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Abstract Typically, hydrocarbon production networks have

several fluid routing alternatives that are applied by opening

and closing on–off valves. This usually sends the wells’

fluids through a specific pipeline, pump or compressor, or to

a particular separator, among other requirements. This paper

presents a general methodology to compute all fluid routing

configurations of a production network using a graph rep-

resentation of it. The particular implementation case dis-

cussed in this paper involves interacting with a preexisting

steady-state computational model of the production network.

The method starts by extracting from the model the name

list of elements in the network and their type. Equipment

(wells, separators, junctions, pumps, compressors, valves,

etc.) is tagged as nodes and pipes (flowlines, connectors) are

tagged as edges. The nodes are further classified by type:

sources (wells), internals (e.g., junctions) or sinks (separa-

tors). The start and end element of each edge is recorded.

This process yields a network connectivity list. A depth-first

search is executed from each source to each sink. The search

keeps track of the edges that must be active in each path and

honors (if any) pre-specified edge directions. All paths for

one source node in one component are combined to form all

feasible edge combinations for that source node, and these

combinations are again combined for all the source nodes in

each component. This is repeated for all graph components.

The unique combinations are stored and reported at the end.

The method has been tried in a production network with

seven wells representing a typical subsea production system

in the North Sea where the wells have the option to produce

(through two flowlines) to two separators on the platform.

The production network model was available in a com-

mercial software; thus, there was no access to the code or the

underlying equations. The model was controlled from an

external computational routine using automation. The graph

was extracted from the model, all operating configurations

of the network were computed (2187), and then each one

was applied (by enabling or disabling flowlines) and eval-

uated in the commercial software. This allowed to identify

routing configurations that provided maximum total oil

production or maximum total gas production. There were

only 306 configurations that yielded a total oil production

close (within 10%) to the maximum recorded oil production.

The input data of the production system model are given in

the appendix for verification and benchmarking by a third

party. Details about the implementation are provided.
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List of symbols

p Pressure (bara)

ID Internal diameter (m)

L Length (m)

Tamb Ambient temperature (C)

U Overall heat transfer coefficient (W/m2 K)

WGR Water–gas ratio (Sm3/Sm3)

GOR Gas–oil ratio (Sm3/Sm3)

IPR Inflow performance relationship

MD Measured depth (m)

TVT True vertical depth (m)
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Introduction

Ahydrocarbon production network is the collection of pipes,

wells, valves, pumps that take the fluid from the reservoir to

the processing facilities (Fig. 1). The layout and character-

istics of the network might vary significantly depending on

the geographical location of the reservoir (offshore, onshore,

remote access), the field development concept, the presence

of neighboring fields, among others. It is also possible that

the network layout changes with time, e.g., when a neigh-

boring reservoir is discovered, new wells are drilled.

Typically, most production networks have elements

installed to control fluid rates (valves, pumps) and might

have several fluid routing alternatives that are applied by

opening and closing on–off valves. This usually sends the

wells’ fluids through a specific pipeline, pump or compres-

sor, or to a particular separator, among other requirements.

Typically, both in industry and in academia, numerical

models are build and converged to analyze the flow per-

formance of production networks. When in the design

phase, the model serves to help screening for the most

convenient configuration by running sensitivity analysis,

foresee operational problems, perform design optimization,

among others. In the operational phase, the model sup-

posedly represents with an appropriate accuracy the

behavior of the real system and is used to perform trou-

bleshooting, model-based optimization, model predictive

control, virtual metering, etc.

The numerical model consists of a set of steady-state

conservation equations (mass, momentum and energy in

each element) that must be solved simultaneously in an

iterative fashion to calculate the operating rates, pressures

and temperatures. The pressures at the boundaries (wells

and separators) are provided as an input to the model. The

near well formation is usually represented with an equation

that depicts a downward monotonic relationship between

bottomhole pressure and surface flow rate (inflow perfor-

mance relationship, Whitson 1983). The IPR curve is

usually a pseudo-steady-state representation of the deliv-

erability of the formation at a given depletion state of the

reservoir (i.e., reservoir pressure).

