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Abstract 

Pressure measurements obtained with distributed pressure sensing (DPS) could be used to estimate 

circumferentially averaged reservoir parameters with pressure transient analysis (PTA). System 

identification (SI) for PTA allows us to estimate parameters such as permeability with dynamic 

bottom hole pressure and flow rates measurements, with the benefit of not having to rely on 

constant flow rates as input signals as required in traditional well testing. The focus of this research 

is: (1) flow rate estimation based on DPS data for vertical and deviated wells, (2) introducing a 

workflow for parameter estimation with SI for PTA with DPS measurements and (3) applying the 

workflow to numerical simulations of a well test to investigate the scope for using SI as a PTA 

method. With the friction component of the pressure drop between two sensors, the flow rates over 

the reservoir section can be estimated. Subsequently, the estimated flow rates and the pressure 

measurements during well operation are used to estimate a transfer function based on the data and 

are compared to analytical transfer functions in the frequency domain. Numerical experiments with a 

simulated vertical well showed that the flow rate can be estimated, and the permeability profile 

along the well bore can be constructed for homogenous, layered and heterogeneous reservoirs. 

Numerical experiments with a simulated deviated well showed that measurements errors have most 

effect at the bottom of the well. 
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1 Introduction 

‘Distributed’ pressure sensors (DPS) in horizontal or deviated wells (i.e. arrays of pressure sensors 
with a relatively small spacing compared to the length of the completed zone) can be used to 
estimate the inflow from the reservoir and/or the flow rate in the wellbore [1]. The combination of 
estimated flow rates and measured pressures in the well bore offers opportunities to develop new 
methods for well testing. In particular, it may be possible to infer local differences in 
(circumferentially averaged) near-well permeabilities or skin values along the well. A new approach 
was developed to perform pressure transient analysis (PTA) based on the use of System Identification 
(SI) methods as used in the process industry [2].  

Testing of a new PTA procedure should eventually be done with field data. However, as a first 
step, the use of synthetic data will be necessary to test the concept, assess the potential scope, and 
design an experimental setup. Synthetic data is generated with a coupled well bore and reservoir 
simulator with an accurate description of the well. One of the benefits of using SI for well testing is 
that it can handle arbitrary flow rates as input [2], which led to the development of a variable choke 
size as an alternative well control [3]. The use of SI for PTA was tested with a horizontal well model 
for reservoir parameter estimation [4]. Limitations of that research were neglect of errors, the use of 
a homogeneous reservoir model and the absence of using a deviated well as a test case.    

The goal of this report is to assess the potential of DPS and to generate synthetic well testing 
results to identify reservoir properties with PTA by SI. To reach this objective the first step is to briefly 
review the previous work relating DPS, PTA, and SI. This is followed by a workflow that describes the 
steps from initialization of a coupled reservoir – well bore model to the identification of reservoir 
properties with SI. Two types of numerical experiments with synthetic data are conducted to validate 
the application of DPS for PTA with SI, the first with a vertical well, the second experiment with a 
deviated well.  
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2 Background 

A brief overview of (well-known) concepts, distributed pressure sensing (DPS), pressure transient 

analysis (PTA) and system identification (SI), is given. 

Distributed pressure sensing (DPS) 

A fiber optics cable could be deployed with different sensors spaced in/along the well bore, i.e., a 

distributed sensor, capable of measuring parameters such as temperature, strain, acoustics and/or 

pressure along the well bore [5, 6]. Having an array of pressure measurements along the well could 

be used to estimate inflow from the reservoir and/or the flow rate in the well bore [7]. DPS is also 

used for reservoir parameter estimation, explained later below.   

With multiple pressure measurements along the well bore, the pressure difference between two 

spatially distributed sensors can be calculated. The pressure difference consists of three main 

components, head loss, friction loss and, and acceleration loss. For a single-phase slightly 

compressible liquid the friction component primarily causes the pressure drop along a horizontal 

well. Based on the friction component the flow rate can be estimated in horizontal wells [1, 4]. In the 

case of deviated and vertical wells, there is a head loss component. With the relationship between 

the friction component of the pressure drop and the flow rate given in [8], the flow rate can be 

estimated for a given pressure drop due to friction, density, viscosity, pipe roughness, pipe diameter, 

the length, i.e., the sensor spacing. 

Information about the zonal flow rate and the pressure gives the opportunity for reservoir parameter 

estimation [1, 9]. By estimating the flow rates and the pressure measurements during a PTA, system 

identification can be applied as done in [2] and [4] for reservoir parameter estimation. PTA using SI 

with spatially distributed pressure sensors is discussed next.  

Pressure transient analysis (PTA) by use of system identification (SI)  

Pressure transient analysis (PTA) is one of the essential diagnostic tools for a petroleum engineer 

which is used to predict future performance and to identify reservoir and well-bore properties [10]. 

An exploratory study showed the potential of applying system identification (SI) to analyze well test 

data [11]. Further research developed an SI framework which is partially used in this research; earlier 

research demonstrated the application of SI for PTA with numerical experiments and provided an 

extensive overview of the developments of PTA over the years [2]. Coupled reservoir-well bore 

simulations during a drawdown test with perfect measurements showed the possibility of estimating 

the permeability of layers in a box reservoir model with a high permeability patch [4].  

SI is a widely technique in the process and control industry. SI is used to identify models or model 

parameters [12]. A change in the input, the flow rate, causes a pressure response which could be 

described by a system. The goal of applying SI is to increase understanding of the system, which is 

the reservoir and well bore in this case. So based on measurements, i.e., pressures and flow rates 

measured with DPS, model identification is possible. 

