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1. Test and Simulation Design 
 
The purpose of this CFD simulation was to model laminar and turbulent pipe flow while 
developing a working knowledge of the ANSYS Fluent CFD software. Laminar flow (Re = 655) 
was modeled with a series of uniform grids (Grids 0-8 in Table 1). An iterative error study was 
performed to analyze the effect that the convergence limit has on the relative error of the 
solution’s friction factor. A verification study was also performed on the resulting friction factors 
and axial velocity profiles. Turbulent flow (Re = 111,569) was modeled using a non-uniform 
grid (Grid T in Table 1). A validation study was also performed using EFD data. Various post-
processing tools were used to provide visual summaries of key results. Some results were 
compared between the laminar and turbulent simulations. Finally, the similarities, differences, 
and errors between CFD, AFD, and EFD were considered. 
 

Table 1: Mesh Grids Used 

 

2. CFD Process 
 
The “CFD Process” is the linear, step-by-step process that allows for the numerical modeling of 
a complex fluid system. It begins by defining the geometry that is being modeled. In this case, 
the geometry is an axisymmetric pipe with radius 0.02619 (m) and length 7.62 (m). Next, it is 
necessary to identify the physics of the system. This includes fluid properties (such as density 
and viscosity), boundary/initial conditions (such as Vin = 0.2 (m/s), Pin = 0 (Pa), Pout = 0 (Pa) for 
laminar, Vin = 34.08 (m/s), Pin = 0 (Pa), Pout = 400 (Pa) for turbulent, and the no-slip condition at 
the wall), and any other unique physical properties of the flow being modeled. For example, in 
this case, understanding the physics of the axisymmetric assumption, and the behavior of 
turbulent flow near the wall, are both necessary before moving on to the next step; constructing a 
mesh. The axisymmetric assumption means a mesh only needs to be defined between the axis 
and the wall. Various uniform grids with various numbers of divisions were used for the laminar 
case, and a non-uniform grid was used for the turbulent case (in order to better observe the near-
wall turbulent behavior). Certain points/lines were also defined as reference locations (i.e. ‘inlet’, 
‘outlet’, ‘wall’, ‘x=10d’, etc.) to be used during post-processing. Next, the solution can be 
computed. This requires defining the number of iterations, convergence limit, precisions, and 
numerical scheme (such as the standard k-eps model for turbulence). Finally, the results can be 
post-processed. This can consist of XY plots of quantities like velocity and pressure, more visual 
representations like velocity vector and contour plots, and finally verification and validation 
studies using AFD and EFD data. 
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3. Data Analysis and Discussion 
 
3.1 Iterative Error Studies 
 
Grids 4 and 8 were used with laminar flow conditions to calculate the CFD friction factor using 
convergence limits of both 1e-5 and 1e-6. The resulting values could then be compared to the 
nominal AFD friction factor value in order to observe the impact that the iterative convergence 
limit has on the difference between CFD results and AFD results. First, it was necessary to 
export the wall shear stress data for the considered cases at approximately x = 7(m). This data is 
summarized in Table 2. 
 

Table 2: Wall Shear Stress Data 
 Tolerance 𝝉𝑫𝒆𝒗𝒆𝒍𝒐𝒑𝒆𝒅	(𝑷𝒂) 

Grid 8 1e-5 0.000575021 
1e-6 0.000571963 

Grid 4 1e-5 0.000566219 
1e-6 0.000566167 

 
The resulting friction factors was calculated using Equation 1, where C is the friction factor, 𝜏 is 
the wall shear stress, r is the density of the fluid (1.17 kg/m^3) and U is the uniform inlet 
velocity of the fluid (0.2 m/s). 

 
𝐶 = 	 12

345
                      (1) 

 
Finally, the resulting relative error between the CFD friction factor and the nominal AFD friction 
factor (0.097747231) was calculated using Equation 2. 
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐸𝑟𝑟𝑜𝑟 = 	 @ABCDE3FGHIABCDE3JGH
ABCDE3JGH

@ 𝑥	100%           (2) 

 
Table 3 summarizes these results by showing the CFD friction factor, and their relative errors to 
the AFD friction factor, for both grids and for both convergence limits. In the case of Grid 4, 
(which is a coarser mesh with fewer divisions), decreasing the convergence limit by an order of 
magnitude had a negligible impact on the relative error (approximately 0.98% in both cases.) 
However, in the case of Grid 8 (which is a finer mesh with many more divisions), decreasing the 
convergence limit by an order of magnitude had a very substantial impact on the relative error (a 
decrease from 0.56% to 0.02%). 
 

