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 Background: Advection Diffusion equation (ADE) is one of the most useful equations 

in calculating the transport of energy and materials in flux areas. Objective: In this 

paper, the numerical technics of ADE for four various numerical methods include finite 

difference(FDM), fourth order finite difference(FOFDM), finite volume(FVM), and 

differential quadrature methods(DQM), in implicit conditions have been investigated. 

In order to test the results of these numerical technics, one experimental study and two 

hypothetical cases have been applied. Results: The results of the numerical methods for 

the hypothetical cases are compared with the analytical solution. The experimental data 

are also simulated by the methods. After all the accuracy and required CPU time are 

discussed. By considering the results of analytical solutions and experimental study, 

generally it can be seen that DQM shows better results than other numerical methods. 

After DQM the reaults of FVM and FOFDM are relaible, respectively.  Conclusion: 

Finally between these four numerical methods, the authors recommended DQM 

methods, but if consider the required time of solution, maybe FVM is more economize. 
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INTRODUCTİON 

 

 Widely use of ADE in various fields of science like transport of heat, sediment, ground water and surface 

flow pollutant, are fully sufficient for researchers to show intrest to solve this equation. Many of researchers like 

Jaiswal et al(2011) tried to propose analytical solution for this equation. But in resent years by developing in the 

computer scince, most of the researchers like Kaya(2010) shows more intrest to introduce numerical solution for 

these kind of equations. 

 By using Laplace transformation technique many of researchers like Ogata and Banks(1961), Harleman and 

Rumer(1963), Guvanasen and Volker (1983), Marshall et al. (1996), Banks and Ali (1964), Ogata (1970), Lai 

and Jurinak (1971), Marino (1974), Al-Niami and Rushton (1977) and Jaiswal D. K. et al. (2011)  tried to 

propose analytical solution for transport equations like advection diffusion equation. 

 As noted before, in recent years, most of the researchers showed more intrest to present numerical solution 

for ADE instead of analytical solution. The brief review of these works by attention to the data of published are 

given below:  

 Calhoun and LeVeque(2000) developed an algorithm to solve fully conservative, high-resolution ADE in 

irregular geometries. In this algorithm, they applied finite volume method for solution of this equation. Calvo et 

al.(2001) in order to numerical integration of the semi discrete equations arising after the spatial discretization 

of advection–reaction–diffusion equation(ARDE) applied two variable-step linearly implicit Runge–Kutta 

methods of orders 3 and 4 equations. Younes and Ackerer(2005) used the Eulerian-Lagrangian localized adjoint 

method on non uniform time steps and unstructured meshes to solve the ADE. Guo and Wang(2005) tried to 

develop an algorithm by second and third-order accuracy with a finite difference method to solve the 

convection-diffusion equation (CDE). In this algorithm they used counter-error mechanism to reduce the 

numerical dispersion. One of the researchers that tried to solve ADE in Implicit condition is Karahan(2006). He 

solved this equation with FDM by using the upwind and Crank–Nicolson schemes. Also Karahan in (2007) 

presented numerical solution of one-dimensional ADE with third-order upwind scheme by using spreadsheet 

simulation (ADE-TUSS). Tian and Dai (2007) applied a high-order compact (HOC) exponential FDM to 

develop a solution for one and two-dimensional steady-state ADE. Badrot-Nico et al. (2007) applied FVM by 

upwind numerical scheme for the solution of the linear advection equation in multiple dimensions on Cartesian 

grids. they presented the MDPM profile reconstruction method in one dimension and its generalization and 

algorithm to two and three-dimensional problems. Ferreira and Costa(2007) in order to determined ADE, 
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introduced an implicit method based on particle displacement moments applied to uniform grids. Hongxing 

(2008) applied finite volume element method(FVEM) to calculate two dimensional transport phenomena. For 

the sake of discretize the governing equations he used quasi-uniform triangular elements and piecewise linear 

element methods. Ponsoda et al. (2008) introduced a modified space-time conservation element methods for 

solving the ADE. Kaya (2009) proposed a numerical solution of ADE by DQM in implicit condition. Gopaul et 

al(2011) introduced solution of ADE by three different methods: 1) The Krylov Subspace Method, 2) 

Restrictive Taylor‘s approximation (RTA) and 3) Chebyshev Pseudospectral Collocation. Stipcich et. al. (2011) 

proposed the numerical solution of ADE by using discontinuous control-volume/finite-element method. 