The flow in the reservoir could be described with the radial flow equation for single-phase slightly-

compressible liquids, which is solved in the Laplace domain with the Bessel functions, see [2, 4]. A 

causal structure can be determined by applying boundary conditions, as can been seen in Figure 2.1. 

The flow rate at the sand face, 𝑞𝑠𝑓 , could be calculated by, 
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 𝑞𝑠𝑓 = 𝑅11𝑞𝑒 + 𝑅12Δ𝑝𝑠𝑓 , (1) 

where 𝑅11 and 𝑅12 are transfer functions, which relate the flow rate 𝑞𝑠𝑓 to the flow rate at the 

boundary 𝑞𝑒 and the pressure difference at the sand face Δ𝑝𝑠𝑓. During a transient well test, the flow 

rate at the exterior boundary is assumed to be zero, and therefore we have 

 𝑞𝑒 = 0, (2) 

which leads to a direct relationship between Δ𝑝𝑠𝑓 and 𝑞𝑠𝑓 by transferfunctio 𝑅12,  

 𝑞𝑠𝑓 = 𝑅12Δ𝑝𝑠𝑓 . (3) 

The flow rate and pressure at the sand face should be known to use SI for PTA. Based on 

measurements the transfer function 𝑅12,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 can be approximated in the frequency domain, 

with e.g., the Matlab System Identification toolbox [13]. There is also an analytical solution for the 

transfer function based on the derivation of the radial flow equation, which will be explained in the 

method section. The analytical transfer function, depends on several reservoir parameters, such as 

porosity, permeability, compressability, viscosity, sensor spacing, well bore radius, exterior reservoir 

radius and skin [4].  𝑅12,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 could also be analysed in the frequency domain by subsituting the 

Laplace parameter 𝑠 with 𝑗𝜔. 

 

 

Figure 2.1: Causal structure describing the system dynamics; after [2]. 

Both transfer functions 𝑅12,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and 𝑅12,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 could be analysed in the frequency domain, 

which leads to the opportunity to make a visual comparison of the resulting frequency domain plots 

and use these for “manual” parameter estimation. This is done by calculating 𝑅12,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 based on 

𝑞𝑠𝑓 and Δ𝑝𝑠𝑓 , and making realizations of 𝑅12,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 based on prior information, and by varying the 

to-be-estimated parameter, e.g. permeability or, skin, trying to match the response of the two 

transfer functions. 
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3 Method 

Due to the absence of real DPS data, synthetic pressure measurements are generated for the 

research described in this report. The synthetic well test for DPS is created with aid of a coupled well 

bore reservoir simulator. The Automated Differentiation General Purpose Research Simulator (AD-

GPRS) is used [14] in this research. The choke diameter was added as well control by [3], which 

allows the testing with an arbitary (not necessarily piecewise constant) flow rate input signal which is 

one of the benefits of using SI [2]. The steps from making synthetic data all the way to interpretation 

of the PTA data with SI are given in a workflow described below.  

3.1 Overview of workflow: Synthetic PTA with SI using DPS 
measurements 

The workflow could be described in three main stages: (1) simulation of data, (2) data processing and 

(3) estimation of reservoir properties with SI, see figure 3.1. Synthetic well test data is created by 

simulation of a coupled well bore reservoir model. It is important to have an accurate description of 

the well bore for the data processing step. The output of the simulation are pressure and flow rate 

measurements along the well bore over time. A detailed description of the creation of synthetic data 

is given in the next section. Note, that in performing field experiments with DPS, no downhole flow 

rate measurements will be available, the flow rate needs to be estimated.  

Data processing starts with pre-processing the pressure measurements over time. With additional 

information, such as the surface flow rate and/or choke diameter changes over time, the start of the 

transient flow regime can be estimated. The radial flow regime is identified which is a requirement 

for further SI analysis of the data. The flow rate inside the well bore can be estimated based on the 

pressure data, as will be explained in section 3.3. We note that PTA can be performed for build-up 

and drawdown well tests using the same underlying theory. 

Having pressure data from the transient regime and the (estimated) zonal flow rates gives the 

opportunity to apply SI to estimate reservoir properties, such as the circumferentially averaged 

permeability, for each segment in the well. This is done by estimating a transfer function based on 

the processed measurements, i.e. the pressure and flow rates of an individual segment. Based on 

prior information an analytical transfer function can be constructed. The analytical and measured 

transfer function are compared to estimate reservoir parameters.  

3.2 Generating synthetic PTA data 

In this step of the workflow synthetic distributed pressure measurements are created with AD-GPRS 

based on a reservoir model. The pressure measurements of the segments inside the well bore will be 

used as inputs for the data processing steps. Requirements to create pressure transient data with the 

simulator are, (1) an accurate description of the well bore and the segments, i.e. with a multi 

segmented well bore model, (2) a refined grid around the well bore, (3) relative small time steps 

compared to those used in conventional simulation of reservoir performance. 

The well bore in the model should be described with a Multi-Segmented Well (MSWell) model, which 

takes into account the pressure drop in the well bore over each segment; see Figure 3.4. The 

distributed pressure sensors in this research have a constant spacing inside the perforated zone. The 

well bore is modelled with the first segment having the tubing head pressure 𝑝𝑡𝑓 as input, with 

possibility of using the upstream pressure from the choke [3] as input instead of a fixed 𝑝𝑡𝑓. The 
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effect of wellbore storage, due to compressibility in the well bore between the top of the reservoir 

section and the well head, can be accounted for by extending the well model to surface. 