The process of integrating and converging the conser-

vation equations in all pipe segments to find the flowing

rates of oil, gas and water and pressures and temperatures

along the system is usually referred to as network solving.

This is a more general version of the graphical flow equi-

librium method (also commonly known as nodal analysis).

A simplified example of the flow equilibrium method is

described in ‘‘Appendix 2.’’

Depending on the degree of connectivity in the network,

the producing rate of one well will depend more or less on

the rate of the other wells. Some examples of the equations

employed, solving algorithms and implementation details

are presented in Tian and Adewumi (1993).

Due to the fact that the network model is steady state,

the changes associated with reservoir depletion are typi-

cally introduced by using the IPR curves that correspond to

the time when the analysis is performed. In some cases, the

IPRs are determined from well testing and updated peri-

odically in the network model. When running coupled

models, the IPR curves are commonly generated in a

reservoir simulator and transferred to the network model.

An example of this methodology is shown in Fig. 2.

The network model has to represent with an accept-

able accuracy the physical system. Otherwise, any analysis

based on the model has limited applicability and usability.

Figure 3 shows a simplified scheme designed to close the

gap between the output of the model and the measured

variables of the real system. The main task of the data

assimilation algorithm is to receive the output from sensors

and change parameters in the model until the difference

between the output of the model and the measured vari-

ables is minimized. The parameters in the model are typ-

ically properties of the network that have a high uncertainty

(e.g., IPRs) or empirical factors employed by the multi-

phase pressure drop correlations.

This issue is not addressed in the present work (i.e., an

assumption is made that the network model has been

properly tuned and updated previously).

The data assimilation algorithm might also quality

control and process (clean, average, validate, aggregate)

the data points that come from the sensors.

In oil and gas companies, the numerical model is typi-

cally built in canned commercial software; thus, the user

does not have access to the code details or the underlying

equations. However, this software (e.g., Schlumberger Ltd

2012) usually has functionality to interact with the network

model from other computational routines using automation

(e.g., activate and deactivate elements, modify input, run

Fig. 1 Example of a production network
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the model and read output). Some applications of this

functionality are presented in Rodriguez et al. (2007)

(software integration), Liley and Oakley (2007) (automa-

tion), Edih et al. (2016) (automatic model population and

calibration).

The method described in the present paper computes all

possible fluid routing configurations using the graph of the

production system. The details of the method are provided

in the following sections. The list of all possible routing

configurations of a production network could be employed

for many useful applications, e.g., identify most convenient

routing configurations, evaluating abandoning or drilling

wells, decommissioning or installation of separators or

pipes, and detect flow problems in the network. A filter

could be also applied to the list according to pre-specified

criteria to facilitate further analysis of the network (e.g., a

specific edge has to be open all the time and remove

alternatives where a specific flowline is being used).

A field case has been created to test the method. A

computational model in commercial software was

manipulated through automation: The connectivity list

between elements has been extracted from the model, all

routing configurations have been computed, and they have

been applied and converged on the computational model.

Description of the method

As with any network-type structure, a convenient way to

represent a production network is by employing a graph

(Sung et al. 1998). A graph (G) consists in a collection of

nodes (V) and edges (E) that are interconnected to a certain

degree. In the present work, equipment (wells, separators,

junctions, manifolds, pumps, compressors, valves, etc.) is

tagged as nodes and pipes (flowlines, connectors) are tag-

ged as edges. The nodes are further classified by type:

sources (wells where fluid is entering into the network),

internals or sinks (separators, where fluids are leaving the

network).

Figure 4a depicts a system of two wells, two flowlines, a

junction and a separator. Figure 4b shows a node–edge

depiction of the graph, and Fig. 4c shows a list storing the

graph information: the name of edges and associated nodes.

In computational models, usually each edge and each node

have a name assigned beforehand by the modeler.

