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Abstract 
Computational methods of determining the operating pressure (Pwf) and flowrate (qsc) of gas wells are 
particularly important in the petroleum industry because it saves time and serves as a platform for 
petroleum engineers to perform complex sensitivity analysis on a production system. Sadly, methods 
to computationally determine the point of intersection between the IPR (Inflow Performance 
Relationship) and VLP (Vertical Lift Performance) curves are scarce in literature due to their complexity. 
This study seeks to determine dry gas wells' performance by predicting their bottomhole flowing 
pressure and corresponding gas flowrate, using the concept of Taylor series expansion. A computer 
program (TAYNOD) was developed to implement the proposed mathematical model. In addition, a 
graphical method of computing Pwf and qsc was employed to validate the developed prediction model. 
The operating pressure and flow rate results were painstakingly read from the charts to obtain the 
exact solution. The exact values were then contrasted with the results from the developed prediction 
model. Nevertheless, it was established that the predicted values of Pwf and qsc matched adequately 
with an R2 of 0.937. 
Keywords: Computer program; Taylor series; Nodal analysis; Gas well performance; Computational method. 

1. Introduction

The Inflow Performance Relationship (IPR) of a well is a non-linear mathematical expression
of the oil or gas volumetric production rate (qo or qg) and the bottom-hole flowing pressure 
(pwf), which is the reservoir pressure at the well-reservoir interface [1]. The performance of a 
given gas well can be determined by performing a matching of IPR (Inflow Performance Rela-
tionship) and VLP (Vertical Lift Performance) curves. The concept of matching these two curves 
(IPR and VLP) is known as nodal analysis [2]. Over the years, nodal analysis has proven to be 
the most popular means through which the performance of oil and gas wells are determined [3-4]. 
The IPR curve describes the flow of reservoir fluids from the reservoir to the wellbore, while 
the VLP curve demonstrates fluid flow from the wellbore to the surface [4-6]. Also, the point of 
intersection of the two curves represents the operating point of the gas or oil well as shown 
in Figure 1. 

Figure 1. A typical nodal analysis chart for oil 
and gas wells [11]

However, graphical method has been the com-
monly used method to determine well perfor-
mance in the oil and gas industry. Although the 
graphical method of performing nodal analysis 
has recorded huge success in literature, there is 
a need to compute the operating pressure and 
flowrate of a gas well without necessarily having 
to plot a chart first. Guo et al. [7] proposed that 
an iterative method, such as Newton Raphson, 
can be used to determine the point of intersection 
between the two curves (IPR and VLP). 
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Nonetheless, the method was deemed computationally exhausting and tasking to imple-
ment [7]. Consequently, methods to computationally determine the point of intersection be-
tween the IPR and VLP curves are scarcely available in the literature. As a result, most re-
search works available in the literature are only centred on determining the performance of oil 
and gas wells using the graphical method [8-10]. Moreover, there is a serious need to be capable 
of promptly determining the operating flowrate and bottomhole flowing pressure of gas wells 
without using graphs on spreadsheets. This computational ability will assist engineers in per-
forming sensitivity analysis speedily on a typical gas production system by varying relevant 
parameters such as wellhead pressure, tubing size, etc. Notwithstanding, this paper presents 
a novel computational method of performing nodal analysis for dry gas wells using Taylor 
series expansion.     

2. Methodology 

2.1 Mathematical modelling 

This section briefly describes the procedures involved in using Taylor series expansion to 
determine the point of intersection between two functions. It should be noted that the two 
curves (IPR and VLP) to be analysed are polynomial functions whose roots represent the point 
of intersection of the curves. Therefore, given two multi-variable functions: u(x,y) and v(x,y), 
by applying the Taylor series expansion method, the following relationships are obtained [12]: 
𝑢𝑢𝑖𝑖+1 = 𝑢𝑢𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) + (𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ (𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                  (1) 

𝑣𝑣𝑖𝑖+1 = 𝑣𝑣(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) + (𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ (𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                  (2) 
The roots of the two curves u(x,y) and v(x,y) corresponds to the values of x and y where 

𝑢𝑢𝑖𝑖+1 and 𝑣𝑣𝑖𝑖+1 equals to zero. Thus, eq. 1 and 2 can be reduced to the following equations. 
0 = 𝑢𝑢𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) + (𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  (𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                        (3) 

0 = 𝑣𝑣(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) + (𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  (𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                       (4) 
Collecting like terms, 
𝑥𝑥𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝑢𝑢𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) = 𝑥𝑥𝑖𝑖+1

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                            (5) 

𝑥𝑥𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝑣𝑣𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) = 𝑥𝑥𝑖𝑖+1

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                            (6) 

Let A = 𝑥𝑥𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

− 𝑢𝑢𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) 

and    B = 𝑥𝑥𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝑣𝑣𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) Thus, 

𝐴𝐴 = 𝑥𝑥𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                                    (7) 

𝐵𝐵 = 𝑥𝑥𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑦𝑦𝑖𝑖+1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                                                         (8) 
Applying Crammer’s rule to solve eq. 7 and 8 simultaneously, 