The dynamic reservoir model consist of grid and physical data. The grid data contain information 

about the grid cells, e.g. cell size, connection between cells, porosity, etc. The physical data contain 

information about the fluid properties and model formulation, e.g. black-oil, low enthalpy 

geothermal formulation, etc. To capture the effects of the transient pressure, the simulation grid 

needs to be refined near the well bore where converging radial flow leads to very hight flow 

velocities. Information about the grid and the physical data will be given before analysing the results 

of simulations.  

Grids are constructed with the GMSH software package, which generates unstructured grids [15]. 

Unstructured grids are more flexible than regular (structured) grids and can therfore be used to, e.g., 

represent a complex well tractory or a strongly heterogeneous geological structure. An approach for 

constructing grids with a deviated well refined for PTA is explained by [16]. In this research we use a 

grid generation approach for deviated wells as explained in Appendix A. A difficulty with 

unstructured grids may arise for calculation of the well index, which defines the connectivity 

between the well and the reservoir grid [17]. In this research, this potential problem is mitigated by 

using hexahedrons for the grid blocks containing perforations of the well. As a consequence, the well 

index 𝐼𝑤  can be calculated analytically according to [18] 

 
𝐼𝑤 = 2𝜋

√𝑘𝑥𝑘𝑦ℎ

ln (
𝑟𝑤
𝑟𝑜
)
, 

(4) 

where 𝑘𝑥 and 𝑘𝑦 are permeabilities in the x and y directions, h is the layer thickness, 𝑟𝑤 is the well 

bore radius and 𝑟𝑜 is the Peaceman radius which is given by 

 𝑟𝑜 = 0.2Δ𝑥, (5) 

where Δ𝑥 is the grid block size. The version of the well index in represented in equation (5) is valid 

for a centered well in a regular rectangular grid. More complex formulation, using different 

geometrical factors, are typically used in irregular grids. 

AD-GPRS is a connection-based simulator and requires the connection list (i.e. list with connections 

between two connected grid cells with the according transmissibility values) as input. Discretization 

in unstructured grids is more complicated due to the irregular shapes of the control volumes. Here 

the connection list is calculated with a discretizer developed in Python based on [14].  

Simulation time steps and the well controls are required to simulate a reservoir model There is a 

marked difference between the typical time step size used for reservoir scale simulation (months to 

years) and those used for transient well testing: in order to create the transient pressure data, the 

time step should be sufficient small. The sampling time of the measurements is used to estimate the 

transfer functions, see Appendix B; the Matlab toolbox [13] only allows a fixed sampling time, thus 

the time step should be constant (at least during the radial flow regime). 

The simulation of the dynamic coupled well-reservoir model gives information at each time step of 

the pressures and flow rates in each segment of the well bore. Having the flow rate data available 

from the simulation allows us to verify the implemented method (based on only pressures) for flow 
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rate estimation. One requirement of applying SI is to be in the radial flow regime. Flow rate 

estimation, measurement selection in the radial flow period and the pressure difference compared 

to steady state are discussed in the data processing step.  

 

Figure 3.1: Workflow from creating synthetic PTA data to applying SI for parameter estimation. 

3.3 Data Processing 

Pressure measurements need to be processed in order to use them for parameter estimation with 

system identification. The data processing starts with extracting the well-test data from the 

measurements. This is followed by selecting the measurements during radial flow. The third step is to 

calculate the net inflow rate for each layer. With the pressure difference (compared to steady state) 

and the net inflow rate the transfer function can be estimated.  

The data pre-processing (step 2, Figure 3.1) concerns mainly the selection of the specific moment in 

time where the well test actually starts, i.e.  𝑡𝑠𝑡𝑎𝑟𝑡 in Figure 3.2. The well controls are important to 

know; in classical PTA, a constant flow rate is required. In this research the two different well 

controls used are a fixed surface flowrate; a fixed choke size. A change in surface flow rate or in 

choke size will result in a pressure response in the bottom hole pressure and will propagate through 

the reservoir, see Figure 3.2 which depicts a semi-steady-state situation (linearly declining reservoir 

pressure) followed by an exponential decrease in pressure as a result of changing the choke setting 

or the flow rate.  

 



Using DPS Measurements for PTA with System Identification  9 

 

Figure 3.2 Fixed choke size (left) and fixed flow rate (right) as well controls, where the pseudo-steady state pressure 
decline changes into a transient regime at tstart.  

Radial flow is a requirement for using SI for PTA. After the wellbore storage (WBS) effect, the flow in 

the reservoir behaves like infinite-acting radial flow. This flow regime can be identified with a straight 

line of the pressure derivative on the log-log scale [20]. The radial flow regime could be identified 

twice in horizontal and deviated wells; once early, i.e. just after a change in well setting, when the 

flow is radial toward the well bore, and once late, when the flow at larger distances is nearly radial 

towards the entire well. In-between a more complex transitional regime can be distinguished. In  

Figure 3.3 the difference between a well test for vertical and horizontal wells is displayed on a log-log 

scale. With the aid of the pressure derivative as seen in Figure 3.3, the pressure measurements 

during the radial flow period are selected which will be used for estimating the transfer function. In a 

deviated well the radial flow regimes will depend on the inclination of the well especially when a 

small reservoir height leads to a rapid effect of ‘boundaries’ (i.e. the top and bottom of the reservoir) 

on the pressure response. 