Table 3: Friction Factors 

Uniform 
Mesh # 

Friction Factor 
with Convergence 

Limit 1e-5 

Relative Error 
with Convergence 

Limit 1e-5 

Friction Factor 
with Convergence 

Limit 1e-6 

Relative Error 
with Convergence 

Limit 1e-6 
4 0.096789573 0.979729% 0.096780684 0.988823% 
8 0.098294188 0.559563% 0.097771453 0.024780% 
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It is therefore wise to select convergence limits appropriate for the mesh being applied. Figure 1 
and Figure 2 clearly show that more iterations (and thus more computing time/resources) are 
necessary when smaller convergence limits are used. Therefore, is it only worthwhile to use 
smaller convergence limits for finer meshes such that the increase in iterations will actually 
result in a decrease in error.  
 

 
Figure 1: Residual History for Mesh 8 with Convergence Limit 1 e-5 

 
 

 
Figure 2: Residual History for Mesh 8 with Convergence Limit 1 e-6 
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3.2 Verification Study for Friction Factor of Laminar Pipe with Refinement Ratio√2 
 
Two sets of three grids were used to determine various verification parameters corresponding to 
a refinement ratio of √2. First, it was necessary to export the wall shear stress data at 
approximately x = 7(m) for all of the grids and to use Equation 1 to calculate the corresponding 
friction factors. This data is summarized in Table 4. 
 

Table 4: Friction Factors for All Laminar Grids 

Grid Wall Shear 
Stress c 

0 0.000459171 0.078490769 
2 0.000538387 0.092031966 
3 0.000560421 0.095798462 
4 0.000566163 0.096780000 
6 0.000570588 0.097536410 
7 0.000571414 0.097677607 
8 0.000571963 0.097771453 

 
Table 5 shows the various verification parameters for both sets of three grids. The set of coarser 
grids (Grids 2, 3, and 4) found a much higher grid uncertainty of Ug = 0.0602 compared to the 
set of finer grids (Grids 6, 7, and 8) which found a grid uncertainty of Ug = 0.0037. This is to be 
expected, since the finer grids are all much closer to the “true solution” and thus closer to each 
other. 
 
The set of coarser grids also has a higher order of accuracy of Pg = 3.88 compared to the set of 
finer grids, which has an order of accuracy of Pg = 1.18. Therefore, the set of finer grids is 
slightly closer to the theoretical order of accuracy, which is 2 for 2nd order schemes. 
 
The relative error of the friction factor for Grid 8 with a convergence limit of 1e-6 found in 
section 3.1 (0.0248) is much higher than the grid uncertainty for the set of finer grids (0.0037). 
This means that the friction factor result of Grid 8 is farther from the nominal AFD value than it 
is from the results of slightly coarser grids. In other words, even though Grid 8 is the finest grid, 
its result is still not that much closer than slightly coarser grids to the AFD result. 
 

Table 5: Friction Factor Verification Parameters for Refinement Ratio = √2  
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3.3 Verification Study for Friction Factor of Laminar Pipe with Refinement Ratio 2 
 
Two more sets of three grids were used to determine various verification parameters, this time 
with a refinement ratio of 2. The same wall shear stress values and their corresponding friction 
factors that were reported in Table 4 were used. Table 6 shows the various verification 
parameters for both sets of three grids (this time the set of coarser grids was constituted by Grid 
0, 2, and 4, while the set of finer grids was constituted by Grids 4, 6, and 8). 
 
With this increase in refinement ration, the set of coarse grids experienced a large decrease in its 
order of accuracy (Pg dropped from 3.88 to 1.51) while the set of fine grids experienced a slight 
increase in order of accuracy (Pg increased from 1.18 to 1.69). Both sets experienced a 
comparable decrease in grid uncertainty. Therefore, the set of coarser grids is more sensitive to 
the grid refinement ratio. This is because a coarser grid has less divisions to begin with, so a 
higher refinement ratio results in a larger change in order of accuracy. On the other hand, a finer 
grid is more refined to begin with, so applying a larger refinement ratio is less effective. 
 
 

Table 6: Friction Factor Verification Parameters for Refinement Ratio = 2  

 
 
 
 
 
 
 
3.4 Verification Study of Axial Velocity Profile 
 
Another set of three grids (Grid 2, 3, and 4) was used to conduct a verification study of the axial 
velocity profile. A refinement ratio of √2 was used. For each grid, ten points were defined at the 
outlet of the pipe in order to create axial velocity profiles. The corresponding verification 
parameters for each point are shown in Table 7. The resulting axial velocity profiles comparison 
is shown in Figure 3. As expected, the solution from the “fine” mesh (Grid 4) is closest to the 
AFD data, while the solutions from the “medium” mesh (Grid 3) and the “coarse” mesh (Grid 2) 
increasingly diverge from the AFD data. This is because finer meshes provide a more continuous 
set of calculation points and therefore approach the “true” solution. Also, because the axial 
velocity profile solution from Grid 4 is already so close to the AFD data, it is likely that using 
even finer meshes (Grids 6-8) would show little improvement and approximately match both the 
solution from Grid 4 and the AFD data. 
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Table 7: Axial Velocity Profile Verification Parameters 