Mohammadi et al. (2011) developed several numerical methods such as FTCS, FTBSCS, BTCS, BTBSCS and 

Crank–Nicholson schemes in order to solve the one-dimensional ADE with constant coefficients. The base of 

these methods were FDMs and applied in explicit and implicit conditions. Finally they recommended the Crank-

Nicolson scheme. Hermeline(2012) introduced a new version of FVM to be able to solve CDE. Karatay and 

Bayramoglu (2012) tried to solve the time fractional advection dispersion equation by using the Crank-

Nicholson difference scheme. Savovic and Djordjevich(2012) by using explicit FDM solved One-dimensional 

ADE with variable coefficients in semi-infinite media for three dispersion problems. They have reported good 

agreement between numerical results and analytical solutions. Jiang and Zhang(2013) developed new Krylov 

Implicit integration factor (IIF)- High order weighted essentially non-oscillatory (WENO) methods to solve two 

open problems on IIF methods for solving ADRSs: (1) how to obtain higher than the second order global time 

discretization accuracy; (2) how to design IIF methods for solving fully nonlinear PDEs. Finally they announced 

that the result of comparison between new method and numerical examples was sufficiently reliable. 

 

2.Governing Equations and Numerical Solutions: 

 The one dimensional unsteady ADE is given by 

 
𝜕𝑓

𝜕𝑡
+ 𝐴.

𝜕𝑓

𝜕𝑥
=

𝜕

𝜕𝑥
(𝐷

𝜕𝑓

𝜕𝑥
)                                                                                  (1) 

 

where f refers to unknown component that changes depend to physical problem (concentration, flow rate, depth, 

mass, heat etc.), x and t refer to space and time independent variables respectively. A refers to advection 

coefficient, which can be velocity in the case of pollutant transport and D refers to the diffusion coefficient. 

 Depending on the type of problems, researchers select different type of boundary conditions. In this paper 

by considering the physics of phenomena, the cell-face type boundary conditions have been applied in the inlet 

and outlet node points. 

In Eq (1) the initial and boundary conditions can be explained as belows: 

 

𝑓 𝑥, 0 = 𝐹 𝑥 ,                              0 ≤ 𝑥 ≤ 1                                                             (2) 

 

𝑓 0, 𝑡 = 𝐹0 𝑡                                0 < 𝑡 ≤ 𝑇                                                                  (3) 

 

𝑓 1, 𝑡 = 𝐹1 𝑡                                0 < 𝑡 ≤ 𝑇           (4) 

 

 In the next section, the numerical solution of ADE for variouse numerical methods by considering initial 

and boundary conditions is proposed. 

 It should be noted that, the required codes developed by MATLAB programing Language. Also the feature 

of computer that used in this process was RAM 4GB and CPU 2.40GHz. 

 

2.1. Finite Difference Method (FDM): 

 In this method forward difference scheme for the first derivative of functions and central difference scheme 

for the second one are applied respectively. The final form of numerical solution by FDM in implicite condition 

is given as below. 

 

Forward difference scheme              
∂u

∂x
=

u i+1−u i

∆x
                                                                   (5) 

 

central difference scheme               
∂2u

∂x2 =
u i−1−2u i +u i+1

∆x2                                                          (6) 

 

 By substituting equations 5 and 6 in ADE and by some manipulations, finally equation (1) appear as a final 

form of ADE by FDM 

 

−𝐷
∆𝑡

∆𝑥2 𝑢𝑖−1
𝑡+1 + 𝑢𝑖

𝑡+1  1 − 𝐴
∆𝑡

∆𝑥
+ 2𝐷

∆𝑡

∆𝑥2 + 𝑢𝑖+1
𝑡+1  𝐴

∆𝑡

∆𝑥
− 𝐷

∆𝑡

∆𝑥2 = 𝑢𝑖
𝑡      (7) 
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2.2. Fourth Order Finite Difference Method(FOFDM): 

 In the sake of obatining the high order accuracy of numerical discretization, It could be selected more grid 

points in the difference formulation. In this method; in order to catch the more accuracy in discretization, five 

point symmetric difference schemes is employed as follows: 

Derivation of first-order accuracy in time          

 
∂u

∂t
=

u i
t+1−u i

t

∆t
                                                                       (8) 

 

And the first and second order derivation of five point symmetric difference schemes are 

 