 

The net inflow rate of a segment is required besides the pressure measurements for using SI. The 

flow rate of a segment can be estimated based on three pressure measurements. The first step is to 

obtain the flow rate at the interface between to segments. The pressure drop for a single phase 

liquid between two segments,  

  b Vertical well    b Horizontal well 

Figure 3.3 Pressure difference and pressure derivative in log-log scale for identification of the radial flow period.  
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 d𝑝

𝑑𝑠
= 𝜌𝑔 sin𝜃⏟    
ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠

+
ρ

2𝑑
𝑓𝑣|𝑣|

⏟    
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠

+ 𝜌𝑣
𝑑𝑣

𝑑𝑠⏟  
𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠

, 
(6) 

depends on the gravity (first term), friction (second) and acceleration component (last). The 

acceleration component is negligible for single-phase slightly compressible liquids [8], so equation (6)  

simply reduces to  

 d𝑝

𝑑𝑠
= 𝜌𝑔 sin 𝜃⏟    
ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠

+
ρ

2𝑑
𝑓𝑣|𝑣|

⏟    
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠

, 
(7) 

where the head loss depends on the density 𝜌, the acceleration of gravity g, and pipe inclination 𝜃. 

The friction loss depends on the diameter of the well 𝑑, the friction factor 𝑓and the velocity 𝑣. There 

is no pressure drop due to gravity in horizontal wells, but it could be computed if the density is 

known in vertical and deviated wells. The friction loss in terms of flow rate q instead of velocity v is,  

 𝑑𝑝

𝑑𝑠𝑓𝑟𝑖𝑐
=

8𝜌

𝜋2𝑑5
𝑓𝑞|𝑞|. 

(8) 

The friction factor depends on 𝜌, 𝑞, 𝑑, viscosity 𝜇 and pipe roughness 𝑒. With the flow rate as the only 

unknown and the friction loss known, the flow rate can be estimated by minimizing the difference  

 
 𝑅(𝑞) =

𝑑𝑝

𝑑𝑠𝑓𝑟𝑖𝑐,𝑚𝑒𝑠
−
𝑑𝑝(𝑞, 𝑓(𝑞))

𝑑𝑠 𝑓𝑟𝑖𝑐,𝑐𝑎𝑙𝑐
, 

(9) 

between the measured friction loss and the calculated estimated friction loss which depends on the 

flow rate. The calculated flow rate is at the interface between two pressure measurements. To 

calculate the net inflow rate of a certain segment, the flow rate at the top interface is subtracted 

from the flow rate at the bottom interface, see figure 3.4. Note, the (total) flow rate at the top of the 

first segment, i.e., the sensor at the top, is not calculated and therefore it is not possible to calculate 

the net inflow rate. The zonal flow rates are required for SI, and therefore parameter estimation is 

not possible for the first segment. 

During field experiments the removal of measurement noise could be an important processing step. 

The pressure measurements in this research are created with an synthetic model and do not contain 

noise. The precision could be improved with measurement stacking as proposed for (near-) steady 

state flow [1], where the standard deviation of independent Gaussian-distributed zero-mean 

measurements errors is stacked to reduce the effects of random errors. In our case, stacking might 

not be practical: due to the transient behaviour the exact repetition of pressure transients to create 

multiple measurements will probably not be feasible. 

Pressure and net inflow rate during the radial flow period are inputs for PTA with SI. The goal of the 

data processing step is to construct these inputs and this is done in three steps. The first is data pre-

processing, the second step is to identify radial flow and the final step flow rate estimation. 
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Figure 3.4 Example of an multi-segmented well modelled with five segments; each segment is perforated and has a 
pressure value. Based on the difference between the segment pressures, the flow rate at an interface is estimated.  

3.4 Estimation of reservoir properties using System Identification 

SI is used for PTA based on DPS data. In addition to date, SI requires a model, i.e. a mathematical 

relationship between an input and output, which is typically described by a set of transfer functions 

for specified boundary conditions, see Appendix C. As shown in figure 2.1 and equation 3, the 

transfer function 𝑅12, is based on the net inflow rate 𝑞𝑠𝑓  and output 𝑝𝑠𝑒𝑔. This transfer function can 

be estimated based on measurements which leads to 𝑅12,𝑚𝑒𝑠 or can be calculated analytically based 

on prior information 𝑅12,𝑎𝑛𝑙  (see Appendix C). The transfer functions are compared in the frequency 

domain.  
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The transfer function 𝑅12,𝑚𝑒𝑠 is estimated with the Matlab System Identification toolbox [13]. A 

detailed description of how this toolbox is used is provided in Appendix B. The maximum frequency is 

restricted by the Nyquist Shannon frequency which is defined as half of the sampling frequency [21].  

The analytical transfer function 𝑅12,𝑎𝑛𝑙   depends on prior information about the model. The 

derivation of this transfer function is discussed in Appendix C. Realizations could be made based on 

different values of a chosen uncertain parameter. The addition of skin as uncertain parameter is 

discussed in [4]. The transfer function based on the Laplace parameter s is given by: 

 

𝑅12,𝑎𝑛𝑙(𝑠) = −
2𝜋𝑘ℎ

𝜇
 𝑟𝑒√

𝑠

𝜂

𝑟𝑤
𝑟𝑒

𝐼1 (𝑟𝑤√
𝑠
𝜂
)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

− 𝐾1 (𝑟𝑤√
𝑠
𝜂
) 𝐼1 (𝑟𝑒

√𝑠
𝜂 )
 

𝐼1 (𝑟𝑒√
𝑠
𝜂
)𝐾0 (𝑟𝑤

√𝑠
𝜂 )

+ 𝐼0 (𝑟𝑤√
𝑠
𝜂
)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

, 

(10) 

where I and K are Bessel functions, 𝑟𝑒 is the external reservoir boundary (assuming a circular 

reservoir), k is the permeability, h is the segment length and 𝜂 is the hydraulic diffusivity, 

 
𝜂 =

𝑘

𝜙𝜇𝑐𝑡
, 

(11) 

with porosity 𝜙, the total compressability 𝑐𝑡 and viscosity 𝜇.  𝑅12,𝑎𝑛𝑙  could also be analyzed in the 

frequency domain by subsituting the Laplace parameter 𝑠 with 𝑗𝜔. 

