugging of annular space between the base pipe and 

screen was observed. 

     For open hole sand control completions, different completion design factors affecting 

completion impairment and failure have been identified.  Burton et al. (2010) compared 

open hole gravel pack and OH-SAS performances using analytical and experimental 

results. They identified and discussed different possible mechanisms that can impact 

open hole completion performance and failure.  For OH-SAS they suggested the following 

failure mechanisms: 

➢ Ineffective sand screen design leading to screen plugging & screen erosion 
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➢ Ineffective drilling mud and mud cake clean-up leading to loss of productivity 

➢ Ineffective corrosion inhibition of the screen leading to screen corrosion failure 

     For open hole gravel pack, the interactions between the drilling fluid and its clean-up 

can be more significant. Using laboratory tests which closely emulated downhole 

conditions, Hodge et al. (2010) provided the following observations:  The drilling filter 

cake is harder to clean-up with gravel pack in-place.  A filter cake that is not effectively 

cleaned-up would lead to smaller inflow area.  This would result in concentrated flow with 

impaired productivity and increased screen erosion risks.   

Conclusions from Burton et al. (2010) and Hodge et al. (2010) highlighted the dominant 

effect of ineffective filter cake clean-up to wellbore concentrated inflow. This leads to 

increased DPcom or production impairment and screen erosion failure.  In this study, both 

production impairment and screen erosion mechanisms are incorporated in the ramp-up 

methodology for OH-SAS. 

2.2 Production Ramp-up Components 

This section discusses the different components and steps, which are used to develop 

the ramp-up methodology for OH-SAS.  This dissertation will follow closely the approach 

used in cased- hole gravel pack and fracpack completions by Wong et al. (2003).  The 

section begins by comparing and discussing the ramp-up methodology requirements or 

components between the cased hole and OH-SAS. The section then ends by outlining and 

summarizing the different components or steps of the methodology with a flowchart 

shown in Appendix A.  Table 2-1 presents the ramp-up methodologies of cased hole 
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(Wong et al., 2003) and OH-SAS completions. The table emphasizes the different and 

additional challenges that OH-SAS completion needs to be addressed. 

Table 2-1: Ramp-up Methodology for Cased Hole Gravel Pack and OH-SAS 

  
Cased Hole Gravel Pack 

 (Wong et al. 2003) 
OH-SAS Completion 

Mechanism & 
Failure criteria 

➢ Well impairment (DPcom) 
➢ Gravel Instability (Vc) 
➢ Screen Erosion (Vs) 

➢ Well impairment (DPcom) 
➢ Screen erosion as direct 

impingement on screen (Vs) 
and screen erosion at the top 
of screen assembly (Va)   

Completion Inputs 

➢ Perforation diameter and 
tunnel length 

➢ Perforation’s gravel 
permeability & beta factor 

➢  Average filter-cake pinhole 
diameter  

➢  Filter cake permeability & 
thickness 

Surveillance DPcom 
& flow model. 

Completion flow 
geometry 

➢ Linear flow in gravel 
packed perforation tunnel 

➢ Flow from perforation (Vc) 
through gravel pack to 
screen (Vs) 

➢ Formation radial to 
hemispherical flow through 
pinholes 

➢ Pinhole inflow (Vc) to 
impingement flow velocity on 
screen (Vs) and convergent flow 
velocity (Va) at the screen top 

Ramp-up Strategy Multiple ramp-up steps with PBU after each step  

 

The completion impairment and failure mechanisms and associated failure criteria are 

presented first. For a cased hole, there are perforations packed with impaired gravel.  

These perforations would lead to increased DPcom and concentrated flow velocities that 

can destabilize the annulus gravel pack (Vc) and screen erosion (Vs). With a casing installed 

in the wellbore, a high DPcom limit between 1000 and 1500 psi can be tolerated while 

the Vc and Vs limits of 10 ft/s and 1 ft/s were proposed by Wong et al. (2003). For open 

hole, as discussed by Burton et al. (2010) and Hodge et al. (2010), the filter cake clean-up 

is not always effective or uniform, which leaves the filter cake with non-uniform clean-up 
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or with “pinholes.” This results in increased DPcom and concentrated flow.  Without the 

annular gravel pack, the OH-SAS only considers screen erosion. This consists of direct 

impingement screen erosion (Vs) and converging velocity at the top of the screen 

assembly (Va).  Similar to cased hole a screen erosion limit of 1 ft/s for both Vs and Va is 

assumed.  For open hole and without the casing support, the limit for DPcom on borehole 

collapse is not considered.  The assumption is that during the ramp-up process reservoir 

depletion has not yet taken place and the effect of DPcom alone on borehole collapse is 

small.    

For the comparison of completion inputs, the cased-hole gravel pack needs inputs of 

perforation diameter and tunnel length which are known completion quantities. The 

remaining inputs of impaired gravel permeability and beta factor (for non-darcy flow) are 

obtained through field calibration data (Wong et al., 2003).  For OH-SAS, on the other 

hand, the required inputs of pinhole diameter, filter cake permeability and thickness are 

not known and determined using experimental and computational methods.  Chapter 3 

discusses the necessary approaches to determine these inputs for a given DIF, reservoir 

conditions, and formation rock properties.   

For the surveillance DPcom and flow model, there are major differences between the 

cased hole and open hole completions. The pressure drop and flow equation for a gravel 

packed perforation with known diameter and length are based on Darcy’s flow with non-

darcy flow component due to the expected high or concentrated flow rate (Wong et 

al.,2003).  However, the pressure drop and flow equation for filter cake pinholes and filter 

cake damage in an open hole would involve radial and hemispherical flows, which is more 
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complex, as given by Furui et al. (2003). The solution of Vc or downhole flow area of 

perforations and pinholes for cased hole and open hole completion, respectively is 

determined by setting the flow pressure drop equals to DPcom from PTA.  This approach 

enables a direct link of using well surveillance results into the ramp-up process.  Having 

the Vc value the flow distribution through the cased-hole gravel pack or OH-SAS can be 

obtained. However, the flow geometry and velocity distributions are significantly 

different for these two completions. For the cased-hole gravel pack, the flow velocity 

exiting the packed perforation (Vc) will mostly flow radially across the annular gravel pack 

to the outside diameter of the screen (Vs). For the OH-SAS, without the annular gravel 

pack, the inflow Vc will be separated into radial and axial flow components through the 

annular region and into the screen. The radial flow gives the direct screen impingement 

velocity Vs and the convergent velocity at the top of the screen, Va.  Solutions of Vs and Va 

from Vc  will be discussed in Chapter 5.  

The ramp-up strategy for both cased hole gravel pack and OH-SAS completions is 

similar. The strategy uses multiple ramp-up steps with PTA following each step before 

reaching the desired peak production rate.   Using the PTA results after each rate enables 

surveillance engineers to assess the well performance and the failure risks before deciding 

to maintain or ramp-up to the next rate.   

In this dissertation the components of the production ramp-up methodology are 

organized and summarized as follows: 

1. Filter cake pinhole properties:  For open hole completion the filter cake is known to 

not clean-up uniformly, which results in the formation of pinholes that lead to 
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concentrated production flow. The filter cake clean-up performance depends on DIF, 

rock properties, and reservoir temperature and pressure conditions. Our approach 

needs three filter cake inputs, including a representative pinhole diameter, the filter 

cake permeability, and the filter cake thickness. These filter cake properties are 

determined using a combination of laboratory test named return permeability test 

(RPT), computer tomography (CT) scan of test samples, and modeling.  Chapter 3 

discusses RPT, CT-Scan and modeling approaches to determine these filter cake input 

parameters for the ramp-up methodology.   

2. Well Inflow Analysis:  The relationship between pressure drop and fluid flow through 

pinholes is established using results presented by Furui et al. (2003).  Equating the 

known DPcom from PTA with the pinhole’s pressure drop would solve the total 

pinhole flow area or velocity Vc. Chapter 4 presents these equations. 

3. Wellbore flow rate distribution:  After the pinhole or wellbore inflow velocity Vc is 

obtained, the next step is to calculate flow rate and velocity distribution in the OH-

SAS completion.  Figure 2-1 depicts a schematic of the flow distribution.   A network 

model will be built for the OH-SAS geometry to calculate the distribution of Vc into the 

impinging velocity on the sand screen (Vs) and converging through the screen (Va) at 

the top of completion interval. Chapter 5 provides the formulation of this network 

model.   
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                           Figure 2-1: Schematic of Velocities in OH-SAS well 

Appendix A shows a flow chart and summarizes these components. 
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Filter Cake Pinhole Properties and Inputs 

This chapter explains the pinholes phenomena in an OH-SAS completion and the 

procedures to determine the properties of the pinhole and filter cake, such as: pinhole 

diameter, filter cake thickness and permeability from laboratory testing and modeling. 

Depending on the design and effectiveness of the breakers in the DIF, laboratory 

experiments have shown non-uniform filter cake clean-up. Field production usually flows 

through a filter cake with pinholes. 

Experimental observations show that the filter cake does not clean-up uniformly and 

there are “pinholes” that would lead to concentrated flow. Pinholing is a phenomenon 

where the filter-cake deforms locally and creates openings to enable fluid flow. Figure 3-1 

shows photos of a filter cake from a water-based mud with visible pinholes (Cerasi & Soga 

2001) and a filter cake from a synthetic based drill-in fluid where the presence of pinholes 

is not visible through the external filter cake.  

 

Figure 3-1: Picture of Pinholes in a WBM (Cerasi & Soga, 2001) and Non-Visible Pinholes in a SBM 
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     Pinholes and filter cakes properties are formation and drill-in fluid (DIF) specific. They 

can be determined from a laboratory Return Permeability Test (RPT) and CT scans. 

Following sections will describe the experiments and measurements that are conducted 

for identifying the properties of the pinhole and filter cake. 

3.1 Return Permeability Test Experiments 

Drilling mud filter cake is a layer created by solid particles around the wellbore due to 

the pressure difference between fluid hydrostatic pressure and formation pressure. 

Figure 3-2 shows the schematics of the wellbore from side and top view to illustrate the 

external filter (mud) cake and internal filter cake. The internal filter cake is the result of 

filtration of the drilling mud into the formation. 

 

Figure 3-2: Wellbore from Side and Top View with Filter cakes and Filtration 

During the drilling fluid selection, laboratory experiments of return permeability tests 

(RPT) are conducted to identify formation damages and effectiveness of fluid clean-ups 

from different formulations of drilling fluids (weighting particles and breakers) and with 

different mud cake lift-off or unloading conditions. Bailey et al. (1999) stated that during 

the initial stages of filter cake growth, particles are also forced into the formation, which 

Filtration 
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creates an internal filter cake that plugs the pores close to wellbore (Bailey et al., 1999). 

External and internal filter cakes can cause significant permeability reduction and result 

in high pressure drops. They investigated the solids invasion and their mobility during the 

clean-up process with water-based muds. Based on their study, fine particles invaded 

deep in the core and not easily removed by back flushing while larger particles have 

shallower invasion and bridge off near the surface. During their study, solids invasion 

profiles into sandstone cores for water-based drilling fluids were acquired employing 

scanning electron microscopy/ X-ray mapping (SEM-EDS) and synchrotron energy-

dispersive X-ray diffraction tomography (EDD-T).   

Zain et al. (2000) conducted experiments using 10 ppg water-based mud and flowback 

rates at 170 °F. Based on their analysis, external filter cake plays no role in determining 

flow initiation pressure (FIP) and return permeabilities. Rather it is solids and filtrate 

invasion that determine the flowback pressure profile during production (Zain, Suri, & 

Sharma, 2000). 