 

 
 
 
 

 
Figure 3: Laminar Axial Velocity Profile Comparison 
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Figure 4 shows the corresponding error and grid uncertainty values for the verification and 
validation study. Because the error magnitude is always less than the grid uncertainty magnitude, 
the simulation has been verified. 
 

 
Figure 4: Verification and Validation for Velocity Profile 

 
 
3.5 Simulation of Turbulent Pipe Flow Using Grid T 
 
A non-uniform grid was used to simulate turbulent flow through the pipe. Ten radial lines were 
defined at distances of 10d, 20d, 40d, 60d, and 100d in order to compare the axial velocity 
profiles along the pipe. These profiles, as well as the inlet and outlet profiles and the provided 
EFD data, are compared in Figure 5. It is also useful to consider the normalized velocity 
profiles, which are found by dividing each data point by the maximum (centerline) velocity of 
that dataset. This was done for both the x=100d and EFD datasets. A comparison of these 
normalized profiles is shown in Figure 6. Figure 7 shows a simple comparison of the static 
pressure along the axis of the pipe for both the CFD and EFD data. As expected, the static 
pressure at the centerline decreases linearly along the axis of the pipe. Figure 8 shows the 
centerline velocity along the axis of the pipe. The analytical calculation for turbulent developing 
length is 𝐿P = 4.4 ∗ 𝑑 ∗ (𝑅𝑒)

U
V = 1.599	(𝑚). This corresponds to the “velocity spike” seen in Figure 8, 

although the centerline velocity does not reach its steady value of approximately 39.5 (m/s) until 
a centerline distance of approximately 3.5 (m). Finally, it is useful to consider the development 
of the axial velocity with either contour or velocity vector plots. Figures 9a and 9b show 
contours of the axial velocity in both the developing and developed regions, respectively. 
Figures 10a and 10b show velocity vectors of the axial velocity in both the developing and 
developed regions, respectively.   
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Figure 5: Turbulent Axial Velocity Profile Comparison with EFD Data 

 
 
 

 
Figure 6: Normalized Turbulent Axial Velocity Profile Comparison with EFD Data 
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Figure 7: Turbulent Centerline Pressure Distribution with EFD Data 

 
 

 
Figure 8: Turbulent Centerline Velocity Distribution 
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Figure 9a: Contour of Axial Velocity in Developing Region 
 

 
Figure 9b: Contour of Axial Velocity in Developed Region 
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Figure 10a: Velocity Vectors in Developing Region 

 

 
Figure 10b: Velocity Vectors in Developed Region 
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3.6 Comparison Between Laminar and Turbulent Pipe Flow 
 
Grid 8 was used, with a convergence limit of 1e-6, in order to create similar plots for laminar 
flow through the pipe. Again, ten radial lines were defined at distances of 10d, 20d, 40d, 60d, 
and 100d in order to compare the axial velocity profiles along the pipe. These profiles, as well as 
the inlet and outlet profiles and the provided AFD data, are compared in Figure 11. The 100d 
and AFD datasets were again normalized using their maximum (centerline) velocity values. 
These normalized results are shown in Figure 12. Now, the normalized axial velocity profiles at 
x=100d of both the turbulent and laminar cases can be compared, as shown in Figure 13. This 
comparison clearly shows that in laminar pipe flow, the axial velocity gradually decreases from 
the centerline (where it’s at its maximum) to the wall (where it is zero). For turbulent pipe flow 
however, the axial velocity remains very high with just a gradual decrease throughout most of 
the radial distance, and then sharply drops to zero right as it approaches the wall. Finally, Figure 
14 shows the centerline velocity along the axis of the pipe. The analytical calculation for laminar 
developing length is 𝐿P = 0.06 ∗ 𝑑 ∗ (𝑅𝑒) = 2.059	(𝑚). This corresponds to the location on Figure 14 
where the axial velocity reaches its steady value of approximately 0.40 (m/s). Therefore, the 
analytical calculations suggest that the turbulent developing length is slightly less than the 
laminar developing length, however the CFD results suggest that the laminar flow reaches its 
steady axial velocity value slightly sooner than the turbulent flow. 
 