 

Figure 3.5 Parameter estimation for a well segment by matching the transfer function, TF
data

 , with realizations of the 
analytical transfer function. Note, the match is only observed within a certain frequency range. 

Parameters are estimated by matching the different transfer functions with different realizations of 

the analytical transfer function, i.e. by varying the to-be-estimated parameter until an acceptable 

match is obtained. The parameter estimation step is done for each segment separately. See Figure 

3.5 for an example of parameter estimation in the frequency domain for a segment.  
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4 Numerical experiments for parameter estimation with SI in a 
vertical well 

Three numerical experiments are performed with a coupled wellbore-reservoir simulator to create 

synthetic DPS data for a vertical well. With the synthetic DPS data the flow rate is estimated and the 

permeability is estimated with SI with the workflow described in Chapter 3.  

4.1 Numerical experiments 

The three types of numerical experiments are based on a homogenous, a layered and a 

heterogeneous reservoir (where homogeneity refers to the permeability only). All the steps of the 

workflow are explained with the first experiment with the homogenous reservoir. In the second 

experiment heterogeneity is added to the reservoir by assigning different permeability values to the 

layers in the reservoir. Finally a heterogeneous reservoir is used to create the synthetic well test 

data.  

The experiments are performed with a cylindrical reservoir model with a vertical production well 

with twenty pressure sensors. The specifications of the model can be found in Appendix A. Only the 

permeability and well indices of the perforations are changed for the three types of numerical 

experiments. A drawdown test with a constant production rate is done in all the numerical 

experiments described in this chapter.  

4.2 Using SI to identify reservoir properties in a homogenous 
reservoir  

The workflow described in Chapter 3 is used to create synthetic data. In the simulation a drawdown 

test is performed with a constant flow rate. The well test starts after two days, which can be 

observed in Figure 4.1. The available measurements are the tubing head pressure, surface flow rate 

and the downhole pressures. Homogenous reservoirs are used with permeabilities of 50, 100, 150 

and 200 mD respectively. 

 

  a) Oil rate as well control    b) Tubing head pressure  
Figure 4.1 Oil rate and pressure response during drawdown well test. The pressure data used for PTA is after 2 days.  



Using DPS Measurements for PTA with System Identification  14 

In the pre-processing step of the workflow, the pressure difference is calculated based on the 

pressure at two days and subtracting the measurements after the start of the well test. The 

calculation of the pressure derivative and pressure difference are plotted in the diagnostic plot given 

in Figure 4.2. The figure shows that the radial flow period is different for each permeability. Different 

pressure measurements need to be selected to analyse with SI, due to the requirement of radial 

flow. The well-bore storage effect is not visible at the start of the plot due a relatively large time step.  

The next step is estimation of the net flow rate of each segment of the well bore. Figure 4.3 shows 

the process of flow rate estimation. In Figure 4.3a, the calculated pressure drop due to friction along 

the well is compared with the results from the simulation of AD-GPRS. Note that the friction at the 

bottom of the well is low compared to the top due the increasing flow rate. With the friction 

component of the pressure drop calculated, the flow rate at the segment interfaces can be 

calculated, as shown in Figure 4.3b. The flow rate for the top interface of the highest segment, which 

in this case is at a depth of 2000 m, is not calculated because there is no pressure measurement 

available above the highest segment. The total flow rate for the other segment interfaces aligns with 

the results obtained from the simulator. The net flow rate for a homogenous reservoir should be 

approximately the same, which is shown in Figure 4.3c. Only the two bottom zonal flow rates are not 

accurate compared to the other estimates because of the very low flow rates in these zones which 

result in higher (relative) errors . Figure 4.4 provides a comparison between the estimated flow rate 

based on DPS measurements and the flow rates from AD-GRPS.  

Figure 4.2 Diagnostic plot with pressure difference and derivative of pressure difference for 50, 100, 150 and 200 mD. 
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  a)  Pressure drop due to friction along borehole 
  b) Total flow rate  

Figure 4.3 Flow rate estimation of 100 mD homogenous reservoir analysed at t = 4.28 hours. 

  c)  Net flow rate 

  a) inflow rate at 2012.5m (sensor 3)     b) inflow rate at 2097.5m (sensor 20)  
Figure 4.4 Segment net flow rate comparison between estimated flow rate and flow rate from AD-GPRS. 

pfric [Pa] 
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The transfer function based on data is estimated with the net flow rates and pressure measurements 

of a certain segment. In Figure 4.5 the transfer function based on the data for a homogenous 

reservoir of 100mD is compared with four analytical transfer functions. The permeability can be 

estimated for the 100mD homogenous reservoir within a certain frequency range.  

The goal of parameter estimation with SI with the DPS is to estimate averaged production 

parameters along the well bore. Figure 4.4 and Figure 4.5 showed flow rate estimation and 

parameter estimation for two pressure sensors. In Figure 4.6, a permeability profile along the well 

bore is displayed for the homogenous reservoir with permeabilities 50, 100, 150 and 200 mD. The 

permeability for 100mD, as seen in Figure 4.6b, shows that the permeability can be estimated with 

SI. The results for 50mD are worse because the low permeability leads to low flow rate which can be 

less well estimated (because of higher relative errors). A general trend can be observed that the 

estimated values at the lower sensors deviate more compared to the estimation at the top.  