Suri et al. (2010) explained the FIP as the drawdown required to initiate the flow when 

the well is put on production. They conducted experiments for two types of drilling fluids 

(sized calcium carbonate and bentonite) on sandstones and carbonates with a 

permeability range of 4 to 1500 md. Constant pressure flowback experiments were used 

to estimate the flow initiation pressures. According to their results, return permeabilities 

are controlled by the internal cake and not removal of the external cake. 
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In this dissertation, internal filter cake data of SB-DIF are provided by Shell Technology 

Center Houston (STCH) using their test cell and procedure of the Drill-in Fluid Production 

Return Perm Test (DIF-PRPT).  

3.1.1 RPT Experimental Set-up 

The experimental set-up used to conduct the Production Return Permeability Tests by 

Shell is shown in Figure 3-3. This is a High-Pressure High-Temperature set-up that allows 

experiments above 300 °F temperature and 1,000 psi overbalance pressure for long 

duration of lock-down times.   

 

Figure 3-3: RPT Test Equipment 

 

Figure 3-4 shows a schematic of the RPT system components separately and with the core 

or test plug. Above the test plug, the experimental RPT includes three sections: the ring 

spacer, annular gap spacer and a screen. All the components have fixed dimensions, 

whereby the injected fluid flows through these sections before reaching the outlet. The 
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ring spacer (0.13” thickness) is the component where the external filter cake builds and 

annular gap spacer (0.56” thickness) is where the mud cake settles.  

     During a regular experiment, production fluid is injected from bottom of the vessel 

through the test plug where pressure drop and flow rate values are measured to 

determine the initial permeability of the test plug. Following this step, the drill-in fluid is 

circulated at the top of the core to dynamically build the internal and external filter cakes 

with overbalance pressure (e.g., 300 psi) and for a given time period.  At this point, in 

order to mimic the unexpected shut down conditions before the unloading of drill-in fluid, 

the experimental set-up can be locked down for several weeks at downhole conditions 

and the mud solids settle and form the mud cake. Finally, the production fluid is injected 

or produced again to measure the test plug return permeabilities. 

     The terminology used for the experiment and analysis is given below:  

• Internal Filter Cake: The filter cake inside the core invaded with drilled solids 

and fluids filtrate. 

• External Filter Cake: The filter cake built on top of the core  

• Mud Cake: The section where DIF solids settles above the external filter cake. 

• Lcore=Length of test plug 

• Lint=Thickness of internal cake  

• Lec=Thickness of external cake 

• Lmc=Thickness of mud cake 

• Luninvadedcore=Lcore –Lint  

• Lt=Lcore+ Lec+ Lmc 
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Figure 3-4: Schematic of RPT Equipment Components with Core 

Figure 3-5 shows the side and top views of the external filter cake with core test plug 

taken after the experiment. There is no visible pinholes from the external filter cake of 

this SB-DIF. 

 

Figure 3-5: Picture of the External Filter Cake  
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3.1.2 Test Cores and Fluids 

Four different RPT data were analyzed, including RPT 34, RPT 35, RPT 37 and RPT 38.  

Table 3-1 summarizes the test plug dimensions (diameter by length), test lock-in 

durations and production fluid. 

Table 3-1: Test Core Properties 

 

3.2 CT-Scans and Pinhole Sizes 

Following a Return Permeability Test, accurate measurement methods should be 

applied to determine the size of the pinhole and depth of mud invasion into a core 

sample. Computed-Tomography (CT) scan, which measures the density of the rock and 

particles in the rock, is an applicable method. Van Overveldt et al. (2012) suggested CT-

Scans provides more detailed picture of the process than standard methods that are used 

traditionally.  

As mentioned earlier, in SB-DIF, pinholes are not visible to naked eye and cannot be 

measured through direct measurements. The use of CT scans is most appropriate in this 

situation. Following the Return Permeability Tests, tests plugs were CT-Scanned in the 

Petroleum Engineering Department at the University of Houston. Scans are to provide 

information on the thickness of the internal filter cake and an equivalent pinhole size at 

the top of the core. The equivalent pinhole size is identified as the percentage of the 

Test 
Core 

Name 
Dimension 

(inch) 
Fluid 

Test Lock in Duration 
(days) 

1 RPT 34 1.48 by 3 

Soltrol 

15 

2 RPT 35 1.49 by 3 60 

3 RPT 37 1.50 by 3 14 

4 RPT 39 1.50 by 3 6 
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core’s top surface area that has a relatively higher density or less invaded solids; thereby, 

more open for fluid flow.  

In addition to the equivalent pinhole size and thickness of the internal filter cake, the 

permeability of the internal filter cake is also needed to develop the relation between 

pinhole pressure drop and PTA measurements (Chapter 4). Computational Fluid Dynamics 

(CFD) simulations are needed to calculate this permeability using the results obtained 

from RPT and CT Scans. The following section describes the steps used to conduct the 

global sensitivity analysis. This delivers a reduce order model to estimate the internal filter 

cake permeability without applying CFD simulations separately.  

3.3 Global Sensitivity Analysis and Reduced Order Model for RPT measurements 

CFD simulations are needed to estimate the internal filter cake permeability from the 

Return Permeability Test and CT Scan results. These simulations can be done using finite 

element method and existing commercial software packages, such as COMSOL 

Multiphysics®. To simplify and minimize the needs to perform simulations each time, a 

reduced order model using Sobol Analysis is used instead. Appendix B presents the 

mathematical background of the Sobol technique.  

The goal of the global sensitivity analysis discussed in this section can be summarized 

as follows: 

1. Identify and rank the dominant input parameters that have the most effects to the 

output parameter. In this case the input parameters are internal filter cake properties, 

pinhole size and flow rate. The output parameter is the pressure drop across the core 

plug. The main advantage of the Sobol method is its capability to capture not only the 
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effect of a single input parameter, but the interaction of input parameters on the variance 

of the output parameter. 

2. Build a reduced order model that can be used to predict the inlet pressure of the core 

to calculate pressure drop across the core plug based on the dominant input variables 

identified by the global sensitivity analysis. 

3.3.1 Sobol Technique 

Unlike local sensitivity analysis, in the global sensitivity analysis the variation of the 

output parameter due to the variance in the input parameters can be evaluated (Sudret, 

2008). This approach has the advantage of considering the effect of multiple input 

variables on the variation of the output variable. The Sobol method, which is a global 

sensitivity analysis, can be used for linear and nonlinear problems (Sobol, 2001; Sobol, 

1993). This method is based on the measurement of the fractional contribution of the 

input parameters to the variance of the model output. The mathematical formulation of 

the technique is given in Appendix B. 
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Wellbore Inflow and Well Surveillance  

This chapter provides a brief background of wellbore skin and describes the calculation 

of wellbore inflow using the Pressure Transient Analysis. In the ramp-up methodology, 

following the measurement and calculation of filter cake and pinhole properties, the next 

step is developing the relationship between pinhole completion pressure drop and 

Pressure Transient Analysis skin.  

Formation damage is considered as phenomena that reduce the potential of reservoir 

to produce fluids. It is generally caused by fluids used in drilling or completion operations.  

During drilling operation, the overbalance pressure between the DIF and formation can 

have mud particles invade the formation and cause permeability reduction in the near 

wellbore. 

Van Everdingen & Hurst (1949) introduced the skin concept (s) to attribute for 

additional skin pressure drop (ΔPs) in radial flow as 

 ∆𝑃𝑠 =
𝑞µ

2𝜋𝑘𝐿
𝑠 .                  (4.1) 

Hawkins (1956) worked on the skin concept as a concentric damaged region around 

the wellbore with damaged permeability (ks) and radius (rs) as  

                              𝑠 = (
𝑘

𝑘𝑠
− 1) 𝑙𝑛

𝑟𝑠

𝑟𝑤
  .             (4.2) 

This formation damage skin is one of the many skins, which contributes to the total 

skin or apparent skin. For radial flow, the total skin can be described as summation of 
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different skin components and Economides et al. (2013) gives the total skin factor 

equation as 

𝑠 = (𝑠𝑐𝑜𝑚𝑝)
𝑑

+ 𝑠𝑐 + 𝑠𝜃 + 𝛴𝑠𝑝𝑠𝑒𝑢𝑑𝑜 .        (4.3) 

(scomp)      : Combined effects of drilling, completion and permeability damage  

sc             : Skin due to partial completion 

𝑠𝜃             : Deviated well skin effect 

𝛴spseudo: Phase and rate dependent skin 

Patel and Singh (2016) decomposed the last component, 𝛴spseudo into two as; 

multiphase pseudo skin factor and non-darcy flow or rate-dependent high velocity or 

turbulent flow pseudo skin factor (stur) (Patel & Singh, 2016). 

During the fluid flow from reservoir to wellbore, which is surrounded by internal filter 

cake and pinholes, different flow regimes will occur because of flow direction changes. In 

a wellbore with 100% open flow area, the only flow regime observed in a formation is 

radial flow. On the other hand, a wellbore with pinholes, the radial flow will transition to 

hemispherical flow due to convergence through the pinholes; thereby, introducing 

additional skin.  

Furui et al. (2003) developed equations to predict skin factors for different completion 

types, such as: open hole, slotted liner, perforated liner, cased and perforated and gravel 

pack completions (Furui, Zhu, & Hill, 2003). Solutions accounts for the effects of formation 

damage, convergent flow to slotted or perforated liner. According to results, turbulence 
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effect skin factors for slotted or perforated liners would reach as high as tens of times 

larger than open hole alone where the rate-dependent skin factor may be negligible. Also, 

if formation sand plugs the slots or perforations, the turbulence skin can reach hundreds 

of times larger.  

In this dissertation, Furui’s solution of perforated liner is used for the calculation of the 

total pinhole area (or total number of pinholes flowing where each pinhole has a fixed 

diameter) as a function of the skin completion pressure drop. This approach replaces the 

perforations in the perforated liner as pinholes of the filter cake. Skin equation is given by 

Furui et al. (2003) as  

s = sfo +
sL,r

0

kDs
+ βDsft,LFo,w,          (4.4) 

where so
L,r  is the rate-independent skin factor for perforated liner and sfo is the 

conventional damage skin factor characterized by Hawkins’ formula. kDs , Fo,w , ft,L , βDs are 

dimensionless permeability (kint/kformation), Forcheimer number, turbulence scale factor 

and dimensionless scale factor, respectively. This equation considers the flow geometries 

for a well with perforated liner: 

➢ Hemispherical flow region induced by perforation 

➢ Radial flow region induced by perforation angular distribution 

➢ Radial flow away from the perforations.  