Production systems are converging (commingling) net-

works of material streams that often resemble a tree

(Fig. 5a). The production of individual wells that are rel-

atively close to each other is comingled in a cluster man-

ifold, and the production from the manifolds is often

comingled in pipeline junctions and so forth. Very often,

there is connectivity (flowlines) between wells and more

Calculate 
well IPR

Reservoir 
�mestep “ti”

Reservoir Model Network Model

IPRs of 
each 
well

Input 
dataTransfer to

Run the 
model

Well 
rates and 
pressures

Transfer toWell 
controls

Execute 
�me step

Reservoir 
�mestep “ti+1” Results

Fig. 2 Loose coupling step

between reservoir and network

models

Produc�on network 
(Physical system)

Produc�on network 
(Numerical model)

Sensors Data assimila�on 
algorithms

Measured 
output

Tuning constants 
and proper�es 
with uncertainty

Predicted 
output

Fig. 3 Data assimilation process for the network model (adapted

from Barros et al. 2015)
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than one manifold, between junctions and more than one

separator, etc. (as shown in Fig. 5b). This additional con-

nectivity is what allows to have different routing options in

the production network.

The direction of the flow in the network (i.e., in each

edge) is given by the solution of the numerical model (after

solving the system of equations). However, in some flow-

lines (typically those connected directly to the wells) there

are sometimes non-return valves (check valves) or certain

type of equipment (e.g., pumps or compressors) that allow

only one preferential flow direction (from the well). This is

reason why the graph is both directed and undirected. In

the present work, all pipes or connectors coming out of

wells have an outwards preferential direction. Similarly, all

pipes or connectors coming into a separator have an

inwards preferential direction.

Ideally, in a well-designed and hydraulically balanced

network, the flow should go smoothly from wells to

separators without any cyclic circulation. However, on

some occasions, and especially when comingling pro-

duction from two or more streams with different pro-

ductivity, there might be back flow in some segments

(e.g., from junctions to manifolds in Fig. 5b). In order to

keep generality, the graphs are treated as mixed in the

present work and with the possibility to have cycles or

not. However, in most real-life cases, the graph of the

production system will most likely be acyclic, directed

and with a tree-like structure.

The method is summarized in the following steps:

1. Extract the adjacency list between elements from the

numerical model of the production network.

Extract a list with all elements in the network (name,

type and upstream element and downstream element, if a

pipe or connector) and separate them in edges and nodes.

(a)

(b)

Edge name Start node End node

Pipe 1 Well 1 Junc�on 

Pipe 2 Well 2 Junc�on 

Pipeline Junc�on Separator 

(c)

Fig. 4 Reduction in a simple

production network (a) to a

graph (b), defined with the list

(c)

Fig. 5 Structure of a production network. No routing options (a). With routing options (b)
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The node list is ordered alphanumerically, and each node is

numbered sequentially. The same is done for the edge list.

Each node is tagged either as a source, internal or sink,

and each edge is checked for preferential flow directions.

Please note that the numerical model should include all

elements of interest to analyze (i.e., current active and

inactive pipes).

2. Compute all feasible connectivity configurations of the

production network.

For each source node, a depth-first search is used to find

all paths that lead to a sink. This search honors pre-spec-

ified edge directions. The result of this first step is a list of

paths for each node, where each path is represented by its

active edges. This is illustrated in the example below. Note

that each source/sink pair may be connected by several

paths.

A graph may have disjoint components, i.e., components

of the graph which are not in any way connected. For such

flow networks, the configuration of one component does

not affect the result for other components. The network is

therefore also split into its disjoint components in this first

step, and each such component is treated independently in

the rest of the procedure. To find the disjoint components,

each node is initially assigned to a unique component.

Then, whenever the recursive path search traverses an edge

in the graph, the components of the nodes incident to that

edge are joined into one. A disjoint set is used to keep track

of the components.

The second step, again for each source, is to find all

feasible combinations of its paths, i.e., all edge configura-

tions where the source produces to at least one sink and

where no unnecessary edges are active. This is computed

by considering all subsets of the path list, of size at least

one, combining their edge states through a logical OR

operation.