 

4.3 Using SI to identify reservoir properties in a layered reservoir  

In this experiment the permeability in two layered reservoir is estimated with synthetic well test. The 

first layered reservoir has primarily layers of 100 mD, with in between layers of 30 mD and layers of 

300 mD.  The second reservoir has layers with permeability of 500 mD, and a few layers of 10 mD and 

100 mD, see Figure 4.6 for a cross section of the reservoir. The goal of this experiment is to see if the 

heterogeneity in permeability could be recognised with SI. The same steps from the workflow and 

the homogenous reservoir are applied to get final results shown in Figure 4.7 and from it can be 

concluded that the heterogeneity can be estimated with SI. Figure 4.8, shows the estimated flow 

rates for layers with different flow rates are accurately estimated.   

Figure 4.5 Estimation of permeability at depths 2012.5m and 2097.5m. The blue curve is the estimated transfer 
function based on the data. The other curves are realizations based on different permeability values. 

  a)  Sensor depth 2012.5m   b)  Sensor depth 2097.5m 
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  a)  Homogenous 50 md   b) Homogenous 100 md 

Figure 4.6 Estimation of permeability in a vertical well homogenous reservoir with DPS based on SI. 

  c)  Homogenous 150 mD   d) Homogenous 200 mD 

  

  
Figure 4.7 Cross section of the reservoir grid, with the production well at 0 m, layered reservoir 2. 
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4.4 Using SI to identify reservoir properties in a heterogeneous 
reservoir  

In this numerical experiment a permeability field is extracted from Petrel and mapped on the 

unstructured grid defined in Appendix A. The permeability field is based on the porosity-permeability 

relationship observed in the Delft sandstone [22]. The transmissibility is calculated with the 

developed Python based TPFA discretizer which can handle heterogeneity and unstructured grids. 

The well index is calculated based on the permeabilities in the well grid block. Parameter estimation 

with SI gives circumferentially averaged permeabilities based on the flow rate and the pressure 

Figure 4.8 Estimation of permeability in layered reservoir with DPS based on SI 

  a)  Layered reservoir 1  b) Layered reservoir 2 

Figure 4.9 Estimation of flowrate in layered reservoir of layers with different permeabilities for layered reservoir 1. 

  a)  Sensor 3, depth 2012.5m – 100mD   b) Sensor 8, depth 2037.5m – 30mD 
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response. Thus, in this case, it is not possible to verify the results. A selection of permeability fields is 

visualized and compared to the estimated permeability obtained from SI.  

The low permeability estimates at 2037.5m and 2077.5m, and the high permeability estimates 

obtained at depths 2057.5, 2087.5m are investigated. Figure 4.10 shows that low and high estimated 

permeabilities from Figure 4.11 correspond to the permeabilityfield of those specified layers.   

 
Figure 4.10 Permeability estimate of the heterogeneous model. 
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  a)  Layer 8   b) Layer 12 

Figure 4.11 Estimation of permeability in a vertical well heterogeneous reservoir with DPS based on SI 

  c)  Layer 16   d) Layer 18 
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5 Numerical Experiments for parameter estimation with SI in a 
deviated well 

The next step in this research is to model a deviated well, which increases the complexity of the 

reservoir grid. A deviated well bore with an inclination of 45 degrees is modelled. The main challenge 

was grid refinement around the well bore, see Appendix A. A layered reservoir is investigated in this 

chapter.  

5.1 Setup of numerical experiments 

The numerical experiments in this chapter are performed by doing PTA with an implemented choke 

model which implies that the flow rate is not constant during the transient period.  

An experiment with a heterogeneous layered reservoir is performed in this chapter. The workflow 

described in Chapter 3 is used to estimate the permeability with SI during PTA for DPS. The influence 

of measurement errors is investigated. 

5.2 SI for PTA with a deviated well in a layered reservoir 

Instead of changing the flow rate the choke diameter is changed, to mimic a realistic production 

scenario, see Figure 5.1. After two days the choke diameter is changed which marks the start of the 

well test. The flow rate is assumed to be unknown and will be estimated and compared to the output 

of AD-GPRS.   

 

The diagnostic well test plot, Figure 5.2, shows that the radial regime is identified. However, there 

are no signs of intermediate linear flow, which can be expected in horizontal wells. 

Figure 5.1 Flowing tubing head pressure (FTHP) response and choke size during drawdown well test. The pressure 
data used for PTA is after 2 days. The flow rate is not constant. 
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The flow rate is estimated with the same procedure explained in Chapter 3 and applied in Chapter 4. 

Note, that the difference in terms of depth and the difference between two well segments is not 

equal to each other in deviated wells. The estimated net flow rate at segment 10 is plotted in Figure 

5.3; the flow rate is not constant due to the implementation of the choke as the well control.  

 

 

 

 

 

Figure 5.2 Typical diagnostic plot with pressure difference and derivative of pressure difference. . 

Figure 5.3 Flow rate estimation 
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  a)  No error   b) 10 Pa 

Figure 5.4 Effect of measurement errors on estimation of permeability in a deviated well heterogeneous 
layered reservoir.  

  c)  100 Pa   d) 1000 Pa 

 

Figure 5.4 shows the effect of measurement noise on the estimation of the permeability with SI. 

Noise has more effect on the estimated permeability at the bottom of the reservoir. This is because 

the flow rate estimate depends on the pressure difference between two segments, and near the 

bottom of the well the flow rate is lower. The estimated permeability does follow the trend but does 

not match the modelled permeability exactly, see Figure 5.4a. A possible explanation is that the well 

index is not calculated accurately for the deviated wells, and further research into this aspect is 

recommended.  
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6 Conclusions 

The focus of this research is to investigate the scope for application of system identification (SI) as 

pressure transient analysis (PTA) method using distributed pressure sensors (DPS). Testing SI as a 

new procedure for well testing is done with numerical experiments using synthetic data due to the 

absence of real data. In this research a detailed workflow is explained with steps to construct 

synthetic examples, process the well test data, estimate the flow rate of each individual layer, and 

analyse the pressure and flow rate data with SI to identify reservoir properties.  