     To calculate the total skin factor, completion skin pressure drop was estimated by 

taking the difference of the pressure drop between actual and ideal conditions. These 
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pressure drops were integrated along the actual (ξ) and ideal (ξ’) flowpaths and they are 

given as follows: 

   ∆𝑃𝑎𝑐𝑡𝑢𝑎𝑙 = ∫
𝜕𝑝

𝜕𝜉

𝜉1

𝜉0
𝑑𝜉 = ∫ [

𝑞𝜇

𝑘𝐴(𝜉)
+ 𝛽𝜌 (

𝑞

𝑘𝐴(𝜉)
)

2

] 𝑑𝜉
𝜉1

𝜉0
,                              (4.5) 

∆𝑃𝑖𝑑𝑒𝑎𝑙 = ∫
𝜕𝑝

𝜕𝜉′

𝜉1
′

𝜉0
′ 𝑑𝜉′ = ∫

𝑞𝑢

𝑘𝐴(𝜉′)

𝜉1
′

𝜉0
′ 𝑑𝜉′,            (4.6) 

and                 ∆𝑃𝑠𝑘𝑖𝑛 = ∆𝑃𝑎𝑐𝑡𝑢𝑎𝑙 − ∆𝑃𝑖𝑑𝑒𝑎𝑙 =
𝑞𝑢

𝑘
[∫

𝑑𝜉

𝐴
− ∫

𝑑𝜉′

𝐴

𝜉1
′

𝜉0
′

𝜉1

𝜉0
] + 𝛽𝜌𝑞2 ∫

𝑑𝜉

𝐴2

𝜉1

𝜉0
.        (4.7) 

     Boundary of each flow region was calculated from the dimensionless parameters 

based on perforation number and distribution. Figure 4-1 shows a schematic of a liner 

with perforations where each perforation is considered as a pinhole. In these equations, 

the following parameters are used to calculate the rate independent part of the skin.  

rp=radius of perforations 

ls=perforation diameter:2rp 

rdp =dimensionless radius: rp/rw 

𝛾=Dimensionless parameter for axial convergence flow=rdp/λ 

λ=Perforation penetration ratio (perforation size per unit length): 2rp/lu 

mp=Number of perforation units around the circumference of the liner 

𝜐=Dimensionless parameter for perforation induced radial flow=sin(π/mp) 
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Figure 4-1: Schematic of Perforated Liner with Perforations Replaced by Pinholes 

From the integrals, analytical skin equations for perforation liner are given by Furui et al. 

(2003) as 

For 𝛾 < 𝜐, high slot density; 

𝑠𝑃𝐿
0 = (

2

𝑚𝑝𝜆
) (

3

2
− 𝜆) + (

2

𝑚𝑝
) 𝑙𝑛 (

𝜐𝜆

𝑟𝐷𝑝
) − 𝑙𝑛(1 + 𝜐)   (4.8) 

and         𝑓𝑡,𝑃𝐿 = (
2

𝑚𝑝𝜆
)

2

(
27

8𝑟𝐷𝑃
) + (

2

𝑚𝑝
)

2

(
1

𝜐
) +

1

1+𝜐
 .            (4.9) 

 For 𝛾 > 𝜐 ; 

𝑠𝑃𝐿
0 = (

2

𝑚𝑝𝜆
) (

3

2
−

𝑟𝐷𝑃

𝜐
) + (

𝑟𝐷𝑝/𝜆

𝑟𝐷𝑝+𝜆−1
) 𝑙𝑛 {(

𝜆+𝑟𝐷𝑝

1+𝜐
) (1 +

𝜐(1−𝜆)

𝑟𝐷𝑝
)} − 𝑙𝑛 (1 +

𝑟𝐷𝑝

𝜆
)        (4.10) 

Perforations are 
replaced by pinholes 
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𝑓𝑡,𝑃𝐿 = (
2

𝑚𝑝𝜆
)

2

(
27

8𝑟𝐷𝑝
−

𝑟𝐷𝑃
2

𝜐3
) + (

𝑟𝐷𝑝/𝜆

𝑟𝐷𝑝+𝜆−1
)

2

{
1

1+𝜐
−

1

1+𝑟𝐷𝑝/𝜆
+

1−𝜆

(1−𝜆)𝜐+𝑟𝐷𝑝
−

𝜆(1−𝜆)

𝑟𝐷𝑝
−

 [
2(1−𝜆)

𝑟𝐷𝑝+𝜆−1
] 𝑙𝑛 [(

𝜆+𝑟𝐷𝑝

1+𝜐
) (1 +

𝜐(1−𝜆)

𝑟𝐷𝑝
)]} + (

𝑟𝐷𝑝

1+𝑟𝐷𝑝/𝜆
).                                               (4.11) 

 

In our ramp-up methodology, using the completion skin obtained from the pressure 

transient analysis, the open flow area of pinholes in filter cake or perforations in 

perforated liner area will be calculated iteratively after re-arranging the above equations 

as follows: 

For 𝛾 < 𝜐, high pinhole density; 

𝑠𝑃
0 = 𝑡1𝑡2 + 𝑡3 − 𝑡4,               (4.12) 

where; 

𝑡1 =
2𝑟𝑝

4𝑟𝑤𝐴𝑜
 ,             (4.13) 

𝑡2 =
3

2
−

4𝑟𝑤𝐴𝑜

𝑚𝑝𝑟𝑝
 ,            (4.14) 

𝑡3 =
2

𝑚𝑝
𝑙𝑛 (

𝑠𝑖𝑛(
𝜋

𝑚𝑝
)4𝑟𝑤

2 𝐴𝑜

𝑚𝑝𝑟𝑝
2 ),        (4.15) 

𝑡4 = 𝑙𝑛 (1 + 𝑠𝑖𝑛 (
𝜋

𝑚𝑝
)),         (4.16) 

and            𝑓𝑡,𝑃 = 𝑘1 + 𝑘2 − 𝑘3,            (4.17) 
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where; 

𝑘1 =
27𝑟𝑝

32𝑟𝑤𝐴𝑜
2 ,          (4.18) 

𝑘2 =
4

𝑚𝑝
2 𝑠𝑖𝑛(

𝜋

𝑚𝑝
)
 ,         (4.19) 

and               𝑘3 =
1

1+𝑠𝑖𝑛(
𝜋

𝑚𝑝
)
  .            (4.20) 

For 𝛾 > 𝜐,  

𝑠𝑃
0 = (

2𝑟𝑝

4𝑟𝑤𝐴𝑜
) (

3

2
−

𝑟𝑝

𝑟𝑤𝑠𝑖𝑛(
𝜋

𝑚𝑝
)
) + (

𝑚𝑝𝑟𝑝
2

4𝑟𝑤
2 𝐴𝑜(

𝑟𝑝

𝑟𝑤
+

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

−1)
) 𝑙𝑛 [(

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

+
𝑟𝑝

𝑟𝑤

1+𝑠𝑖𝑛(
𝜋

𝑚𝑝
)
) (1 +

𝑠𝑖𝑛(
𝜋

𝑚𝑝
)(1−

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

)𝑟𝑤

𝑟𝑝 
)] − 𝑙𝑛 (1 +

𝑚𝑝𝑟𝑝
2

4𝑟𝑤
2 𝐴𝑜

)            (4.21) 

𝑓𝑡,𝑃 = (
𝑟𝑝

2

4𝑟𝑤
2 𝐴𝑜

2) (
27𝑟𝑤

8𝑟𝑝
−

𝑟𝑝
2

𝑟𝑤
2 (𝑠𝑖𝑛(

𝜋

𝑚𝑝
))

3) + (
𝑟𝑝

2𝑚𝑝

4𝑟𝑤
2 𝐴𝑜(

𝑟𝑝

𝑟𝑤
+

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

−1)
)

2

{(
1

1+𝑠𝑖𝑛(
𝜋

𝑚𝑝
)

+
1

1+
𝑟𝑝𝑚𝑝𝑟𝑝

4𝑟𝑤
2 𝐴𝑜

+

 
1−

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

(1−
4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

)𝑠𝑖𝑛(
𝜋

𝑚𝑝
)+

𝑟𝑝

𝑟𝑤

−

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

(1−
4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

)𝑟𝑤

𝑟𝑝 
) − (

2(1−
4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

)

𝑟𝑝

𝑟𝑤
+

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

−1
) 𝑙𝑛 [(

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

+
𝑟𝑝

𝑟𝑤

1+𝑠𝑖𝑛(
𝜋

𝑚𝑝
)
) (1 +

𝑠𝑖𝑛(
𝜋

𝑚𝑝
)(1−

4𝑟𝑤𝐴𝑜
𝑚𝑝𝑟𝑝

)𝑟𝑤

𝑟𝑝
)]} + (

1

1+
𝑟𝑝𝑚𝑝𝑟𝑝

4𝑟𝑤
2 𝐴𝑜

).    (4.22) 

     The Open Flow Area (OFA) is the total area of all flowing pinholes over the surface area 

of the open hole completion interval calculated from above equations. This OFA will be 

used in the ramp-up methodology to estimate the average pinhole flow velocity and 

calculate the pinhole completion pressure drop for each production rate increment. A 
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well with “100% OFA” will be labelled as the Hawkins’ case, where Hawkins completion 

pressure drop is applied.  On the other hand, a well with OFA less than 100 % is called as 

the pinhole case whereby additional pressure drop occurs due to converging flow 

introduced by pinholes. Figure 4-2 depicts the two scenarios with 100% OFA (Hawkins 

case) and less than 100% OFA (Pinhole case). 

 

 

 

Figure 4-2: Schematic of Hawkins (A) and Pinhole (B) Cases 

4.1 Limitations and Discussion 

Production ramp-up is the operation after completion fluids have been unloaded. At 

this early stage, water production is not expected and assumed not to be present. As a 

result, permeability and skin interpreted from PTA analysis, and applications of the ramp-

up methodology are based on single-phase fluid flow. Extension of this research to 
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multiphase flow or with water production has not been addressed.  For such ramp-up and 

surveillance applications, multiphase PTA interpretations would need to be considered.   
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Flow Distribution of OH-SAS System by Network Modeling 

Following calculation of the Open Flow Area (%) and velocities coming from pinholes, 

identifying the flow rate distribution in annulus and the velocity distributions in 

completion interval, such as the velocity distributions impinging on the screen (Vs) and 

converging to the top screen (Va), is required. This helps make decisions during production 

ramp-up and improves design of the OH-SAS completion. The development of the flow 

distribution is achieved by modelling the OH-SAS system as a network shown in Figure 

5-1.  As a first step, the well is discretized into n sections, where the completion system 

with all its components are mapped onto a network system consisting of nodes and 

elements connecting all components. In the network system each section has the 

following components which creates resistance to the flow: 

1) Annulus, fluid flow through the annulus 

2) Sand Screen, fluid flow into the screen 

3) Inside Screen, fluid flow through inside the screen or base pipe 

The network system will be solved numerically by satisfying conservation of mass and 

mechanical energy balance equations.  
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Figure 5-1: a) OH-SAS Well Schematic b) Discretized Completion c) Completion as Network System 

In order to identify the flow distribution, an analogy was made with Kirchhoff’s first 

and second law.  Kirchhoff’s Circuit laws are described by Gustav Kirchhoff in 1845. These 

laws include two equalities for current and potential in the lumped element model of 

electrical circuits. Kirchhoff’s first law states that algebraic sum of currents in a network 

of conductors meeting at a point is zero. The second law defines that directed sum of the 

potential differences (voltages) around any closed loop is zero. Figure 5-2 depicts both 

Kirchhoff laws. 

Cross (1936) studied analysis of networks employing different methods to solve the 

Kirchhoff’s first and second laws. He employed Method of Balancing Flows and Method 

of Balancing Heads for Kirchhoff’s first and second law, respectively. Li et al. (2003) 

presented methods to solve natural gas pipeline flow problems using electrical load flow 
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techniques (Li, An, & Gedra, 2003). He studied to integrate a natural gas network with an 

electrical power network for a combined distribution network. Raoni et al.(2017) 

proposed a method solving looped pipeline networks where Kirchhoff’s laws are met in 

the system (Raoni, Secchi, & Biscaia, 2017). Their method used a modular procedure to 

determine the problem pressure difference equations and grouped them to be solved 

successively. 