 

 
Figure 11: Laminar Axial Velocity Profile Comparison with AFD Data 

 
 



13 
 

 
Figure 12: Normalized Laminar Axial Velocity Profile Comparison with AFD Data 

 
 
 
 
 
 
 

 
Figure 13: Normalized Axial Velocity Profile Comparison of Turbulent and Laminar CFD 
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Figure 14: Laminar Centerline Velocity Distribution 

 
 
3.7 CFD/AFD and CFD/EFD Discussion 
 
Computational Fluid Dynamics (CFD), Analytical Fluid Dynamics (AFD), and Experimental 
Fluid Dynamics (EFD) all go hand in hand and should be used in parallel to validate each other. 
That is to say, none of these methods should be used to completely replace one another, as they 
all have their own strengths, weaknesses, and associated errors. CFD and AFD are similar in the 
sense that they both utilize governing mathematical equations to model/predict behavior in fluid 
flow, heat transfer, phase changes, and many other physical phenomena. They differ however in 
the sense that AFD generally represents simpler physics that can be modeled as an exact 
solution, while CFD is used as an approximation for more complex systems. Therefore, errors 
can occur in AFD if incorrect assumptions are used while obtaining the closed form solutions, 
and errors can occur in CFD due to a lack of precision (i.e. an inaccurate discretization of flow). 
CFD simulations must also be setup on a case by case basis and depending on the complexity of 
the system and the level of precision desired, will often require a large amount of computational 
power and time. 
 
CFD and EFD are similar in the sense that they are both used for more complex flows that 
cannot be solved analytically. They obviously differ in the sense that CFD utilizes a numerical 
simulation while EFD involves an actual, physical simulation of flow. Error is therefore possible 
in EFD due to restrictions of physical simulation abilities, precision of measurement, scaling 
approximations, and of course any human test conductor error.
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4. Conclusions 
 
The purpose of these simulations was to model laminar and turbulent pipe flow while developing 
a working knowledge of the ANSYS Fluent CFD software. These goals were successfully met. I 
solidified what I already knew about laminar and turbulent pipe flow, and I now feel comfortable 
with the basics of the “CFD Process.” Both the laminar and turbulent cases were successfully 
modeled under the given conditions, and properties about their velocity profiles, pressure 
profiles, friction factors, were considered. A number of postprocessing tools and methods, such 
as XY plots, contour plots, velocity vector fields, and verification and validation studies, helped 
solidify understanding of both the “CFD Process” and the behavior or laminar and turbulent pipe 
flow. 
 
I learned that CFD can be an extremely powerful tool when understood and applied correctly. In 
other words, I fully realized that no part of CFD takes care of itself, but that every parameter, 
tolerance, condition, etc. must be defined carefully in order for the simulation to be successful. I 
also learned that a working knowledge of fluid dynamics is necessary to be successful in creating 
an efficient CFD solution. For example, knowing what kind of mesh to use for laminar/turbulent 
flow, and knowing that decreasing convergence limits is only effective for some grids. This 
seems like an especially important lesson, as it could be easy to lose track of the simulation 
conductors’ responsibility towards understanding fluid dynamics and to instead rely on the 
software to do all of the “thinking”, which of course would result in poor simulations. Finally, I 
learned a great deal about the similarities and differences between CFD, AFD, and EFD, and 
how the three can be used in parallel to validate/verify each other.  
 
The “hands-on” experience utilized throughout this lab was a key part of understanding both the 
“CFD Process” as well as the physical lessons and phenomena I have learned in fluids class. The 
ANSYS Fluent software provided a very visual and intuitive approach towards understanding 
how the different elements of the “CFD Process” (i.e. geometry, physics, grids, etc.) all worked 
together. Towards the end of the CFD procedure, I found myself relying less on the lab manual 
and instead exploring some of the software myself and testing what changes would occur by 
doing some steps differently or by adjusting certain parameters.  
 
Many possibilities exist for future work and improvements. One obvious possibility would be to 
consider more complicated geometry instead of such a simple and symmetric pipe flow. More 
complex grids could also be considered (i.e. non-uniform in multiple dimensions). Some of the 
analysis questions/considerations could also be expanded to consider more than just one or two 
examples. For example, the iteration study could consider more convergence limits, more 
refinement ratios could be tested under the friction factor verification study, more uniform grids 
could be tested under the laminar condition (i.e. even finer or even coarser grids), and more than 
one non-uniform grid could be tested for the turbulent condition. Also, instead of just 
considering one laminar case and one turbulent case, a variety of Reynold’s numbers could be 
tested. In general, however, this lab was very productive and it undoubtedly helped me learn 
more about both the characteristics of pipe flow, and about the general principles, strengths, 
weakness, and necessary processes of computational fluid dynamics.  