Results obtained from a well test of a vertical well in a homogenous reservoir show that the net 

inflow rate and permeability of the reservoir can be estimated with SI. The next experiment was to 

identify heterogeneities in a layered reservoir were the different permeabilities can be identified 

with SI. The last vertical-well experiment was to estimate the permeability for a heterogeneous 

reservoir. Qualitative validation of the permeability results is not possible, due to the heterogeneity 

and flow paths, etc.; however the permeability field of a layer matched visually with the estimated 

(average) permeability.  

The final experiment was performed with a deviated well in a layered reservoir and illustrated that 

the flow rate can be estimated. A reasonably accurate estimate of the permeability was obtained in 

the experiments, with errors likely due to the way the well index is calculated. Measurement errors 

influence the parameter estimation process in both inputs for SI: (1) the measure pressures are less 

accurate, (2) and therefore also the estimated flowrates are less accurate. 
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Appendix A. Modelling of a well-test for a vertical well 

An unstructured grid is created in GMSH with refinement around the well, see Figure A.1. In Table 

A.1, the model parameters are given for creating synthetic PTA data with AD-GPRS.   

 

Figure A.1 Top section of an unstructured radial grid, with refinement around the well bore. This grid is used for the 
simulations of chapter 4.   

Table A.1: Model parameters for the vertical well test case. 

Model properties SI Units 

Reservoir boundary 1500 m 

Well radius 0.3048 m 

Reservoir thickness 100 

Pipe internal diameter 0.0727 

Well length 2000 meter 

Permeability Specified per model 

Porosity 0.20 

Dynamic viscosity 1.2 103 Pa s 

Total compressibility 1.5 10-10 1/Pa  
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Skin 0 

Number of segments in completed zone 20 

Segment length 5 m  

Height of completed zone inside of segment 5 m  

 

Modelling a deviated well with refinement around the well bore, and specified well segments, i.e. to 

mimic the DPS data, was done in GMSH. The grid is created in three steps. The first step is to create 

an empty deviated cylinder with an inclination, this geometry will be filled with hexahedrons with a 

constant spacing between them. This is needed to ensure a constant well segment length, for 

implementation of the MSwell model and easy calculation of the well index. The second step is to 

add a small box around the cylinder, i.e. a near well-bore area. To ensure the well is connected to 

this second volume, the mesh is filled with prisms, see Figure A.2 and A.3. Finally an outer layer of 

tetrahedrons is added.   

 

Figure A.2: Wireframe of the near well bore area, with the well visible inside.  

 

Figure A.3: Screen shot of near well bore area inside of the reservoir mesh. 
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Appendix B.  System Identification Toolbox in Matlab 

The ‘measured’ transfer function, is a transfer function estimated based on the measurements with 

the aid of the SI toolbox in Matlab. There are two methods to use the System Identification toolbox: 

 1. use the SystemIdentification app and,  

2.  use commands of the SystemIdentification toolbox, for detailed instructions refer to [12]. 

The first step is to import the data in the system Identification app. The user is required to give the 

input and output of the system (in the time domain) alongside with the sample time. An optional 

step is to give the data a name, in the data information window.  

 

Figure B.1: Importing signals into Matlab System Identification toolbox. 

After importing the data, the transfer function can be estimated in the SystemIdentification app. This 

is done with making the data active. The transfer function is based on a discrete time signal and 

therefore the radio button ‘Discrete-time signal’ needs to be selected. The number of poles and 

zeros are required for estimation of the transfer function.   
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Figure B.2: Estimating transfer function with the SI toolbox. 

Coming back to the System Identification app, we now can export the transfer function and use a 

Matlab script to plot the data. The other method is two use a scripted method, which is explained by 

the Matlab code in the lines below. Working with the scripted/command line method saves time.   

% System Identification to estimate transfer function based on 

pressure and net flow rate measurements for segment i  

  

% 1. Import data as an data object with iddata, which can be used to 

estimate the transfer 

% fuction with inputs: 

% 

% p_sf_i = pressure at sand face (compared to steady state)for 

segment i 

% q_net_i = net inflow rate for segment i 

% t_step = time in secondes between measurements 

% output: 

% PTA_i = data object with PTA data for segment i in the time domain  

PTA_i = iddata(p_sf_i, q_net_i, t_step); 

  

% 2. estimate transfer function R12_mes_i in frequency domain with 

tfest 

% inputs: 

% PTA_i = data object with PTA data for segment i in time domain 

% Np = number of poles 

% Nz = number of zeros 

% PTA_i.Ts = t_step in secondes 

% 'feedtrough' = true;  

% output: 

% R12_mes_i = estimated transfer function based on measurements in 

the frequency domain  

R12_mes_i = tfest(PTA_i, Np, Nz, 'Ts', PTA_i.Ts, 'feedthrough', 

true) 
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Appendix C. Derivation of the radial diffusivity equation in the 
Laplace domain for SI [2] 
The radial diffusivity equation for a homogenous porous medium for single phase liquid radial flow in 

the radial direction is given by, 

 1

𝑟

𝜕

𝜕𝑟
𝑟
𝜕𝑝(𝑟, 𝑡)

𝜕𝑟
=
1

𝜂

𝜕𝑝(𝑟, 𝑡)