Pipeline network system analyses are inspired by Kirchhoff’s laws by utilizing the 

following analogies for their solution:  

First Law Analogy: The flow at any node is equal to sum of the flows that feeds the node  

Second Law Analogy: The total pressure drop in a closed loop equals to zero. 

The first and second analogy laws are equivalent to the mass (continuity) and energy 

conservation law. The following section presents the network equations that are solved, 

which provide the flow rate and pressure distributions in the OH-SAS completion 

system. 

 

Figure 5-2: Kirchhoff’s Current and Voltage Law 



35 
 

5.1 Energy Balance Equations 

General mechanical energy balance and mass balance equations are solved 

simultaneously to determine the flow rates along the wellbore.  

In an open system, the steady state energy balance can be written as  (Morrison, 2013): 

∆Ek + ∆Ep + ∆H = Qin,CV + Ws,by,CV   ,       (5.1)  

where; 

∆Ek=m(
v2

2

2
−

v1
2

2
),            (5.2) 

∆Ep = mg(z2 − z1),           (5.3) 

 and                   ∆H = m(Û2 − Û1 + p2/ρ2 − p1/ρ1).                      (5.4) 

On the right-hand side, Qin, CV and Ws,by,CV  are the rate of heat into control volume and 

shaft work done by fluid in the control volume. For an incompressible fluid, its density is 

constant and substituting all the results above back into the open-system energy balance 

and dividing by m yields to Eq. 5.6 

(
v2

2

2
−

v1
2

2
)+g(z2 − z1) + (Û2 − Û1) + (p2/ρ2 − p1/ρ1) =

𝑄in,cv

m
+

𝑊s,by,CV

m
 , (5.5) 

 ∆p

ρ
+

∆(v2)

2
+ g∆z + [∆U −

𝑄in,cv

𝑚
] = −

𝑊s,by,CV

m
 .   (5.6) 

For the isothermal condition both terms in the square bracket are negligible. Grouping 

these terms together and calling them the friction term, F, Eq. 5.6 becomes 

∆p

ρ
+

∆(v2)

2
+ g∆z + F = −

𝑊s,by

m
 .       (5.7) 
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In the left-hand side of Eq. 5.7, the four terms represent the change of pressure, kinetic 

energy, potential energy and the sum of friction, respectively. On the right hand of the 

equation is the additional or external work added. 

Dividing by dL and ignoring the external work term; 

𝑑𝑝

𝑑𝐿
)

𝑇𝑜𝑡𝑎𝑙
=

𝑑𝑝

𝑑𝐿
)

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑎𝑙
+

𝑑𝑝

𝑑𝐿
)

𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙
+

𝑑𝑝

𝑑𝐿
)

𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙
.  (5.8) 

The above equation is another way of writing the mechanical energy balance equation. 

The mass balance and mechanical energy balance equations are applied to each 

component of the network system and all the network equations are solved 

simultaneously to determine the velocity and pressure distributions in the system.  

The resistance of fluid flow through a wire-wrapped screen is given in Appendix C using 

an equation that was obtained experimentally (Richard, Montagna, & Penberthy, 1997).  

5.2 Hawkins and Pinhole Approach 

The Hawkins approach represents the case where the wellbore’s surface area across 

producing interval is open (100% flow area case).  The reservoir interval is discretized into 

n sections and the total production rate is divided equally into n sections (i.e., 

rate/section) and distributed equally to nodes of each section as sources.  The Pinhole 

approach represents the case with less than 100% flow area and with concentrated flows.  

Since both cases produce the same total flow rate, the pinhole case will have higher fluid 

velocity (Vc) coming out of the pinholes and entering the annulus region. To emulate this 

higher inlet velocity, the total number of nodal sources will be reduced proportionally to 
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the percentage of the pinhole open flow area; thereby, resulting in higher rate per source 

node. Figure 5-3(a) and Figure 5-3(b) depict the Hawkins and Pinhole Cases, respectively. 

 

Figure 5-3: a) Hawkins Case b) Pinhole Case 

For n number of loops, there is a total of 3n+1 unknown flow rates which require 3n+1 

non-linear equations to be solved numerically. As shown in Figure 5-4, the number of non-

linear equations in the system equals to n loops plus 2n+1 mass bass balance equations.  
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          Figure 5-4: Loops and Flow Distribution 

5.3 Limitations and Discussion 

Modelling the wellbore as a network system composed of loops requires fluid flow at 

each branch. For a completion configuration with the screen’s top inside or below the 

reservoir’s top, there will be a loop containing reservoir inflow, annular flow and a screen 

without flow (or blank pipe section).  This screen section without flow is not allowed in 

the network system solution. The network flow approach used in this research can only 

consider completion configurations with screen’s top above the reservoir interval.  
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Results and Discussions 

This chapter presents the results and discusses the ramp-up methodology 

components. Results will be provided for each component as follows 

➢ Pinhole Size and Filter Cake Properties  

o Return Permeability Test (RPT) 

o CT Scan  

o Global Sensitivity Analysis and Reduced Order Model 

➢ Wellbore Inflow and Well Surveillance  

➢ Flow Distribution of OH-SAS System by Network Modeling 

6.1 RPT Experimental Results and Analysis 

RPT test results for four different combination of DIF and test plug were provided by 

Shell. The initial test plug permeability (without filter cake), kcore, and the final test plug 

permeability (with the varying DIF filter cake and back flow clean-up), kf, were analyzed.  

Both kcore and kf are obtained by analyzing the pressure drop across the length of the test 

plug vs. flow rate. The ratio of final to initial permeability is the reported return 

permeability result in percentage that characterizes the effectiveness of DIF used or its 

damage potential after the filter cake clean-up. Both initial and final permeability are 

measured using the producing fluids Soltrol. Table 6-1 shows these test results with 

sample RPT 37 having the highest return permeability value. 
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 Table 6-1: Measured Core Permeabilities 

 
Test 

Initial Permeability (kcore) 
Before Cake Build-up 

(mD) 

Final Permeability (kf) 
After Cake Build-up 

(mD) 

kf/kcore 
(%) 

RPT 34 632 348 55.1 

RPT 35 640 176 27.3 

RPT 37 589 509 86.3 

RPT 38 676 458 67.7 

 

6.2 CT Scans Results and Analysis 

Return permeabilities include combined effects of all three cake layers (mud cake, 

external filter cake and internal filter cake) from the DIF as shown previously in Figure 3-4.  

The ramp-up model assumes the external cake and the mud cake are produced through 

the sand screen during the completion fluid unloading process.  The completion pressure 

drop in the pinhole model requires inputs of internal filter cake permeability (kint), internal 

filter cake thickness (Lint), and an equivalent pinhole flow area or Unit Flow Area (UFA).  

Both the thickness and the equivalent pinhole area are determined from the CT scans.  

     Figure 6-1 shows the CT scans side view of samples RPT-34 and RPT-37. The scans show 

Lint of 0.02” and 0.004”, for RPT 34 and RPT 37, respectively.  The CT scans of the core 

samples from the top view are presented in Figure 6-2.  In the figure, the bright regions 

indicate areas of higher density caused by invaded filtrate liquid and mud solids that were 

not effectively cleaned-up or with damaged permeability. The darker regions are areas of 

lower density with less invaded solids that were more effectively cleaned-up or with less 

damaged permeability. In this dissertation, the undamaged area or darker region will be 

approximated as the pinhole flow area or unit flow area (UFA). RPT 37 has a few small 
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bright spots representing a very uniform filter cake clean-up or a large pinhole flow area.  

RPT 34 has a larger and non-uniformly distributed brighter region representing a smaller 

pinhole flow area. Table 6-1 supports these observations with RPT 37 having a higher 

return permeability ratio than RPT 34.    

 

 

Figure 6-1: CT Scans Side View 

 

Figure 6-2:  CT Scans Top View 
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The pressure drop across the test sample is taken over the entire cross section area of 

the test plug and including the presences of mud cake, external filter cake, and internal 

filter cake as depicted in Figure 3-4.  Using Darcy’s law and a flow in series across these 

three layers, Eq. 6.1 can be written as 

𝐿𝑡

𝑘𝑡𝑜𝑡𝑎𝑙
=

𝐿𝑢𝑛𝑖𝑛𝑣𝑎𝑑𝑒𝑑_𝑐𝑜𝑟𝑒

𝑘𝑐𝑜𝑟𝑒
+

𝐿𝑖𝑛𝑡

𝑘𝑖𝑛𝑡
+

𝐿𝑒𝑐

𝑘𝑒𝑐
+

𝐿𝑚𝑐

𝑘𝑚𝑐
 .      (6-1) 

 

Where kint, kec and kmc are the permeabilities of internal filter cake, external filter cake 

and mud cake, respectively. Figure 3-4 defines the other variables in Eq. 6-1.  As the values 

of each layer’s permeability is not known separately, the following approach is applied 

for two scenarios.  In the first approach, kmc (mud cake permeability) is assumed to be 

infinite (i.e., no mud cake), which results in a minimum value for kint+ kec. In the second 

approach, both kec and kmc are assumed to be infinite (i.e., both mud cake and external 

filter cake are not present), resulting in a minimum value for kint. Table 6-2 provides the 

results for RPT-34, which has an internal filter cake length or Lint=0.02 inch (552.8 μm) 

from the CT-Scan (Figure 6-1). 

Table 6-2: Minimum Permeabilities, RPT 34 

RPT 34 
Minimum        

kint +kec          
(mD) 

kmc    
(mD) 

  

Internal+External Cake 34 ∞   

  kint kec kmc 

Only Internal Cake 7 ∞ ∞ 
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6.2.1 Pinhole Size and Filter Cake Permeability Calculation with CFD 

The permeability of internal filter cake (kint) in Table 6-2 is determined using the entire 

cross section area of the test plug, i.e., the pinhole diameter equals to the core plug 

diameter or 100% UFA. However, the measured pressure drop from the RFT is affected 

by the combined effects of Lint, kint, and UFA as a system.  This means computational fluid 

dynamics (CFD) simulations are needed to investigate the effect of different pinhole 

diameters (UFAs) on kint for a given set of Lint, undamaged core permeability (kcore), 

produced fluid properties (Soltrol density and viscosity) and RPT pressure drop and flow 

rate. COMSOL Multiphysics® is used for these simulations with a circular pinhole in the 

middle of the test core.  Simulations used an axisymmetric 2D model representing the 

test plug with the internal filter cake and pinhole.Figure 6-3 illustrates the axisymmetric 

model and its main inputs for the CFD simulations. 
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Figure 6-3: CFD Axisymmetric model and Main Inputs 

Table 6-3 gives the calculated kint as a function of different values of concentric circular 

pinhole flow area or UFA of 100%, 75%, 50%, and 25% of the test plug cross section area. 

These simulation results are based on a constant Lint of 0.02 inch and RFT pressure drop 

of 0.8 psi and flow rate of RPT 34.  It is important to emphasize that kint increases as the 

pinhole flow area reduces when all other parameters are held constant.  As expected, for 

the case with UFA of 100% the kint of 6.8 mD is close to the calculated kint of 7 md shown 

in Table 6-2. 
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Table 6-3: Internal Filter Cake Perm vs. Different Pinhole UFA for RPT 34 

UFA 

 (%) 

kint  

(mD) 

Δp 

 (psi) 

100 6.8 0.8 

75 9 0.8 

50 14 0.8 

25 31.5 0.8 

 

     A CFD output screenshot from these simulations is presented in Figure 6-4. It shows, 

the pressure profile along the length of the core sample for a case with UFA less than 

100%.  