𝑥𝑥𝑖𝑖+1 = 1
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕−

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

× �
𝐴𝐴 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝐵𝐵 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

�                                                     (9) 

𝑥𝑥𝑖𝑖+1 =
𝐴𝐴.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕−𝐵𝐵.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕−

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

                                                                            (10) 

Similarly,  

𝑦𝑦𝑖𝑖+1 =
𝐵𝐵.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕−𝐴𝐴.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕−

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕.𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

                                                                              (11) 

Applying eq. 10 and eq. 11 to the IPR and VLP of dry gas wells, the ordinate is taken as Pwf 
and the abscissa becomes qsc. Thus, recall the back pressure equation for dry gas wells [6], 
𝑞𝑞𝑠𝑠𝑠𝑠 = 𝐶𝐶�𝑃𝑃𝑟𝑟2 − 𝑃𝑃𝑤𝑤𝑤𝑤2 �𝑛𝑛                                                                                      (12) 
where qsc= gas flow rate, Mscf/day; Pr = average reservoir pressure, psi; n = exponent; C = 
performance coefficient, Mscf/day/psi2 
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Therefore, eq. 12 is the equation needed to specify the Inflow Performance Relationship of 
the dry gas wells. Meanwhile, in specifying the vertical lift performance (VLP) curve, the av-
erage temperature and pressure method was employed in this study. The method is summa-
rised as follows [7]; 

𝑃𝑃𝑤𝑤𝑤𝑤2 = Exp(𝑠𝑠)𝑃𝑃ℎ𝑓𝑓2 + 6.67×10−4 [Exp(𝑠𝑠)−1]𝑓𝑓𝑚𝑚𝑄𝑄𝑠𝑠𝑠𝑠2 𝑧𝑧
2𝑇𝑇

2

𝑑𝑑𝑖𝑖
5𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                   (13) 

where 𝑧𝑧 = average compressibility of gas; 𝑇𝑇 = average temperature;𝜃𝜃 = inclination angle of 
tubing; Pwf  = bottomhole flowing pressure; Qsc = gas flowrate; di = internal tubing diameter; 
Phf = tubing head pressure; L = tubing length.   
𝑠𝑠 = 0.0375𝛾𝛾𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

𝑧𝑧𝑇𝑇
                                                                                         (14) 

Zeroing equation 12 and 13 to obtain two basic functions, the equation is given by, 
𝑢𝑢�𝑞𝑞𝑠𝑠𝑠𝑠 , 𝑝𝑝𝑤𝑤𝑤𝑤� = 𝑞𝑞𝑠𝑠𝑠𝑠 − 𝐶𝐶�𝑃𝑃𝑟𝑟2 − 𝑃𝑃𝑤𝑤𝑤𝑤2 �𝑛𝑛 = 0                         (15) 

𝑣𝑣�𝑞𝑞𝑠𝑠𝑠𝑠 , 𝑝𝑝𝑤𝑤𝑤𝑤� = 𝑃𝑃𝑤𝑤𝑤𝑤2 − �Exp(𝑠𝑠)𝑃𝑃ℎ𝑓𝑓2 + 6.67×10−4 [Exp(𝑠𝑠)−1]𝑓𝑓𝑚𝑚𝑄𝑄𝑠𝑠𝑠𝑠2 𝑧𝑧
2𝑇𝑇

2

𝑑𝑑𝑖𝑖
5𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� = 0              (16) 

Differentiating eq. 15 and 16, the following equations are obtained: 
𝜕𝜕𝜕𝜕

𝜕𝜕𝑃𝑃𝑤𝑤𝑤𝑤
= 2𝑛𝑛𝑛𝑛𝑃𝑃𝑤𝑤𝑤𝑤�Pr2 − 𝑃𝑃𝑤𝑤𝑤𝑤2 �𝑛𝑛−1                                         (17) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑃𝑃𝑤𝑤𝑤𝑤

= 2𝑃𝑃𝑤𝑤𝑤𝑤                                                                            (18) 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

= 1                                                                                    (19) 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

= 1.334×10−3[𝐸𝐸𝐸𝐸𝐸𝐸(𝑠𝑠)−1]𝐹𝐹𝑀𝑀𝑞𝑞𝑠𝑠𝑠𝑠𝑧𝑧
2𝑇𝑇

2

𝑑𝑑𝑖𝑖
5𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                       (20) 

Therefore, the novel prediction method is given as; 

𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖+1 =
𝐴𝐴. 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

−𝐵𝐵. 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

. 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

− 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

. 𝜕𝜕𝜕𝜕𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

                                       (21) 

𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖+1 =
𝐵𝐵. 𝜕𝜕𝜕𝜕𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

−𝐴𝐴. 𝜕𝜕𝜕𝜕𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠
𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

. 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

− 𝜕𝜕𝜕𝜕
𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤

. 𝜕𝜕𝜕𝜕𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

                                      (22) 

where,  
A = 𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤
− 𝑢𝑢 �𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖 , 𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖�                               (23) 

and 
B = 𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠

+ 𝑦𝑦𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝑝𝑝𝑤𝑤𝑤𝑤
− 𝑣𝑣 �𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖, 𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖�                                      (24) 

Also, 𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖 and 𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖 represents the initial guess for gas flowrate and bottomhole flowing pres-
sure, respectively. In short, Eq. 21 and Eq. 22 will be solved iteratively until the difference 
between the future and previous values is less than 0.5, i.e., 5%. The models could be incor-
porated into a spreadsheet program or any programming language.  