𝜕𝑡
 , 

(C.1) 

where r is the radial coordinate and 𝜂 is called the hydraulic diffusivity,  

 
𝜂 =

𝑘

𝜇𝜙𝑐𝑡
 , 

(C.2) 

where k is the permeability, 𝜇 is the viscosity, 𝜙 is the porosity and 𝑐𝑡 is the total rock 

compressibility. An assumption is made that the compressibility is constant, which implies that 𝜂 is 

also constant, leaving a linearized equation, which is similar to the heat conduction in a radial 

symmetry described in [2]. The initial conditions are that the pressure represents the difference with 

respect to steady-state conditions and the radial,  

 𝑝(𝑟, 0) = 0, 𝑟𝑤 < 𝑟 ≤ 𝑟𝑒 . (C.3) 

The first step is to convert equation C.1. to the Laplace domain: 

 
𝑟
𝜕

𝜕𝑟
𝑟
𝜕𝑃(𝑟, 𝑠)

𝜕𝑟
=
𝑠

𝜂
𝑟2𝑃(𝑟, 𝑠), 

(C.4) 

where s is the Laplace parameter. The solution for the pressure in the radial coordinate is obtained 

by solving the ordinary-differential equation C.3, 

 

𝑃(𝑟, 𝑠) = 𝑀1𝐼0(√
𝑠

𝜂
𝑟) +𝑀2𝐾0(√

𝑠

𝜂
𝑟), 

(C.5) 

where 𝑀1 and 𝑀2 are two arbitrary coefficients and 𝐼0 and 𝐾0 are zero order modified Bessel 

functions of respectively the first and second kind. To find the magnitudes 𝑀1 and 𝑀2, we transform 

Darcy’s law, 

 
𝑞(𝑟, 𝑡) = −

2𝜋𝑟𝑘ℎ

𝜇

𝜕𝑝(𝑟, 𝑡)

𝜕𝑟
, 

(C.6) 

where h is defined as the reservoir height, to the Laplace domain, 

 

𝑄(𝑟, 𝑠) = −
2𝜋𝑘ℎ

𝜇
[𝑀1𝑟√

𝑠
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 𝑟) −𝑀2𝑟√

𝑠

𝜂
 𝐾1(√

𝑠

𝜂
 𝑟)], 

(C.7) 

where 𝐼1 and 𝐾1 are first order modified Bessel functions. Note that the reservoir height h in the case 

of SI for DPS will be the length of a well segment. Two boundary conditions are required to find 𝑀1 

and 𝑀2 of equations C.5 and C.7. We assume that the flow rate at the outer boundary 𝑄𝑟𝑒 = 𝑄(𝑟𝑒 , 𝑠) 

and the pressure at the sand face 𝑃𝑠𝑓 = 𝑃(𝑟𝑤, 𝑠) are known. 𝑀1 and 𝑀2 for these conditions are 

determined to be, 
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(C.8) 

and,  
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where T is,  

 
𝑇 = −

2𝜋𝑘ℎ

𝜇
 𝑟𝑒√

𝑠

𝜂
. 

(C.10) 

With the coefficients 𝑀1 and 𝑀2 defined in equations C.8 and C.9, we can solve equations C.5 and 

C.7 for the flow rate at the sand face 𝑄𝑠𝑓 = 𝑄(𝑟𝑤 , 𝑠), and the pressure at the boundary of the 

reservoir 𝑃𝑟𝑒 = 𝑃(𝑟𝑒 , 𝑠). This leads to an relationship between 𝑄𝑠𝑓 , 𝑄𝑟𝑒 , 𝑃𝑠𝑓 and 𝑃𝑟𝑒  which is the 

dynamical behaviour of the reservoir. The connection between the variables can be expressed by the 

casual structure as seen in Figure C.1 and by the following set of equations, 

 
[
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],  

(C.11) 

where ℝ is a 2-by-2 matrix consisting of transfer function which are, 
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(C.12) 
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𝜂)𝐾1 (𝑟𝑒

√𝑠
𝜂 ) − 𝐾1 (𝑟𝑤√

𝑠
𝜂) 𝐼1 (𝑟𝑒

√𝑠
𝜂 ) 

𝐼1 (𝑟𝑒√
𝑠
𝜂)𝐾0 (𝑟𝑤

√𝑠
𝜂 ) + 𝐼0 (𝑟𝑤√

𝑠
𝜂)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

, 

(C.13) 

 

 

𝑅21(𝑠) =

𝐼0 (𝑟𝑒√
𝑠
𝜂)𝐾0 (𝑟𝑤

√𝑠
𝜂 ) − 𝐾0 (𝑟𝑒√

𝑠
𝜂) 𝐼0 (𝑟𝑤

√𝑠
𝜂 ) 

𝐼1 (𝑟𝑒√
𝑠
𝜂)𝐾0 (𝑟𝑤

√𝑠
𝜂 ) + 𝐼0 (𝑟𝑤√

𝑠
𝜂)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

, 

(C.14) 
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𝑅22(𝑠) =

𝐼0 (𝑟𝑒√
𝑠
𝜂
)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

+ 𝐾0 (𝑟𝑒√
𝑠
𝜂
) 𝐼1 (𝑟𝑒

√𝑠
𝜂 )
 

𝐼1 (𝑟𝑒√
𝑠
𝜂
)𝐾0 (𝑟𝑤

√𝑠
𝜂 )

+ 𝐼0 (𝑟𝑤√
𝑠
𝜂
)𝐾1 (𝑟𝑒

√𝑠
𝜂 )

. 

(C.15) 

For pressure transient analysis (PTA), we are interested in the change of pressure at the sand face 

during the transient regime, i.e., when the flow rate at the exterior boundary is zero. This implies 

that transfer functions R12 provides a direct relationship between the change in pressure and flow 

rate at the sand face, see Figure C.1 and equation C.13. 

 

Figure C.1: Casual representation of the reservoir model, showing the relationship between inputs and outputs. 