 

Figure 6-4: CFD Simulation Screenshot 

Figure 6-5 shows the pressure profiles, streamlines and flow velocity vectors in the 

axisymmetric cross section of the test plug that includes the pinhole outlet with internal 
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filter cake permeability and thickness. As expected, the pressure drop increases 

significantly as the fluid flow approaches the pinhole outlet because of the smaller outlet 

area. Similarly, the streamlines and flow velocity vectors converge and increase in the 

pinhole outlet. They are accentuated by the effects of internal filter cake properties and 

thickness.    

  

 

A                                                   B                        C 

Figure 6-5: CFD Simulations 2D Slice 
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6.3 Global Sensitivity Analysis and Reduced Order Model for RPT Measurements 

As explained in previous section, CFD simulations are required to estimate the internal 

filter cake permeability using RPT and CT scan results.  Instead of making CFD simulations 

each time with different RFT and CT scan results, the global sensitivity analysis with 

developed reduced order model is performed.  This approach would enable the 

estimation of kint with known RFT and CT-scan data.   

   

6.3.1 A Reduced Order Model for RPT 

Four independent input variables are selected for the global sensitivity analysis, which 

have critical effect on the pressure drop of the RPT. These variables are radius of pinhole 

(note, this can be determined using UFA) at the top of the core, ropening, injection velocity, 

vi, internal filter cake permeability, kint , and internal filter cake thickness, Lint.  CFD 

simulations are necessary to analyze the interaction and combined effects from these 

variables. Here, the CFD simulations are conducted to develop the function 𝑓 in Equation 

B.1 in Appendix B.  As the function is not known, Monte-Carlo simulations must be 

conducted in order to carry out the integration numerically. Table 6-4 shows the chosen 

variables and their ranges, which are selected for the global sensitivity analysis. The 

parameters are divided into core radius, length, permeability and maximum velocity, 

respectively to make them dimensionless and select ranges expected of a typical RPT. 

Also shown in the table, the associated Sobol index  for each parameter are given as 𝑆𝑖. 
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Table 6-4: Dimensionless Parameters 

 ropening  

(-) 

(-) 

 

Lint 

(-) 

 

kint 

(-) 

 

V 

(-) 

 Minimum 0.22 0.001 0.003 0.01 

Maximum 0.97 0.1 0.06 1 

Sobol Index S1 S2 S3 S4 

 

A total of 8,000 CFD simulations were conducted using CFD software (COMSOL 

Multiphysics®) and including combination of input variables needed for Sobol Analysis. 

Figure 6-6 and Figure 6-7 show the individual and interaction contributions of the input 

variables, respectively. As can be seen in Figure 6-6, among the single term Sobol indices, 

the internal cake permeability (S3) has the biggest effect (~0.32) on the total pressure 

drop. This means 32% of the inlet pressures changes is contributed by the internal cake 

permeability alone. The second and third most dominant variables are the pinhole radius 

(S1) and the injection velocity (S4), with 15% and 13% effects, respectively. 
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Figure 6-6: Sobol Indices Individual Effects  

As it was mentioned before, the advantage of the Sobol technique is its capability to 

capture the interaction effects among the input variables. Figure 6-7 shows the Sobol 

indices of the second order interactions of the input variables. Among the higher order 

terms, 𝑆13 is the Sobol index of the variance in inlet pressure from changing both variables 

𝑆1 and 𝑆3 together. Figure 6-7 shows 𝑆13 has the most dominant effect as compared to 

other second order indices. Note that the next higher order Sobol terms, such as 𝑆123 are 

neglected, since the sum of all indices up to the second order already contributed to 96 

% of the total changes. If more precise results are desired, one can include the higher 

order terms with the same methodology described earlier. 
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Figure 6-7: Interaction Effects  
 
 
 

Below is the summation of all the Sobol first order and second order indices which 

are equals to 0.96, as given by 

𝑆1 + 𝑆2 + 𝑆3 + 𝑆4 + 𝑆12 + 𝑆13 + 𝑆14 + 𝑆23 + 𝑆24 + 𝑆34 = 0.96. 

Since, some of the indices have small effect, the indices selected to develop the 

reduced order model are given by 

𝑆1 + 𝑆2 + 𝑆3 + 𝑆4 + 𝑆13 + 𝑆23 + 𝑆34 = 0.92. 
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Figure 6-8 to Figure 6-14 show the variation of the Sobol functions with respect to the 

corresponding input variables. First four graphs present the individual function of each 

parameter. As can be seen in Figure 6-8, pressure at the core inlet decreases as the 

dimensionless radius at the top of the core increases due to a larger outlet. Figure 6-9 

shows that an increase in the internal filter cake thickness increases the inlet pressure. 

The individual effect of the internal cake permeability is shown in Figure 6-10, where the 

inlet pressure decreases with increasing permeability. The last individual effect is the inlet 

velocity that is shown in Figure 6-11, which can be linearly correlated with the pressure. 

Each one of these functions contains the least square regression equation.  

 
 
 
 

 
 Figure 6-8: ropening vs f1 
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Figure 6-9: Lint vs f2  

 
Figure 6-10: kint vs f3  
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 Figure 6-11: v vs f4 

The changes of 𝑓13, 𝑓23, and 𝑓34 with respect to their variables are presented in Figure 

6-12 through Figure 6-14. The dots on the plot give the model output while the surfaces 

represent the least square regression.  

 

Figure 6-12: ropening & kint  vs  f13 
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Figure 6-13: Lint & kint  vs  f23 

 

Figure 6-14: v & kinternal  vs  f34 
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The equations are extracted from the above figures are written based on technique to 

generate the functions for the calculation of the inlet pressures, as follow: 

𝑓0 = 510.2,             (6.2) 

𝑓1′ = 0.85𝑟𝑜𝑝𝑒𝑛𝑖𝑛𝑔
−1.45 + 506.5 − 𝑓0 ,     (6.3) 

𝑓2′ = 10.7𝐿𝑖𝑛𝑡
0.5 + 506.1 − 𝑓0 ,            (6.4) 

𝑓3′ = 0.05𝑘𝑖𝑛𝑡
−0.99 + 506.7 − 𝑓0 ,      (6.5) 

𝑓4′ = 9.57𝑣 + 506.2 − 𝑓0 ,             (6.6) 

𝑓13′ = (𝑟𝑜𝑝𝑒𝑛𝑖𝑛𝑔)(𝑘𝑖𝑛𝑡) + 0.033(𝑟𝑠𝑙𝑜𝑡
−1.4)(𝑘𝑖𝑛𝑡

−0.99) + 506.6 − 𝑓0 − 𝑓′
1

− 𝑓3′  ,  (6.7) 

𝑓23′ = (𝐿𝑖𝑛𝑡)(𝑘𝑖𝑛𝑡) + 0.54𝐿𝑖𝑛𝑡(𝑘𝑖𝑛𝑡
−1.07) + 507 − 𝑓0 − 𝑓2′ − 𝑓3′,    (6.8) 

𝑓34′ = 0.121(𝑘𝑖𝑛𝑡
−1 )(𝑣) + (𝑘𝑖𝑛𝑡

−0.02)(𝑣) + 506.2 − 𝑓0 − 𝑓3′ − 𝑓4′ ,   (6.9) 

and the proposed reduced order model can be presented as 

𝐼𝑛𝑙𝑒𝑡 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑓0 + 𝑓1′ + 𝑓2′ + 𝑓3′ + 𝑓4′ + 𝑓13′ + 𝑓23′ + 𝑓34′ . 

6.3.2 Error Analysis 

Error analysis is conducted in order to quantify the accuracy of the developed reduced 

order model. The analysis is carried out by comparing the predictions of the model with 

the CFD simulations. Figure 6-15 shows the error in percentage for all 8,000 simulations.  

As can be seen from the figure, maximum error is around 8% which is less than the sum 
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of the Sobol indices, namely, 0.92.  Figure 6-16 compares the model prediction against 

the simulation results. In order to test the performance of the proposed reduced order 

model, a new data set is used. This set is selected from the parameter values that are not 

used while developing the reduced order model.  

Additional 260 simulations are conducted using the new data set, which is not used 

initially for the development of the reduced order model. The CFD simulation results are 

compared with the reduced order model predictions in Figure 6-17 and Figure 6-18.  As 

can be seen, the maximum percentage error for all simulations conducted is again less 

than 8%. This demonstrates that the proposed reduced order model can replace the CFD 

simulations with confidence. If smaller errors are desired, more Sobol terms must be 

added to the reduced order model. 

  

Figure 6-15: Error Analysis, Error vs. Case Number 
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Figure 6-16: Simulation Results vs. Model Prediction 

 

Figure 6-17: Error Analysis, Testing 
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Figure 6-18: Simulation Results vs. Inlet Pressure, Testing 

6.4 Ramp-up Methodology Wellbore Inflow and Well Surveillance  

This section describes the proposed strategy to ramp-up production to the peak rate.  

The approach is to take several increasing flow rates and taking PTA after each rate to 

assess well performance and screen erosion risk before proceeding to the next higher 

rate. For example, taking 3 steps to reach the desired peak rate with each step increasing 

by 1/3 of the peak rate.  After each production rate is stabilized, a PTA is taken to assess 

the well performance before continuing to the next higher rate. The completion 

performance is evaluated using the relationship of DPcom and pinhole flow of Equations 

4-4 and 4-12 to 4.22, described in Chapter 4. Figure 6-19 is a plot of production rate versus 

DPcom to help explain the first 2 steps of using this strategy with PTA to monitor well 

performance.    
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• From the 1st PTA at q1 the completion skin or its skin completion pressure drop 

(DPcom1) is obtained.  Using the inputs of pinhole and filter cake properties (UFA, Lint, 

and kint) and DPcom1 in Equations 4.4 to 4.10, the actual pinhole flow area (i.e., total 

number of pinholes times UFA) is determined.  The pinhole curve of q versus DPcom 

is then generated by keeping the filter cake properties and calculated pinhole flow 

area constant.  From the 1st PTA, with known q1 and DPcom1, we can also generate 

results of Hawkins’ model (Eq. 4.2) or the entire reservoir OH wellbore flowing (100 % 

flow area). From the Hawkins’ model, we use the same input Lint from CT Scan and 

adjust the kint to satisfy the measured DPcom1. The Hawkins’ line is generated by 

keeping these filter cake properties constant.  Note, the kint value is different for the 

Hawkins and pinhole cases.  Using the pinhole curve, the next higher rate (q2) can be 

decided based on the magnitude of DPcom forecasted and accepted within the 

completion impairment risk.  

• Following the ramp-up to q2 and after the rate is stabilized, a 2nd PTA at q2 is collected 

and the completion response DPcom2 is determined.  The placement of this DPcom2 

and q2 point on the q vs DPcom plot can reveal how the completion is performing 

relative to the predicted performance curve from the 1st PTA. In this example, 5 

possible values of DPcom2 at q2 are shown as Points a, b, c, d, and e in Figure 6-19.     

➢ At Point a, DPcom2 is less than predicted by Hawkins and Pinhole curves.  The 

completion is performing better than predicted or cleaning up.   For Hawkins’ 

model the second kint has increased as compared to kint1.  For Pinhole’s model 
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the number of pinholes or the total pinhole flow area has increased (since 

pinhole UFA, Lint and kint are assumed unchanged between rate changes). 

➢ At Point b, DPcom2 is on the Hawkins curve but still less than Pinhole model 

prediction.  The completion is performing as predicted by Hawkins and better 

than the Pinhole’s prediction.  

