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Computational Fluid Dynamics (CFD) is commonly used to calculate the pressure drop
in systems with internal flow. To get accurate results the physics of the flow must be well
defined together with the right material parameters of the considered geometry. The mate-
rial parameter considered in this report is the wall roughness, or sand-grain roughness, and
during the thesis work it has been investigated how different wall roughnesses affects the
pressure drop. It has also been investigated how to set up a CFD simulation to accurately
calculate the pressure drop. When setting up a simulation, a good mesh is essential to get
accurate results, while using a turbulence model and wall function that is correct for the
geometry and physics involved. Pressure drop measurements and the corresponding CAD
geometries were available at the start of the thesis work. The simulations were adapted to
these to find the sand-grain roughness for the different materials. The main conclusions
is that the pressure drop can be accurately calculated when the sand-grain roughness is
known and the CFD simulation is well defined. It was found from the mesh sensitivity
study that it is essential that the first cell size is at least twice the size of the sand-grain
roughness and that at least two cell layers are used to resolve the turbulent boundary layer.

Nomenclature

p Static pressure, Pa
∆p Pressure difference, Pa
f Fanning’s friction factor, -
fD Darcy’s friction factor, -
ε Sand grain roughness, m
ρ Density, kg/m3

ζ loss coefficient, -
L Length, m
d Diameter, m
u Velocity, m/s
ṁ Mass flow, kg/s

y+ Dimensionless wall distance, -
yp First point wall distance, m
ν Dynamic viscosity, kg/(m·s)
τw Wall shear stress, N/mm2

A Cross sectional area, m2

Re Reynolds number, -
Rz Wall roughness, m

I. Introduction

In systems where there is fluid flow, pressure drop is an important design parameter since it represents
loss in kinetic energy. The pressure drop depends on changes in geometry in the direction of the flow and
on the viscous interaction with the wall, i.e. friction. In turn, the friction depends on the fluid, the flow
characteristics and the parameter called wall roughness, or sand-grain roughness. Even without geometrical
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changes, the pressure drop can be significant. Using CFD (Computational Fluid Dynamics) the pressure
drop can be accurately calculated using the right parameters and physics that governs the flow. The main
purpose of this thesis work was to find the sand-grain roughness for a set of different materials. And how
to design a mesh that resolves the friction effects in the boundary layer, which wall function and turbulence
model to use and how to set up a simulation for pressure drop. And from these results develop a standard
working method to calculate pressure drop.

I.A. Background

The thesis was performed at the group of fluid and combustion simulations, NTMD, at Scania CV in
Södertälje, Sweden, where CFD is used as a standard method at Scania to calculate pressure drop in pipes.
To get a good result it is vital that the mesh is of good quality, but also that the turbulence model and
discretization scheme are chosen correctly. Even though all these are optimal, it is difficult to know how the
material affects the friction and thus it is difficult to find an accurate value of the pressure drop. The models
implemented in CFD codes can handle wall parameters, but it has not been investigated which value of the
wall parameter for different materials that will give the right friction; e.g. a plastic pipe may have a smooth
wall compared to cast iron that may have a rough wall. Often a reference geometry is used and a simulation
without a wall parameter will yield a result that is either better or worse, but it is often time consuming to
calculate how much better or worse the results is.

At Scania CV, pressure drop is a parameter carefully investigated for different systems and important
when designing systems with internal flow. Therefore this thesis was initiated to find a simulation method
of pressure drop including roughness.

I.B. Previous work

A previous thesis1 was done at Scania in which it was investigated which parameters that are of importance
in a computational model when optimizing a pipe. It was also investigated if the surface roughness in the pipe
has to be regarded and how inlet velocities, turbulence models and mesh quality affects the optimization.
A comparison of the optimal design in the thesis with different setups of the computational model was
carried out. The results showed that different input parameters influence the optimization results and that
the greatest difference could be seen when the modified wall function for roughness was used. The optimal
design was extended and the improvement of the original design was then greater than if a smooth wall was
used.

II. Considered geometries

During this thesis work five different pipes have been considered. Three straight pipes of constant cross
sectional area and two additional pipes with geometrical changes in the direction of the flow, as can seen
in figure 1. The straight pipes were all of the same length, but made of three different materials, specified
in table 1. The two other pipes are made by Free Form Fabrication (FFF) and have a contraction directly
downstream of the inlet, followed by short expansion and a bend to a bellow. After that point those two
pipes differ. The pipe in figure 1.b have two bends followed by a straight part up to the outlet, while the
pipe in figure 1.c only have one bend downstream of the bellow leading to the outlet. Both the latter pipes
have the same wall roughness of a larger value than the three straight pipes.

Table 1. Specifications of the straight pipes.

Material Length [m] Diameter [mm]

Delrin 2 47.9

Steel 2 50.0

Iron 2 51.3

FFF ≈1 ≈75.0 (dmax)
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(a) Straight pipe (b) Pipe with three bends (c) Pipe with two bends

Figure 1. The three different types of geometries considered.