(
𝜕𝑢

𝜕𝑥
)𝑖 =

𝑢𝑖−2−8𝑢𝑖−1+8𝑢𝑖+1−𝑢𝑖+2

12∆𝑥
+ 𝑜(∆x4)                                                                                       (9) 

 

(
𝜕2𝑢

𝜕𝑥 2)𝑖 =
−𝑢𝑖−2+16𝑢𝑖−1−30𝑢𝑖+16𝑢𝑖+1−𝑢𝑖+2

12∆𝑥2 + 𝑜(∆𝑥4)                                                                       (10) 

 

 By substituting equations (8,9 and 10) in ADE and by some manipulations, the final form of this equation is 

given as below 

 

𝑢𝑖
𝑡+1(1 +

∆𝑡  𝐷30

12∆𝑥2 ) + 𝑢𝑖−2
𝑡+1(

∆𝑡  𝑎

12∆𝑥
+

∆𝑡  𝐷

12∆𝑥2)+ 𝑢𝑖−1
𝑡+1(-

∆𝑡  𝑎8

12∆𝑥
-
∆𝑡  𝐷16

12∆𝑥2 )+ 𝑢𝑖+1
𝑡+1(

∆𝑡  𝑎8

12∆𝑥
−

∆𝑡  𝐷16

12∆𝑥2 )+ 𝑢𝑖+2
𝑡+1(−

∆𝑡 𝑎

12∆𝑥
+

∆𝑡  𝐷

12∆𝑥2) =  𝑢𝑖
𝑡                                                                                     (11) 

 

2.3. FiniteVolume Method (FVM): 

 In recent years FVM is one of the most popular methods that has been applied in various fields. In this 

method the central difference scheme is employed: 

 

𝑢𝑒 =
𝑢𝑃+𝑢𝐸

2
                                                                                                                                              (12) 

 

𝑢𝑤 =
𝑢𝑃+𝑢𝑊

2
                                                                                                                                             (13) 

 

 The key step of the finite volume method is the integration of the governing equation over a control volume 

to yield a discretised equation at its nodal point P.( Versteeg, H.K., Malalasekera, W. 1995). 

 

  
𝜕𝑢

𝜕𝑡
. 𝑑𝑉. 𝑑𝑡

𝐶𝑉

𝑡+∆𝑡

𝑡
+   

𝜕𝑢

𝜕𝑥
. 𝐴. 𝑑𝑉. 𝑑𝑡

𝐶𝑉

𝑡+∆𝑡

𝑡
=   𝐷

𝜕2𝑢

𝜕𝑥2 . 𝑑𝑉. 𝑑𝑡
𝐶𝑉

𝑡+∆𝑡

𝑡
                                     (14) 

 

(𝑢𝑝 − 𝑢𝑝
0)∆𝑉 = −𝑎 𝐿𝑒𝑢𝑒 − 𝐿𝑤𝑢𝑤 . ∆𝑡 + 𝐷( 𝐿𝑒  .

𝑢𝐸−𝑢𝑃

∆𝑥𝑃𝐸
 −  𝐿𝑤   .

𝑢𝑃−𝑢𝑊

∆𝑥𝑃𝑊
 ). ∆𝑡                                  (15) 

 

 Where symbol of P refers to the node point that value of it must be determined and e and w refers to the 

hypothetical face of control volume in east and west respectively. In this notation δx refers to the distance 

between the nodal points and L is the cross sectional area of the control volume. By considering that the values 

of cross section area in the east and west parts are equal, so easily it can be written Le=Lw=L. In the end of 

solution, by applying some manipulations the final form of ADE in implicit condition appear as below 

 

𝑢𝑊  −𝐴
∆𝑡

2∆𝑥
−

𝐷.∆𝑡

∆𝑥2  + 𝑢𝑝  1 + 2𝐷
∆𝑡

∆𝑥2 + 𝑢𝐸  𝐴
∆𝑡

2∆𝑥
− 𝐷

∆𝑡

∆𝑥2 = 𝑢𝑝
0                                                        (16) 

 

Illustration of central difference scheme is presented in Fig.(1). 