➢ At Point c, DPcom2 is higher than predicted by Hawkins but is still less than 

predicted by the Pinhole curve.  So, according Hawkins’ model the completion 

is impairing or kint is reducing.  However, according to the Pinhole’s model the 

completion is still cleaning up. 

➢ At Point d, DPcom2 is even higher than predicted by Hawkins but DPcom2 is on 

the Pinhole curve.  So, according Hawkins’ model the completion is impairing 

but is performing as expected for the Pinhole’s model. 

➢ Finally, at Point e, DPcom2 is higher than predicted by Hawkins and Pinhole 

curves.  In this case the completion is impairing for both models. 

DPcom results from these 5 points illustrate how PTA response from a lower 

production rate can be used to assess the completion performance at a higher rate.  This 

provides direct feedbacks to surveillance engineers and enables evaluations before 

deciding to continue ramp-up or taking other appropriate actions. If the Hawkins’ model 

were used then Points c, d and e show increasing risks of completion impairment and 

decision to choke back might be imposed.  However, if the Pinhole’s model is used, only 

Point e shows completion impairment.  So, using Hawkins’ model can potentially limit 

ramping-up well due to impairment concern as compared to Pinhole’s model.   
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• Assuming that the actual DPcom2 is on Point c, a new Pinhole curve is generated using 

the larger number of pinholes (Point c is cleaning up).  The decision for the next higher 

rate q3 can then be decided based on the forecasted DPcom3.  The process repeats 

with a 3rd PTA at q3. 

 

 

 

 

 

 

 

 

 

 

Figure 6-19: Flow Rate vs. Completion Pressure Drop Schematic 

Next, an example will be used to illustrate the application of the pinhole model. 

Required inputs to calculate the total number of pinholes for a given completion skin and 

pinhole information are given in Table 6-5 as software input screenshot. There are two 
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“Completion & Lab Data” Section. Required pinhole inputs are: pinhole UFA, internal filter 

cake thickness and permeability. These values are obtained using RPT, CT-Scans, and 

Reduced Order Modeling presented in Chapters 3 and 6.  For this example we assumed a 

filter cake permeability (kint) and thickness (Lint) of 2 mD and 0.02 in, respectively.  The 

pinhole diameter can be calculated using a “Core Test Unit Flow Area” of 50% from a 

“Core Test Diameter” of 1.5 in from following equation.  

𝐷𝑝𝑖𝑛ℎ𝑜𝑙𝑒 = √
𝑈𝐹𝐴

100
𝐷𝑡𝑒𝑠𝑡  .                  (6.10) 

From the first PTA at a production rate of 10,000 STB/d, the mechanical skin value is 3 

units.   
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Table 6-5: Required Inputs for Calculations 

 

 

1)  Figure 6-20 presents the simulation results and shows two calculated curves.  The 

first PTA with a skin of 3 units at 10,000 STB/d resulted in a DPcom1 of 64.2 psi (Eq. 

4-1) (Blue circle). Using the relationships of completion skin for perforated liner 

(Eqs. 4.8-4.22), we can calculate the total pinhole flow area and pinhole inflow 

velocity, (Vc), to be 164 ft2 and 0.0052 ft/s, respectively. With the known pinhole 

flow area and inputs of kint and Lint, the pinhole curve (red color) for increasing 

flow rate is generated.  The Hawkins’ curve (green color) for 100% open flow area 

of 569 ft2 is also drawn after calculating a filter cake permeability that matches the 



64 
 

inputted skin of 3. The Hawkins’ velocity at 10,000 STB/d is 0.0015 ft/s.  As 

expected with a smaller total pinhole flow area the inflow velocity (Vc) is larger 

than the Hawkins’ case.  Similarly, as can be seen from the generated q vs DPcom 

curves, the DPcom for a given rate is higher for the pinhole case than Hawkins. 

However, flow velocities for both pinhole and Hawkins cases are small.   

2) Based on the pinhole curve, the next ramp-up rate of 20,000 STB/d with a 

forecasted DPcom of 200 psi was chosen. This 200 psi is viewed to be low and 

acceptable.  After the 20,000 STB/d was stabilized a 2nd PTA was taken and 

resulted in a skin of 9.3 units or a DPcom2 of 400 psi.  This 2nd PTA point (DPcom2 

of 400 psi and q of 20,000 STB/d) is depicted in Figure 6-21. Because DPcom2 is 

higher than the pressure forecasted from the 1st PTA, this suggests the completion 

is experiencing impairment with a reduction of total pinhole flow area from 169 

to 137 ft2.     

3) A new curve is created based on the new flow area from the 2nd PTA as shown in 

Figure 6-22.  Based on this new curve and depending on the risk tolerance for a 

maximum acceptable DPcom, the next ramp-up rate can be selected. For example, 

the DPcom is 720 psi for the next ramp-up rate of 30,000 STB/d.  This process can 

then be repeated with a PTA following with each higher rate and generating a new 

curve to assess the risk of impairment and acceptable DPcom value. 
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Figure 6-20: Flow Rate vs. Completion Pressure Drop for the First PTA at 10,000 STB/d 

 
Figure 6-21: Flow Rate vs. Completion Pressure Drop with 2nd PTA  
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Figure 6-22: Flow Rate vs. Completion Pressure Drop with New Estimation  

Based on the total pinhole flow area of the 1st PTA, both flow velocities converging at 

the top of the screen, Va, and impinging to the screen, Vs are plotted against the total 

production rate in Figure 6-23. These velocities are calculated based on a screen surface 
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Figure 6-23: Flow Rate vs. Va and Vs 
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Reducing the UFA from 75% to 25% increases the pinhole inflow velocity (Vc) from 0.0070 

ft/s to 0.0178 ft/s.  Therefore, it is not appropriate to make sensitivity runs by changing 

any one of the three pinhole & filter cake inputs (UFA, kint, and Lint) without adjusting the 

others two.  The application of the Reduced Order Model (ROM) in Section 6.3 facilitates 

the determination of these inputs as a system. 

Table 6-6: Sensitivity Cases Lint, kint and UFA on Pinhole Completion Velocity 

Case 

Input Output 

Lint kint UFA 
Total Pinhole 

Number 

Total 
Pinhole 

Area 
Vc 

inch mD % - ft2 ft/s 

1 0.02 9 75.0 13127 120.8 0.0070 

2 0.02 14 50.0 15013 92.1 0.0092 

3 0.02 31.5 25.0 15506 47.6 0.0178 

 

Figure 6-24 shows the comparison of the Hawkins case with the Pinhole case that has 

100% UFA (i.e., the pinhole diameter is the same as the core sample diameter in the RFT).  

As can be seen from the graph, the result of pinhole case with 100% UFA is not equal to 

the Hawkins Case.  The reason is that uncovering the entire surface area of the OH 

completion interval with pinholes will still leave areas (between pinholes) that are 

covered with damaged permeability and not contributing flow. The Hawkins case 

assumes 100% of the OH surface area is open for production. Therefore, for a given 

production rate, pinhole model always predicts a higher DPcom than Hawkins model.  For 

well surveillance applications, having a PTA’s DPcom larger than Hawkins’ model might 



69 
 

still be less than the pinhole’s model. To avoid limiting production unnecessarily the 

pinhole model should also be checked.   

 

Figure 6-24: Flow Rate vs. Completion Pressure Drop, 100% UFA Pinhole Case 
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Figure 6-26 presents the effect of formation permeability (k_form) on completion 

pressure drop. As a surveillance tool, skin and k_form are paired and varying k_form result 

in different completion pressure drop estimations. 

 

Figure 6-25: Flow Rate vs. Completion Pressure Drop with kint Sensitivity 
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Figure 6-26: Flow Rate vs. Completion Pressure with, k_form sensitivity 

Figure 6-27 presents flow rate vs. completion pressure drops as a function of 

mechanical skin value from the first Pressure Transient Analysis where increasing the 

skin will result in higher completion pressure drop values. 

 

Figure 6-27: Flow Rate vs. Completion Pressure Drop Schematic, S_mech sensitivity 
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6.5 Flow Distribution of OH-SAS System by Network Analysis 

This section shows the network system built to model the flow velocity distributions in 

the OH-SAS completion. The section also provides results for different completion 

scenarios to understand the impacts of completion designs and pinhole flow on velocity 

distributions.                                                                                   

Analysis started with creating various network models and comparing model results 

with PIPESIM®, a software that allows steady state flow simulation of pipeline network 

systems. Figure 6-28 presents a screenshot from PIPESIM® graphical user interface. The 

first model consists of a pipeline system of 2 loops with 7 branches and 2 sources.  Output 

comparisons between PIPESIM® and network model of flow rate and pressure drops are 

shown in Table 6-7 and Table 6-8, respectively.   Network model and PIPESIM® results are 

in the range of 1%. 

 

Figure 6-28: PIPESIM Model Graphical User Interface 
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Table 6-7: Flow Rate Comparison between PIPESIM and Network Model 

Flow Rates (bpd) 

 Branch 
PIPESIM 

Network 
Model 

Error 

Q1 4,701 4,702 0% 

Q2 5,299 5,298 0% 

Q3 8,859 8,861 0% 

Q4 5,842 5,841 0% 

Q5 5,299 5,298 0% 

Q6 8,859 8,861 0% 

Q7 11,141 11,139 0% 
 

Table 6-8: Pressure Drop Comparison 

Total Pressure Drop (psi) 
 PIPESIM Network Model Error 

J1-J2 0.334 0.330 1% 

J2-J3 43.70 43.73 0% 

J4-J3 0.40 0.40 1% 

J1-J4 43.63 43.66 0% 

J4-J5 44.23 44.26 0% 

J3-J6 44.70 44.73 0% 

J5-J6 0.87 0.86 1% 

 

A second example is a 5 loop system with 5 sources as depicted in  Figure 6-29. Table 

6-9 compares calculated flow rates between network model and PIPESIM®.  Results have 

errors of less than 1%. 
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Figure 6-29: Schematic of 5 Loop, 5 Source System 

Table 6-9: Flow Rate Comparison Between Network Model and PIPESIM for 5 Loop and 5 Source System 

  Flow Rates (bpd) 

  Network System PIPESIM Error (%) 

Q1 4,997 4,996 0.02 

Q2 5,003 5,003 0.00 

Q3 9,986 9,986 0.00 

Q4 5,010 5,010 -0.01 

Q5 14,924 14,923 0.01 

Q6 5,062 5,063 -0.01 

Q7 19,466 19,462 0.02 

Q8 5,458 5,461 -0.05 

Q9 21,134 21,125 0.04 

Q10 8,332 8,336 -0.05 

Q11 5,003 5,003 0.00 

Q12 21,134 21,125 0.04 

Q13 10,014 10,014 0.00 

Q14 15,076 15,077 -0.01 

Q15 20,534 20,537 -0.01 

Q16 28,866 28,874 -0.03 
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A final comparison is for the same 5 loop network but with 3 sources distributed every 

other node as depicted in Figure 6-30. Table 6-10 shows the flow rate comparisons 

between the network model and PIPESIM®. Again errors are less than 1%. These 3 

examples demonstrate the network model developed in the dissertation is delivering 

accurate results as predicted by PIPESIM®. 

 

 

Figure 6-30: Schematic of 5 Loop, 3 Source System 
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Table 6-10: Flow Rate Comparison, 5 Loop, 5 Source 
 

 

 

 

 

 

 

 

 

 

Following the verification of the network results with PIPESIM®, the network model is 

used to describe and analyze the flow rate distributions of OH-SAS completion.  