Finally, the third step is to combine the above edge

configurations for all of the sources in each disjoint com-

ponent. Each combination uses one configuration for each

source, again with a logical OR operation. The result is a

list of configurations for each component of the graph, and

these are printed to a file for later use.

Simple example

A simple example is shown in Fig. 6, with two source

nodes (1 and 2) and two sink nodes (5 and 6). The first step

is illustrated in the table on the right, which shows the

result of the depth-first search presenting the status of all

edges for all feasible paths. Paths are saved in a matrix

where each column corresponds to an edge and each row is

a path. A number 1 indicates that the edge is active while 0

indicates that the edge is inactive.

The second step is the computation of path combinations

for each node. For the example shown above, the total path

combinations for source 1 are given in Table 1. These

consist of one or both of the paths for source 1.

The third step is the combination over all source nodes,

illustrated in Fig. 7. Here, each path combination for Well

1 is combined with each path combination for Well 2 to

form a total of nine unique configurations.

Computational implementation

To avoid redundant computations, the memoization tech-

nique is used in the third step described above. This ensures

that each combination is generated only once, and the

computational cost of the procedure is therefore propor-

tional to the number of combinations generated. Thus, the

cost of evaluating each of the combinations is guaranteed

Edge Status (0 inac�ve, 1 ac�ve)

Source Sink 1 2 3 4 5 6

1 5 1 0 0 0 1 0 

1 6 0 0 1 0 0 1 

2 5 0 1 0 0 1 0 

2 6 0 0 0 1 0 1 

Fig. 6 Sample production

network and output of the

depth-first search (edge

connectivity)

Table 1 Total path combination for source 1 to the sinks

Comb. nr. Sink 1 2 3 4 5 6

1 5 1 0 0 0 1 0

2 6 0 0 1 0 0 1

3 5 & 6 1 0 1 0 1 1
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to dominate the cost of generating them, and this cost is the

limiting factor for the method.

Example case: typical production system
of a North Sea field with seven wells

As an application example, the method has been tested in the

production network presented in Fig. 8. The system repre-

sents a typical production system of a North Sea subsea field

where each well has the option to produce to two separators

(by opening or closing the valves indicated in the figure).

Wells are located in templates that have two manifolds. The

number of combinations to evaluate is three (producing to

Separator 1, producing to Separator 2, or to both) to the

power of 7 (number of wells) 37 = 2187 combinations.

The details of the system are provided in ‘‘Appendix 1’’ for

potential verification and benchmarking with other models

and programs.Thenumericalmodelwas built in a commercial

simulator (Schlumberger Ltd 2012). Please note that the

characteristics (e.g., length, diameter) of the pipes between

well–template, template–riser base, riser base–platform have

been assumed equal for the four branches. This might cause

that some configurations are equivalent due to symmetry, thus

giving exactly the same model result. Potential symmetry in

the network is, in general, not typical in production systems.

For that reason, the possible reduction in the number of cases

considering symmetry is not addressed in the present paper.

The computational workflow has been implemented in a

commercial software for integrated asset modeling and opti-

mization (Petrostreamz 2013). The first part is depicted in

Fig. 9. A script extracts the edge adjacency list from the

numericalmodel of the network (using the automation feature

(Schlumberger Ltd 2012) of the black boxmodel) andwrites it

to a text file. The text file is then used as an input to an .exe file

where all routing configurations are computed and written to

an output text file. The file contains edge status (0 and 1)

organized in columns for each configuration (rows).

The second part of the workflow (shown in Fig. 10)

applies each routing configuration sequentially to the

numerical model and runs it (using the automation feature

(Schlumberger Ltd 2012), and activating and deactivating

flowlines) to compute the main parameters of interest (e.g.,

oil rate, gas rate, water rate). The results are stored for each

routing configuration.