2.1.1. Model assumptions 

Following are the assumptions of the model developed in this study: 
1. The well involved is a dry gas well 
2. Average compressibility factor is known 
3. A turbulent flow regime was assumed at the wellbore of the gas well. 

2.2. Computer modelling 

This section details the computer method employed to incorporate the developed mathe-
matical predictive model. However, this study uses C# programming language to implement 
the developed mathematical model. The flowchart for the developed computer program 
(TAYNOD) is indicated in Figure 2. 
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Table 1. Input data [5,7] 

Parameters Well-A Parameters Well-A 
Tubing length 10,000ft Wellhead pressure 800psi 
Tubing roughness 0.0006 Gas specific gravity 0.71 
Tubing internal diameter 2.259in Tubing head temperature 150oF 
Inclination angle 0 Reservoir pressure 2000psi 
C- back pressure constant 0.01Mscf/d-psi2n Bottomhole temperature 200oF 
n-exponent 0.8   

 

 
Figure 2. Overall flowchart for the developed computer program, TAYNOD 

Invariably, published data were used to validate the developed computer model (TAYNOD). 
These data are represented in Table 1. To compare the predicted values of the operating 
flowrate and bottomhole flowing pressure with the graphical method, modified data was used. 
The modified data points are shown in Table 2. Finally, some software runs were performed 
on the developed computer program (TAYNOD). The results are presented in the next section 
of this paper. 

Table 2. Modified data points [5] 

Parameters Mod1  
(di=2in) 

Mod 2 
(di=3.5in) 

Mod 3 
(di=4.5in) 

Mod 4 
(di=5.5in) 

Tubing length, ft 10,000 10,000 10,000 10,000 
Tubing roughness 0.0006 0.0006 0.0006 0.0006 
Tubing internal diameter, in 2  3.5 4.5 5.5 
Inclination angle 0 0 0 0 
Wellhead pressure, psi 700 800 850 900 
Gas specific gravity 0.71 0.71 0.71 0.71 
C- back pressure constant, 
Mscf/d-psi2n 0.01 0.01 0.01 0.01 

n-exponent 0.8 0.8 0.8 0.8 
Tubing head temperature, oF 150 150 150 150 
Bottomhole temperature, oF 200 200 200 200 
Reservoir pressure, psi 2000 2000 2000 2000 
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3. Results and discussion 

The results obtained from using the developed mathematical and computer model in this 
study are shown in Figure 4 and 5.  

 
 

 
 

 

Figure 3. Graphical illustration of gas well performance curve using TAYNOD 
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As shown in Figure 4, it took the model barely three iterations to converge. In addition, the 
value of bottomhole flowing pressure was computed as 985.6psi and the operating flowrate 
was determined as 1552Mscf/day. Figure 4 represents the result for Well A. 

However, Figure 5 shows the result obtained from a modified data point used for testing 
the developed prediction model. The result shows an operating flowrate of 1442Mscf/day and 
operating pressure of 1090psi (See Figure 5).  

More so, to validate the developed prediction model, graphical plots of the gas wells con-
sidered in this study were used as the exact model. Some software runs were made using 
TAYNOD, and the plots, as shown in Figure 3, were presented. The results obtained from the 
charts were used as the exact values. The exact values were contrasted with the predicted 
ones using a statistical model like R2. The result obtained from the evaluation revealed that 
the prediction has a substantial level of precision with an R2 value of 0.937 (See Figure 6).   

 
Figure 4. Prediction of gas well performance for Well A using TAYNOD 

 
Figure 5. Prediction of gas well performance for one of the modified datapoints using TAYNOD 
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Figure 6. Validation of the prediction model 

4. Conclusion 

This study has successfully demonstrated that the performance of a dry gas well can be 
determined computationally by the use of Taylor series expansion. The developed mathemat-
ical model was put into a computer program, TAYNOD, where the operating pressure and 
flowrate of a gas well was determined speedily. The prediction of bottomhole flowing pressure 
and gas flowrate were performed in a timely manner with less computational stress – as it 
barely takes three or fewer iterations for convergence to be reached. To validate the prediction 
model, graphical nodal analysis was performed using the same data points as the prediction 
model. The operating pressure and flow rate results were painstakingly read from the charts 
to obtain the exact solution. The exact values were then contrasted with the results from the 
developed prediction model. Nevertheless, it was established that the predicted values of Pwf 
and qsc matched adequately with an R2 of 0.937. 
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