Simulations are conducted for two different sand screen configurations. They are shown 

in Figure 6-31 and can be described as follows: 

1) Sand screen starts from the top of the reservoir (no screen overlap) 

2) Sand screen starts from above the reservoir (with screen overlap) 

where  

Vc: Downhole flow rate over the total open flow area of the completion 

Vs: Radial velocity impinging on the screen 

  Flow Rate (bbl/d) 

  Network System Pipesim Difference (%) 

Q1 9,682 9,684 -0.02 

Q2 6,984 6,982 0.03 

Q3 7,170 7,168 0.03 

Q4 2,512 2,515 -0.12 

Q5 17,299 17,301 -0.01 

Q6 6,537 6,533 0.06 

Q7 15,038 15,030 0.05 

Q8 2,261 2,271 -0.44 

Q9 21,405 21,398 0.03 

Q10 10,299 10,298 0.01 

Q11 6,984 6,982 0.03 

Q12 21,405 21,398 0.03 

Q13 9,497 9,498 -0.01 

Q14 16,034 16,032 0.01 

Q15 18,294 18,303 -0.05 

Q16 28,594 28,602 -0.03 
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Va: Maximum convergent (radial) velocity entering to the top screen 

Vsc: Maximum scouring velocity flowing axially in the annulus 

AC: Annular clearance or annular gap.  AC = rw – (screen OD/2) 

Screen Overlap = Length of screen above the reservoir formation (can’t be less than 0) 

Screen Length = Reservoir height (h) + Screen Overlap 

    The following cases will be done for the Hawkins’ model or with 100% wellbore 

inflow area.  This means each reservoir node in the network model will have a production 

source.   All simulations will have a formation height of 300 ft, sand screen of 4.5” ID, and 

a total production rate of 20,000 BPD.  Other inputs for these simulations are presented 

in Appendix C. 
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Figure 6-31: Sand Screen Installation Without and With Screen Overlap 

Case 1: No screen overlap.  Figure 6-32 presents the cumulative axial flow rate profile 

in the annulus along the length of the screen.  The bottom of the screen is at 0 ft and the 

top of the screen is at 300 ft (since there is no screen overlap). Figure 6-33 shows the 

schematic of this annular (axial) flow in the wellbore. As shown in Figure 6-32 , the flow 

rate increases or accumulates as it flows up along the annulus from bottom to top of 

screen. Because of the packer, the annular flow reaches a maximum rate and begins to 

slow down as the axial flow diverts radially to enter into the top sections of the screen. 
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Figure 6-32: Axial Flow Rate Profile in Annulus-No Screen Overlap 

 

Figure 6-33: A Schematic of Flow in the Annulus  
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Fluid flow rate impinging radially onto screen, as a function of depth is plotted in Figure 

6-34 and the flow schematic is illustrated in Figure 6-35.  As shown in Figure 6-34, radial 

flow rate onto the screen stays constant up to a specific depth and starts to increase. The 

highest radial flow rate is at the top of the screen because the axial annular flow must 

turn radially into the screen from the top because of the packer’s presence.  

 

Figure 6-34: Radial Flow Rate onto the Screen-No Screen Overlap 

 

Figure 6-35: Radial Flow onto Screen 

0

50

100

150

200

250

300

350

0 100 200 300 400

D
ep

th
 (

ft
)

Radial Flow Rate (bpd)

Radial Flow Rate onto Screen vs. Depth-No Screen Overlap

Wellbore ID=8" (AC=0.75")

100% Flow Area
Total Q=20,000 bpd
No Screen Overlap



81 
 

     Figure 6-36 shows the profile of scouring velocity in the annulus as a function of depth. 

The scouring velocity is calculated by dividing the annulus flow rate (axial direction) by 

the area of the annular gap. As can be seen from the plot, the scouring velocity in the 

annulus increases to a maximum velocity of 2.35 ft/s and then starts to decline as it 

reaches to the inlet from top of screen. This maximum scouring velocity is labelled as Vsc.  

Figure 6-37 presents the radial velocity magnitude that enters the screen as a function of 

depth. This radial impingement velocity is calculated based on a screen surface area of 1 

ft long.  The screen impingement velocity , Vs, remains relatively constant along the screen 

length and increases until it reaches the maximum value of the convergent velocity, Va , 

at the top of the screen. Therefore, the screen impingement erosion risk is highest at the 

top of the screen due to this maximum convergent velocity, Va.  Note, calculated Vs and 

Va values are based on a screen’s surface area of 1 foot in length. Screen velocities 

calculated with different screen lengths will result in different values.  However, the axial 

scouring velocity is based on the annulus’ cross section area and is independent of the 

length interval.  
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Figure 6-36: Scouring Velocity in Annulus vs. Depth – No Screen Overlap 

 

Figure 6-37: Radial Velocity onto Screen vs. Depth – No Screen Overlap 
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Figure 6-38 presents the scouring, Vsc, screen impingement, Vs, and convergent, Va 

velocities as a function of flow rate. The scouring velocity is much larger than the 

convergent and impingement velocities.  For example, at 30,000 STB/d the scouring 

velocity is 3.6 ft/s and the convergent velocity at the top of screen is 0.025 ft/s.   The high 

scouring velocity raises potential concerns and risks of screen scouring erosion and 

borehole enlargement.    

 

Figure 6-38: Velocities vs Flow Rate (8” Wellbore ID-AC=0.75”) – No Screen Overlap 
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rate profile onto screen, for different values of AC, respectively.  These figures show 

increasing the annular clearance diverts more axial flow into the annular region and radial 

flow at the top of the screen; thereby, increasing the annulus scouring risk (Vsc) and screen 

impingement erosion (Va) risk, respectively. 

 

Figure 6-39: Well Top View  

r
screen

 

Annular 
Clearance 

r
wellbore

 



85 
 

 

Figure 6-40: Axial Flow Rate Profile in Annulus with Different AC - No Screen Overlap 

 

Figure 6-41: Radial Flow Rate onto the Screen with Different AC - No Screen Overlap 
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To assess the effect of changing the annular roughness on the scouring and 

impingement flow rate profiles, additional sensitivity runs were made.  They are for a 

constant AC of 0.75 in and flow rate of 20,000 STB/d. Figure 6-42 and Figure 6-43 show 

reducing the annular roughness from 0.12 in to 0.012 in, increases the axial flow rate in 

the annulus and the radial flow rate at the top of screen.  This is not unexpected as 

reducing the frictional pressure drop in the annulus will divert more flow into the annulus 

and more flow converging at the top of the screen.     

 

 
Figure 6-42: Axial Flow Rate Profile in Annulus with Wellbore Roughness Sensitivity 
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Figure 6-43: Radial Flow Rate onto Screen with Wellbore Roughness Sensitivity 
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Figure 6-44: Axial Flow Rate Profile in Annulus with 30 ft Screen Overlap and Changing AC 

 

 

Figure 6-45: Radial Flow into Screen with 30 ft Screen Overlap and Changing AC 
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Figure 6-46: Radial Flow Velocity onto Screen with 30 ft Screen Overlap & Changing AC 
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increases the maximum scouring velocity in the annulus.  Therefore, the selection of an 

optimum screen overlap needs to consider or balance both the wellbore scouring and 

screen impingement erosion risks. 

 

Figure 6-47: Axial Flow Rate Profile in Annulus with Screen Overlap Sensitivity 
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 Figure 6-48: Radial Flow Rate onto Screen with Screen Overlap Sensitivity 

 

Figure 6-49: Radial Flow Velocity onto top of Screen as a function of Screen Overlap 
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Figure 6-50: Axial Flow Scouring Velocity as a function of Screen Overlap 
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annular flow; thereby, higher convergent velocity.  Like previous cases, a longer screen 

overlap leads to lower convergent velocity.   

 

 

Figure 6-51: Convergent Velocity (Va) vs. OFA with Screen Overlap Sensitivity 
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Figure 6-52: Screen Convergent Velocity (Va) vs. OFA with AC Sensitivity and Screen Overlap 

 

 

Figure 6-53: Screen Convergent Velocity (Va) vs. OFA with AC sensitivity and No Screen Overlap 
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Summary, Conclusions and Recommendations 

7.1 Summary and Conclusions 

A production surveillance methodology to monitor and ramp-up production for open 

hole stand-alone screen (OH-SAS) completion is developed to optimize production by 

considering risks of production impairment and screen erosion failure. The method is 

applicable for water and synthetic based drill-in fluids. This new inflow ramp-up method 

extends the capability to monitor and operate open-hole sand control completions and 

complements existing cased-hole models. The developed ramp-up methodology for OH-

SAS follows the steps below: 

➢ Identifying the operation criteria to protect the well and develop required 

inputs for the selected criteria 

➢ Developing the relationship between completion pressure drop and the 

pinhole inflow velocity to enable linkage with PTA surveillance. The 

relationship or model requires filter cake properties of pinhole size or unit 

flow area (UFA), filter cake thickness (Lint) and filter cake permeability (kint). 

They depend on the drill-in fluid used to drill the completion interval, 

formation rock and reservoir conditions. These input properties and 

procedures to obtain them were described.  

➢ RPT and CT Scan to determine pinhole size and the filter cake 

thickness. 
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➢ Global sensitivity analysis with a reduced order model (ROM) to 

determine the filter cake permeability without performing fluid 

flow simulations. 

➢ Creating a network model to predict the fluid flow distribution for the OH-

SAS completion geometry. The completion interval is discretized into 

sections and modeled as a network system connecting all the completion 

parameters (annulus/screen). The network calculations satisfy the 

conservation of mass and mechanical energy balance. Model predictions 

were tested initially against a commercial software and showed good 

match. 

➢ Proposing a diagnostic plot of production rate versus completion pressure 

drop as a surveillance tool for the ramp-up process. By observing the 

relative positional changes of flow rate and completion pressure drop from 

successive PBUs of increasing production rates, surveillance engineers can 

assess the completion performance and screen erosion risks to help decide 

if continued rate ramp-up would be warranted.  

Following are the main conclusions of the study. 

1) Sensitivity simulations with different reservoir and completion geometries were 

studied and evaluated how reservoir and completion variables can impact OH-

SAS productivity and completion failure. 
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2) Pinhole completion pressure drop versus production rate is non-linear and higher 

than Hawkins’s case (wellbore surface area fully open for production).  

➢ Pinhole with 100% UFA does not equal to Hawkins’ case.  For a given 

production rate and completion skin, the pinhole model would forecast a 

higher completion pressure drop than Hawkins' model.  When used in a 

surveillance mode (i.e., predicting the completion pressure drop for a 

given flow rate), the application of pinhole model allows higher production 

rate than Hawkins’ model. 

3) The application of filter cake properties and PBU data in the pinhole surveillance 

method showed the filter cake properties have the most effect on the calculated 

result of the pinhole or concentrated inflow velocity.   

4) The filter cake properties are: pinhole size or unit flow area (UFA), filter cake 

thickness (Lint),  and filter cake permeability (kint) 

➢ UFA, Lint and kint are not independent parameters and should be chosen as 

a system using RPT, CT Scan, and ROM 

➢ Use CT scans to get Lint and estimate UFA 

➢ Use RPT and ROM to determine kint with input estimates of Lint and UFA 

5) Surveillance tool: PTA skin and formation permeability must be used together 

6) By applying the wellbore-completion network flow model, the maximum annular 

scouring velocity (Vsc), the maximum screen impingement velocity (Vs) and screen 

convergent velocity (Va) at the top of screen assembly can be calculated.  Results 

showed that: 
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➢ Va is always larger than Vs 

• Screen impingement erosion risk is highest at top of screen 

• Va increases with larger annular clearance 

• Va reduces with longer screen overlap 

▪ There is an optimum screen overlap above which Va is not 

impacted 

➢ Vsc is the highest velocity (about 10 times larger than Va) 

• This high axial scouring velocity can affect wellbore enlargement 

and screen erosion due to the combined effects of impingement 

and scouring.  