 
Fig. 1: Schematic representation of finite volume scheme. 
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2.4. Differential Quadrature Method(DQM): 

 This numerical method was proposed by Bellman and Casti in 1971.The main idea of this method comes 

from Gauss Quadrature method. Its basic idea is to approximate a definite integral with a weighted sum of 

integrand values at a group of nodes in the form: 

 

 𝑓 𝑥 𝑑𝑥 ≈  𝑤𝑗𝑓(𝑥𝑗 )𝑁
𝑗=1

𝑏

𝑎
         (17) 

 

where xj(j=1,2,…,N) are nodes and wj are weighting coefficients. They are determined by solving a system of 

linear equations (Zong and Zhang(2009)): 

 

𝑎𝑖𝑗 =
1

(𝑥𝑗−𝑥𝑖)
 

𝑥𝑖−𝑥𝑘

𝑥𝑗−𝑥𝑘

𝑁
𝑘=1
𝑘≠𝑖,𝑗

                     (18a) 

 

𝑎𝑖𝑖 = − 𝑎𝑖𝑗
𝑁
𝑗=1
𝑗≠𝑖

                                                 (18b) 

 

𝑏𝑖𝑗 = 2  𝑎𝑖𝑗 𝑎𝑖𝑖 −
𝑎𝑖𝑗

𝑥𝑗−𝑥𝑖
                                     𝑖, 𝑗 = 1,2, … , 𝑁,    𝑖 ≠ 𝑗                          (19a) 

 

𝑏𝑖𝑖 = − 𝑏𝑖𝑗
𝑁
𝑗=1
𝑗≠𝑖

                                𝑖 = 1,2, … , 𝑁                               (19b) 

 

 Generally location of the node points can be estimated by two groups: (1) Equal intervals and (2) Non-equal 

intervals. For determained the non equal intervals node points, many of researchers proposed variouse methods 

like Chebyshev or normalization of the routes of Legendre polynomial. But in DQM most of the scientists prefer 

to apply Chebyshev method. In this study; Chebyshev node definition is applied to solve the ADE as below: 

 

𝑥𝑖 = 𝑥1 +
1

2
 1 − 𝑐𝑜𝑠

𝑖−1

𝑁−1
𝜋  𝑥𝑛 − 𝑥1            𝑖 = 1,2, … . , 𝑁      (20) 

 

Finally the numerical solution of ADE by DQM can be seen as below 

 

𝑢𝑖
𝑡 + ∆𝑡. 𝐴 𝑎𝑖𝑗 𝑢

𝑡
𝑗

𝑁
𝑗=1 − ∆𝑡. 𝐷  𝑏𝑖𝑗 𝑢

𝑡
𝑗 = 𝑢𝑖

𝑡−∆𝑡𝑁
𝑗=1                              (21) 

 

3.1. Hypothetical Case 1: 

 Hypothetical Case 1 was taken from Gopaul et al.(2011). The initial and boundary conditions for this case 

are given as follows: 

 

𝑢 𝑥, 0 = 𝑒𝑥𝑝 1.177124344446770𝑥 − 0.09(0)         (22) 

 

𝑢 0, 𝑡 = 𝑒𝑥𝑝 1.177124344446770(0) − 0.09𝑡          (23) 

 

𝑢 1, 𝑡 = 𝑒𝑥𝑝 1.177124344446770(1) − 0.09𝑡         (24) 

 

The exact solution of this case is given by equation below: 

 

𝑢 𝑥, 𝑡 = 𝑒𝑥𝑝 1.177124344446770𝑥 − 0.09𝑡                                                         (25) 

 

where  A = 0.1 and  D = 0.02. 

 The illustration of errors, depending to the analytical solution, for the four numerical methods (FDM, 

FOFDM, FVM and DQM) are given in Figures 2(a, b, and c).The values of errors are calculated by this relation 

below: 

Error = ( values of numerical method – Value of analytical solution) / (Maximum value of numerical method)  

 The absolute value of maximum errors are calculated for three node points and three time steps. These 

values are summarised in Table (1). 
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Fig. 2: a) Differences between DQM, FOFDM, FVM,DQM and exact colution results at 10 node points and 200 

time steps calculated. 

 

 
 

Fig. 2: b) Differences between DQM, FOFDM, FVM, DQM and exact colution results at 20 node points and 

200 time steps calculated.  

 

 
 

Fig. 2: c) Differences between DQM, FOFDM, FVM,DQM and exact colution results at 30 node points and 200 

time steps. 
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Table 1: The absolute value of maximum errors. 