Results

All 2187 routing configurations were applied and tested in the

numerical model of the production network. The compound

run time (that comprises applying the routing configuration in

the network model and running it, for all cases) was around

3000 s in a personal portable computing unit (Intel Core i7-

4500CPU). The total water rate is plotted versus the oil rate in

Fig. 7 Example of combination

of paths between two sources

Fig. 8 Layout of the production network to analyze
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Fig. 11 for all cases. The total gas rate is plotted versus the oil

rate in Fig. 12 for all cases.A red dot depicts the production of

the system for an ‘‘intuitive’’ routing configuration where

Wells 1–4 are produced to Separator 1 and Wells 5–7 to

Separator 2. This intuitive configuration yields the smallest

field oil rate and a very low field gas rate.

Fig. 9 Computational

workflow implemented to

compute all routing

configurations where N is total

number of configurations and

M is total number of edges

Fig. 10 Computational

workflow implemented to apply

to model each routing

configuration
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From Figs. 11 and 12, it is possible to observe that an

increase in oil production correlates roughly with an

increase in gas and water. Some data points of the fig-

ures have been bounded by boxes with a tag depicting the

percentage of the number of points enclosed by the box

when compared the total number of routing configurations

analyzed. It is possible to observe that there are not many

routing configurations (14%) that yield an oil production

close (within 10%) to the maximum (2204 Sm3/d). For the

gas, however, there is a significant amount of cases (79%)

that yield a production relatively close (within 8%) to the

maximum gas flow rate detected (15,178 Sm3/d).

The maximum oil production detected was 2204 Sm3/d,

with an associated gas production of 13,617 and 607 Sm3/d

of water. The routing configuration that provides these

rates is shown in Fig. 13. A red ‘‘X’’ has been placed on the

valves that are closed. Please note that due to symmetry,

there are 4 equivalent routing configurations that yield the

same oil production.

The maximum gas production detected was 15,178 Sm3/

d, with an associated oil production of 2133 and 664 Sm3/d

of water. The routing configuration that provides these

rates is shown in Fig. 14. A red ‘‘X’’ has been placed on the

valves that are closed. Please note that due to symmetry,

there are two equivalent routing configurations that yield

maximum gas production.

Fig. 11 Total water production versus oil production for all routing

configurations analyzed

Fig. 12 Total gas production versus oil production for all routing

configurations analyzed

Fig. 13 Routing configuration detected that yields maximum oil

production

Fig. 14 Routing configuration detected that yields maximum gas

production
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Conclusions

The proposed method is a robust and flexible technique to

compute all possible routing operating configurations of a

production network in a variety of situations that are typ-

ically encountered during the life of a petroleum asset.

The method is suitable if a minimally invasive compu-

tational implementation is desired and it exploits existing

functionality on software used to model hydrocarbon pro-

duction systems.

Once the connectivity and node list are extracted from

the numerical model, the computation of all possible

routing operating configurations does not depend at all on

any interaction with the model of the production network.

This gives the possibility to improve the computational

code as much as desired, without depending on the black

box simulator. Due to the tree-like structure of the network,

and for systems with a small number of wells, there are

usually not a large number of combinations to compute;

hence, the method should be relatively fast for most cases.

A post-filtering on the list of routing configurations

allows to discard operational conditions that are not

allowed due to operational directives. They do not have to

be hard-coded in the program that computes all possible

routing configurations.

The potential of the method has been demonstrated

using a sample production network. The best routing con-

figuration to produce maximum oil and gas was detected

successfully. For the particular case, there are not many

(14%) routing configurations that yield oil rates close

(within 10%) to the maximum detected.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

Appendix 1: Details of the production network
employed

See Fig. 15.

Reservoir temperature = 140 C.

See Tables 2, 3 and 4.

Fig. 15 Details of the surface

network

Table 2 Details of the inflow of each well

Well Reservoir pressure

(bara)

Forchheimer IPR model—Darcy

coefficient [bar2/(Sm3/d)]

Forcheimer IPR model—non-Darcy

coefficient [bar2/(Sm3/d)2]

GOR (Sm3/Sm3) WGR (Sm3/Sm3)

Well 1 230 1.4E-3 2.2E-10 8600 1.4E-5

Well 2 230 5.5E-3 8.0E-9 6573 9.3E-5

Well 3 180 6.4E-3 1.0E-8 3687 7.1E-5

Well 4 200 3.1E-2 3.4E-8 6575 1.2E-4

Well 5 200 3.0E-2 0.0 1531 9.9E-5

Well 6 306 2.2E-3 0.0 11,550 1.1E-5

Well 7 277 1.4E-2 0.0 6912 8.6E-5
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Appendix 2: Simplified example of solving
graphically a production network using nodal
analysis

Consider as an example the case shown in Fig. 16 where

there is a production network with three wells, a pipeline

and a separator. The point of interest (the ‘‘node’’ for the

nodal analysis) is arbitrarily defined as the junction where

the production of the three wells is commingled.