• Vsc increases with screen overlap 

▪ There is a maximum screen overlap above which Vsc ceases to 

increase further  

7)  Adding screen above the pay interval or screen overlap reduces the screen 

impingement erosion risk but increases the annular scouring risk. When 

optimizing the screen overlap length, one must balance both Va and Vsc.  The 

effectiveness of screen overlap depends on the wellbore-completion geometry 

and reservoir fluid properties.  

8) The convergent velocities for pinhole and non-pinhole cases were similar. The 

implementation of pinhole in this methodology only affected the completion 

pressure drop or the completion impairment risk.   
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9) From Global sensitivity analysis of the RPT test, internal filter cake permeability 

has the most dominant effect and follows by the effect of pinhole diameter.  A 

reduced order model is developed and the maximum error from the comparison 

of the model prediction and the CFD simulations is 8%. This reduced order model 

helps determine a consistent set of UFA, Lint, and kint that would satisfy RPT 

results 

7.2 Recommendations 

The following recommendations are proposed for future studies 

1) The estimation and determination of a representative pinhole size for the ramp-

up model is a major area for improvement.  The use of CT-Scan (Figure 6-2) 

provides a qualitative estimation of the pinhole flow area or UFA on the test core 

plug.  This dissertation uses the UFA to determine a single concentric pinhole size 

for the ramp-up model. However, multiple pinholes of different diameters might 

be distributed in the core plug. Establishing a consistent method to determine an 

equivalent pinhole size can improve the application of the pinhole model. 

2) The high axial scouring velocity in the annulus raises the risk of wellbore 

enlargement and screen erosion due to this flow. Evaluations of rock resistance to 

axial scouring and screen erosion resistance from the combined effects of axial 

and radial flow velocity warrant further considerations.  

3) As production rate increases the associated high completion pressure drop raises 

the risk of wellbore collapse.  Similarly, as reservoir depletion takes place following 
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ramp-up the extension of pinhole method with wellbore stability is another 

possible area of study.   

4) Extend the existing ramp-up method to Open-Hole Gravel Pack (OH-GP) 

completion. 

5) Improve the network model to address completion with the top of screen inside 

or below the completion interval.   
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Appendix B: Mathematical Formulation of Sobol Technique  

Mathematical formulation of this technique for an arbitrary  function 𝑓 is summarized by 

Rezaei et al. as follows (Rezaei, Nakshatrala, Siddiqui, Dindoruk, & Soliman, 2018): 

𝑦 = 𝑓(𝑥),                 (B.1) 

at above equation, 𝑥 is a set of input parameters on the n-dimensional hypercube such 

that: 

Ω𝑛: = {𝑥|0 ≤ 𝑥𝑖 ≤, 𝑖 = 1, … , 𝑛}. 

Function 𝑓 can be written as the ANAVO representation (abbreviated as Analysis of 

Variance) 

𝑓(𝑥) = 𝑓0 + ∑ ∑ 𝑓𝑖1….𝑖𝑠
(𝑥𝑖1

, … , 𝑥𝑖5
)𝑛

𝑖1<⋯<𝑖𝑠

𝑛
𝑠=1 ,   1 ≤ 𝑖1 < ⋯ < 𝑖𝑠 ≤ 𝑛.  (B.2) 

To increase order of Sobol functions above equation is written as 

𝑓(𝑥) = 𝑓0 + ∑ 𝑓𝑖(𝑥𝑖) + ∑ ∑ 𝑓𝑖𝑗(𝑥𝑖, 𝑥𝑗) + ⋯ + 𝑓𝑖…𝑛(𝑥1, … , 𝑥𝑛)𝑛
𝑗=𝑖+1

𝑛
𝑖=1

𝑛
𝑖=1 .  (B.3) 

Following statements should be satisfied in order to make the above equation 

applicable. 

1) 𝑓0 should be a constant.  

2) The integral of each member over its own variables = 0 

∫ 𝑓𝑖1….𝑖𝑠
(𝑥𝑖1

, … , 𝑥𝑖5
)𝑑𝑥𝑘 = 0     ∀𝑘 = 𝑖1, … . , 𝑖𝑠

1

0
       (B.4) 
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3) All of the members in Eq. B.3 are orthogonal, meaning that if (i1, ..., is) ≠ (j1, …, jt) 

then 

∫ 𝑓𝑖1….𝑖𝑠

 

Ω𝑛  𝑓𝑗1….𝑗𝑡
𝑑𝑥 = 0,         (B.5) 

where; 

𝑓0 = ∫ 𝑓(𝑥)
 

Ω𝑛 𝑑𝑥 = 0 ,        (B.6) 

𝑓𝑖(𝑥𝑖) = ∫ 𝑓(𝑥𝑖, 𝑥~𝑖)
 

Ω𝑛 𝑑𝑥~𝑖 − 𝑓0,        (B.7) 

and  𝑓𝑖𝑗(𝑥𝑖 , 𝑥𝑗) = ∫ 𝑓(𝑥𝑖 , 𝑥𝑗,𝑥~𝑖𝑗)
 

Ω𝑛−2 𝑑𝑥~𝑖𝑗 − 𝑓0 − 𝑓𝑖(𝑥𝑖) − 𝑓𝑗(𝑥𝑗),          (B.8) 

where 𝑥∼𝑖 is the vector corresponding to all variables except 𝑥𝑖  in the input set 𝑥, and 𝑥∼𝑖𝑗  

is the vector corresponding to all variables except 𝑥𝑖  and 𝑥𝑗  in the input set 𝑥. Assuming 

that 𝑓(𝑥) is square integrable, total variance of 𝑓 is given by 

𝐷 = 𝑉[𝑓] = ∫ 𝑓2(𝑥)
 

Ω𝑛 𝑑𝑥 − 𝑓0
2 = ∑ ∑ 𝑓2

𝑖1….𝑖𝑠
(𝑥𝑖1

, … , 𝑥𝑖5
)𝑛

𝑖1<⋯<𝑖𝑠

𝑛
𝑠=1 𝑑𝑥𝑖1

… . 𝑑𝑥𝑖𝑠
.(B.9) 

Equation 3.9 can also be written in terms of the partial variances of 𝑓 as 

𝐷 = ∑ ∑ 𝐷𝑖1….𝑖𝑠

𝑛
𝑖1<⋯<𝑖𝑠

𝑛
𝑠=1 = ∑ 𝐷𝑖 +𝑛

𝑖=1 ∑ ∑ 𝐷𝑖𝑗
𝑛
𝑗=𝑖+1 +𝑛

𝑖=1 … . 𝐷1…𝑛 , (B.10) 

where 𝐷𝑖, 𝐷𝑖𝑗, …., 𝐷𝑖…𝑗 can be calculated by integrating the corresponding Sobol functions 

as follows: 

𝐷𝑖 = ∫ 𝑓𝑖
2(𝑥𝑖)

 

Ω1 𝑑𝑥𝑖 ,          (B.11) 

𝐷𝑖𝑗 = ∫ 𝑓𝑖𝑗
2(𝑥𝑖 , 𝑥𝑗)

 

Ω2
𝑑𝑥𝑖𝑑𝑥𝑗 ,        (B.12) 
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. 

. 

. 

and       𝐷𝑖1….𝑖𝑠
= ∫ 𝑓𝑖1…𝑖𝑠

2 (𝑥𝑖1
, . . . , 𝑥𝑖𝑠

)
 

Ω
𝑑𝑥𝑖1

… 𝑑𝑥𝑖𝑠
                  (B.13) 

From the descriptions, Sobol indices are the ratio of the partial variances to the total 

variance as 

𝑆𝑖 =
𝐷𝑖

𝐷
 ,            (B.14) 

    𝑆𝑖𝑗 =
𝐷𝑖𝑗

𝐷
 ,            (B.15) 

. 

. 

and             𝑆𝑖1…𝑖𝑠
=

𝐷𝑖1…𝑖𝑠

𝐷
  .         (B.16) 

In this preparation, higher indices imply a higher effect on the variation of the output 

parameter. Also, Sobol indices are non-negative indices that have the below 

characteristic: 

∑ ∑ 𝑆𝑖1….𝑖𝑠

𝑛
𝑖1<⋯<𝑖𝑠

𝑛
𝑠=1 = ∑ 𝑆𝑖 +𝑛

𝑖=1 ∑ ∑ 𝑆𝑖𝑗
𝑛
𝑗=𝑖+1 +𝑛

𝑖=1 … . 𝑆1…𝑛 = 1  (B.17) 
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Sobol indices allows conducting evaluations according to their Sobol indices to order 

input variables. 

Sobol Method for Complex Functions 

A Monte Carlo integration is necessary to calculate the integrals for the functions which 

are not polynomials that are required by Sobol analysis (Sobol 1993, Witarto et al.). 

Sobol functions can be calculated as follows: 

𝑓0̅ =
1

𝑁
∑ 𝑓(𝑥𝑚)𝑁

𝑚=1 ,           (B.18) 

�̅� =
1

𝑁
∑ 𝑓2(𝑥𝑚) − 𝑓0̅

2𝑁
𝑚=1 ,         (B.19) 

𝐷�̅� =
1

𝑁
∑ 𝑓(𝑥𝑚)𝑓(𝑥𝑖𝑚, 𝑥~𝑖𝑚

𝑐 ) − 𝑓0̅
2𝑁

𝑚=1  ,    (B.20) 

and       𝐷𝑖𝑗
̅̅ ̅̅ =

1

𝑁
∑ 𝑓(𝑥𝑚)𝑓(𝑥𝑖𝑚, 𝑥~𝑖𝑚

𝑐 ) − 𝐷�̅� − 𝐷�̅� − 𝑓0̅
2𝑁

𝑚=1  .     (B.21) 

Sobol indices can be calculated by following steps: 

1) Calculate Di…j 

2) Enter the calculated Di…j values into Equation 

Complex functions can be represented by Sobol analysis as a simplified equation. This can 

be done by choosing Sobol function to a certain level of accuracy based on Sobol index 

values. Rezai et al. (2018) gave the details of the above procedure and equations (Rezai 

et al., 2018). 
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Appendix C: Velocity Profile Simulator   

     This section presents the screenshots from the simulator and describes the equation 

utilized in the well network system for sand screen radial pressure drop calculations. 

Required inputs used for the flow rate and velocity profile simulations are given in Figure 

C-1. The output tab screenshot from the simulator is given in Figure C-2.  

     Screen coefficients A and B are needed to calculate the screen pressure drop across 

the screen. Richard et al. (1997) conducted experiments and provided curves for different 

sand screen types. Figure C-3 presents a relationship between flow capacities of 1-ft long 

length for a conventional wire-wrapped screen. Required coefficients A & B for the 

simulator are extracted from the curve as 455.73 and 21.36, respectively. 

 

 

Figure C-1: Software Input Screenshot 
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Figure C-2: Software Output Section Screenshot 

 

Figure C-3: Flow Rate vs. Radial Screen Pressure Drop 
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