Node 

points 

Time 

steps 

FDM Required 

Time 

FOFDM Required 

Time 

FVM Required 

Time 

DQM Required 

Time 

10 50 1.02E-03 0.022049 4.16E-04 0.024466 2.87E-04 0.025028 1.61E-04 0.223534 

10 100 1.00E-03 0.026124 3.91E-04 0.027383 2.18E-04 0.025885 7.98E-05 0.226303 

10 200 9.97E-04 0.031721 3.79E-04 0.034349 1.84E-04 0.031450 3.98E-05 0.236778 

20 50 3.30E-04 0.023468 1.44E-04 0.024662 1.89E-04 0.023071 1.64E-04 0.223657 

20 100 2.90E-04 0.028595 6.24E-05 0.030116 1.08E-04 0.028591 8.14E-05 0.227994 

20 200 2.70E-04 0.038120 3.48E-05 0.040047 6.87E-05 0.037672 4.06E-05 0.246142 

30 50 2.27E-04 0.026233 1.57E-04 0.026673 1.74E-04 0.025082 1.64E-04 0.234015 

30 100 1.84E-04 0.032244 7.50E-05 0.033467 9.25E-05 0.032134 8.16E-05 0.246548 

30 200 1.65E-04 0.046442 3.43E-05 0.047545 5.20E-05 0.046676 4.06E-05 0.310215 

 

 By considering Figures 2(a, b and c) and the numerical values of Table (1), it can easily be seen that FDM 

shows the worst results. Between these four methods for a small number of node points DQM shows the best 

results. But by increasing the number of node points the results of FOFDM and FVM are going to be closed to 

the DQM. By attention to the numerical values of Table (1) it can clearly be seen that the required time in order 

to get a solution in DQM is more that other ones. The main cause of the extension in required time refers to the 

concept of DQM. This method, in order to find a better solution, is considered weighting coefficients of all of 

the node points. Therefor computer needs to solve a greater equation algorithms to get better answers. By 

considering required time of solution and accuracy of answer the authors recommend FVM. 

 

3.2. Hypothetical Case 2: 

 Hypothetical Case 2 was selected from Dehghan‘s paper in (2005) where the initial and boundary 

conditions are given as below: 

 

𝑢 𝑥, 0 = 𝑒𝑥𝑝  −
 𝑥−2 2

8
            (26) 

 

𝑢 1, 𝑡 =  
20

20+𝑡
𝑒𝑥𝑝  −

 5+4𝑡 2

10 𝑡+20 
          (27) 

 

𝑢 0, 𝑡 =  
20

20+𝑡
𝑒𝑥𝑝  −

2 5+2𝑡 2

5 𝑡+20 
           (28) 

 

The exact solution of hypothetical case 2 is given as below: 

 

𝑢 𝑥, 𝑡 =  
20

20+𝑡
𝑒𝑥𝑝  −

 𝑥−2−0.8𝑡 2

0.4 𝑡+20 
          (29) 

 

where 𝐴 = 0.8 and  D = 0.1. 

 The dimensionless errors for these four numerical methods have been calculated for three different node 

points (10, 20, 30) in three different time steps(50, 100, 200). The illustration of comparison of these numerical 

methods for time steps of 200, are given in Figures 3(a,b and c). Also the absolute values of maximum errors are 

given in Table (2). 

 
Fig. 3: a) Differences between DQM, FOFDM, FVM,DQM and exact colution results at 10 node points and 200 

time steps. 

http://tureng.com/search/numerical%20value
http://tureng.com/search/numerical%20value
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Fig. 3: b) Differences between DQM, FOFDM, FVM,DQM and exact colution results at 20 node points and 200 

time steps. 

 
Fig. 3: c) Differences between DQM, FOFDM, FVM,DQM and exact colution results at 30 node points and 200 

time steps. 

 
Table 2: The absolute values of maximum errors. 

Node 

points 

Time 

steps 

FDM Required 

Time 

FOFDM Required 

Time 

FVM Required 

Time 

DQM Required 

Time 

10 50 1.72E-02 0.022049 9.63E-03 0.024466 4.42E-04 0.025028 1.71E-04 0.223534 

10 100 1.73E-02 0.026124 9.74E-03 0.027383 5.30E-04 0.025885 8.48E-05 0.226303 

10 200 1.73E-02 0.031721 9.79E-03 0.034349 5.73E-04 0.031450 4.22E-05 0.236778 

920 50 7.71E-03 0.023468 9.63E-03 0.024662 3.37E-05 0.023071 1.72E-04 0.223657 

20 100 7.81E-03 0.028595 1.34E-03 0.030116 5.30E-05 0.028591 8.52E-05 0.227994 

20 200 7.86E-03 0.038120 1.37E-03 0.040047 9.57E-05 0.037672 4.24E-05 0.246142 

30 50 4.92E-03 0.026233 3.44E-04 0.026673 1.12E-04 0.025082 1.72E-04 0.234015 

30 100 5.02E-03 0.032244 3.79E-04 0.033467 2.57E-05 0.032134 8.52E-05 0.246548 

30 200 5.06E-03 0.046442 3.96E-04 0.047545 1.69E-05 0.046676 4.24E-05 0.310215 

 