The ‘‘available’’ pressure curve is calculated for each

well from the reservoir to the junction. This is done by

fixing an arbitrary well surface rate (assumed) and com-

puting from the IPR the flowing bottomhole pressure, and

then progress co-current with the flow and compute the

pressure drop in the tubing and in the flowline until the

junction is reached. The curve is generated by fixing sev-

eral rate values and repeating the procedure described

earlier in each one of them.

Table 3 Details of well completion and trajectory

Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7

Tubing ID

(m)

0.155 Tubing ID

(m)

0.155 Tubing ID

(m)

0.155 Tubing ID

(m)

0.155 Tubing ID

(m)

0.155 Tubing ID

(m)

0.155 Tubing ID

(m)

0.155

MD (m) TVD

(m)

MD (m) TVD

(m)

MD (m) TVD

(m)

MD (m) TVD

(m)

MD (m) TVD

(m)

MD (m) TVD

(m)

MD (m) TVD

(m)

0 0 0 0 0 0 0 0 0 0 0 0 0 0

630 630 439 439 518 517 430 430 335 335 370 370 432 432

640 640 467 467 554 554 440 440 976 976 380 380 461 461

880 878 815 813 1248 1247 530 529 1976 1975 1030 1029 845 844

1140 1127 1060 1047 1363 1361 740 734 2976 2972 1200 1196 1030 1024

1390 1351 1260 1225 1704 1685 920 903 3886 3878 1350 1337 1170 1156

2498 2272 2230 2030 2272 2218 1060 1030 3931 3923 1480 1454 1310 1281

2857 2617 2490 2280 2412 2340 1180 1132 3976 3967 1630 1580 1680 1604

3546 3291 3100 2878 3920 3578 1260 1194 4031 4018 1750 1673 1860 1775

3745 3471 3880 3574 4004 3639 1370 1270 4086 4066 1920 1792 2010 1922

3985 3670 4050 3708 4118 3712 5070 3746 4136 4107 4940 3667 3480 3388

4094 3749 4190 3804 4232 3772 5220 3825 4186 4143 5120 3760 3560 3464

4244 3838 4426 3928 4290 3795 5360 3883 4226 4167 5455 3896 3650 3545

4384 3901 4506 3959 4568 3888 5567 3949 5573 3931 3740 3620

4633 3980 4682 3912 5654 3963 5677 3947 3860 3709

4767 3921 3947 3766

4064 3829

4149 3865

4166 3871

4192 3880

Table 4 Composition of reservoir fluids

Component Mol%

N2 0.62

CO2 4.21

C1 75.26

C2 9.49

C3 4.89

iC4 0.70

nC4 1.32

iC5 0.36

nC5 0.39

C6 0.36

C7 0.49

C8 0.47

C9 0.29

C10? 1.17
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The ‘‘required’’ pressure curve is calculated in a similar

manner, the rate of the pipeline is arbitrarily fixed, and then

counter-current pressure drop calculations are performed

from the separator to the junction. The curve is generated

by fixing several pipeline rate values and repeating the

procedure described earlier in each one of them.

The following iterative process has to be performed to

find the equilibrium rate of each well:

1. Assume a junction pressure.

2. Read the rate of each well (q1, q2, q3) and the flowline

(q4) from the available and required pressure curves

with the junction pressure assumed.

3. Verify that q1 ? q2 ? q3 = q4. If positive, the

assumed junction pressure is the real operating pres-

sure. Else, go back to step 1.
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