 By considering Figures 3(a,b, and c) and numerical values of Table (2), it can be understood that DQM 

shows better results than other numerical methods. It can easily be seen that FVM shows better performance 

than FDM and FOFDM. Also by considering Figures 3(a,b, and c) and numerical values of Table (2),  it can be 

seen that by increasing the number of node points the results of FVM are going to close to the results of DQM. 

In spite of hypothetical case 1, in this case numerical results of FOFDM is not good as FVM. In hypothetical 

case 2 as same as hypothetical case 1 DQM shows minimum errors and maximum required time. Therfore as 

like as hypothetical case 1 by considering accuracy and required time the authors recommend FVM. 

 

3.3. Experimental study: 

 To validate these four numerical models, the data of an experimental study that has been done by Raje and 

Kapoor (2000) is used. The brief of their experimental study is given in follows: 

 Raje and Kapoor, in order to represent the porous medium microstructures area, used glass of beads. They 

used beads with a same radius (1.5 mm) to present the uniform domain and selected the piston with 18 cm in 
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length and 4.5 cm in diameter to be able to present the porous domain. By this instruments they could focus on 

the nonlinear kinetics transformation of chemical material in a porous media flow. The illustration of model 

that, experimental study by Raje and Kapoor has been carried out in it, is shown in Figure 4. 

 
Fig. 4: Experimental apparatus of reactive transport research in a porous medium (Raje and Kapoor 2000). 

 

The initial and boundary conditions of the experimental research are given as follows: 

Initial concentration   c(x,0)=0 

Boundary concentration   c(1,t)=0.25 mM 

where the values of dispersivity (∝) is equal to 0.33 cm, seepage velocity (v) is equal to 0.07 cm/s sampling time 

is equal to 510s and advection and diffusion coefficients are determined by  A=v  and  Dr=∝×v . 

 The results of comparison between measurements and numerical solutions are shown in the Figures (5) and 

(7). Moreover, the calculation of errors for two cases are presented in Figures (6) and (8). 

 

 
 

Fig. 5: Results of DQM, FOFDM, FVM,DQM and measurement for tV/L. 
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Fig. 6: Differences between DQM, FOFDM, FVM,DQM and measurement results at 35 node points and 500 

time steps. 

 

 
 

Fig. 7: Results of DQM, FOFDM, FVM,DQM and measurement for tV/L. 

 

 
 

Fig. 8: Differences between DQM, FOFDM, FVM,DQM and measurement results at 40 node points and 7500 

time steps. 

 

 According to the resuls of Figures 5—8, DQM and FVM produced the best performances. The result of 

FOFDM is clossed to FVM. The performance of FDM is too poor.  

 The required time to calculate these numerical solutions at 40 node points and 15000 time steps are given in 

table 3. 
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Table 3: Required time of solution for numerical methods. 

Required Time for FDM 

(second) 

Required Time for HighOrderFDM 

(second) 

Required Time for FVM 

(second) 

Required Time for DQM 

(second) 

1.203242 1.235113 1.041326 1.251533 

 

Conclusions: 

 In this paper the numerical solution of ADE for four various numerical methods are presented. The 

comparison of numerical results showed that, DQM gives the most reliable results in analytical and 

experimental studies. After DQM, sequentially the results of FVM and FOFDM were more reliable. In the case 

of FOFDM, it must be noted that applying appropriate boundary condition is really important in reducing 

numerical errors.  Between these four methods FDM presented the worst results. About DQM, it must be noted 

that because of the main concept of DQM, that consider the weighting coefficients of all of the node points, this 

method showed more sensitivity to the time steps than other numerical methods. In this paper two hypothetical 

cases and one experimental study, have been investigated. In order to highlight the difference between these 

numerical methods, in hypothetical cases dimensionless errors and the absolute values of maximum errors are 

given. Also in experimental study, difference between measurements and numerical results are given.  By 

considering the numerical values of Tables and Figures that are given above DQM shows the best results, but if 

consider the required time of solution, maybe FVM is more economize. 
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