III. Pressure drop measurements

Measurements of pressure drop were performed and available at the start of this thesis work, to give an
empirical baseline to the simulated data. The measurements of the straight pipes were set up with the pipe
placed horizontally, with a contraction mounted at the inlet and a diffuser at the outlet where the flow was
driven through suction by a fan. To measure the pressure drop in the straight pipes as a function of x, i.e.
∆p(x), the static pressure were measured at four sections of equal length along the pipe, as shown in figure 2.
From this the difference between the points could be calculated and the pressure drop evaluated.3

Figure 2. The measurement.

∆p = pi − pi+1, i = 1, 2, 3 (1)

The pressure drop measurements of the two non-straight pipes were done in similar way with the only
difference that the pressure were measured at a distance upstream of the inlet and downstream of the outlet
in an extension made out of a hydraulically smooth pipe, with the same cross sectional area as the pipe inlet
and outlet.

In figure 3 the results from the pressure drop measurements of the pipes are presented. Figure 3.a,b,c
show the results for the straight pipes, from which it can be seen that the pressure drop for the three sections
differ from each other. From theory it is expected that these three sections for the respective pipes have the
same pressure drop, since these sections have the same length. It is assumed that this difference comes from
the development of the boundary layer, or ’the entrance length’.

In the textbook by White2 the entrance length is described in the following way: When a fluid flows
towards the entrance of a pipe it converges and then enters the pipe, at which the fluid is nearly inviscid, see
point (1) in figure 4. Since the flow is affected by viscous effects near the wall, where the viscous boundary
layers grows, the axial flow u(r, x) retards at the wall and accelerates at the center core. At a distance x
from the entrance the boundary layers have grown to a point where the layers meet and merge (2), which
means that the inviscid core disappears and that the flow from this point is entirely viscous. A small distance
downstream from this point the axial velocity u changes a little further until the flow is fully developed and
u ≈ u(r). This section is called the entrance length, Le. Downstream of x = Le the velocity profile and the
turbulent boundary layer is constant, and thus the wall shear is also constant. The pressure changes linearly
with x, (3).

This means that the development of the boundary layers and the velocity profile requires energy, and
during this development the dissipation of kinetic energy gives rise to a higher pressure drop than downstream
of Le. To estimate the entrance length the relation in Eq. (2) has been used, as specified in White.2 This
shows that the entrance length reaches the measurement section already at the second measured mass flow.
In figure 3.d the results from the measurements of the two bended pipes are presented.
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Figure 3. Measurements of pressure drop for the different pipes.

Le = 1.6dRe
1/4
d , Red < 107 (2)

Pressure ports were used to measure the static pressure. As these where in the region of the entrance
length this introduce an error which is difficult to quantify, but that can be quite significant.

IV. Pressure drop calculations

Various geometric changes in the direction of the flow such as bends, contractions, valves and similar give
rise to what is called minor losses, but that can be quite substantial. The friction losses can have a significant
effect on the pressure drop too. Wall roughness gives rise to friction due to viscous effects, where the friction
depends on the wall shear stress, τw, that retards the flow close to the wall, figure 5. Even when the pipe is
straight with constant cross sectional area the pressure drop can be large compared to a hydraulically smooth
pipe. When only friction effects are considered, the easiest way to study the flow is a straight, horizontal
placed pipe of constant cross sectional area. This is done in order to rule out any secondary losses from
changes in geometry. Thus, the pressure drop can simply be expressed as the difference in pressure between
two points in a pipe, as described by Eq. (3).

∆p = p1 − p2 (3)

To calculate pressure drop, an equation can be derived from force equilibrium between the driving pressure
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Figure 4. The entrance length in pipe, where it can be seen that the boundary layers grows and merges, and that the
velocity profile changes non-linearly as a function of x until x = Le, White.2

Figure 5. Figure of which the derivation of Eq. (8) is based.

and the shear stress at the wall as shown in figure 5. The equilibrium from these forces can be expressed as
in Eq. (4), which yields Eq. (5). The friction factor f is based on the fraction between the wall shear stress
and the dynamic pressure, Eq. (6), and when τw is factored out and replaced, gives Eq. (7). The resulting
equation for the pressure drop can be outlined as Eq. (8). By definition, fD, i.e. Darcy’s friction factor, is
four times greater than Fanning’s friction factor found in the equation by Haaland in Eq. (9), Karlsson .4

∆pA = τwπdl, A = π
d2

4
(4)

∆p = 4τw
l

d
(5)

f =
τw

1
2ρu

2
(6)

∆p = fD
L

d

1

2
ρu2, fD = 4f (7)

∆p = 4f
L

d

1

2
ρu2 (8)

where the friction factor is given from Haalands formula, Eq. (9), (which is a explicit form of the implicit
formula by Colebrook).2

1√
f

= −3.6 log10

((
ε/d

3.71

)1.11

+
6.9

Re

)
(9)

This model of pressure drop is only valid for straight pipes (or ducts) with constant cross sectional area. To
calculate the pressure drop for a pipe with various geometrical changes, coefficients (ζ) called loss coefficients
are used for every part of the system to calculate the pressure drop caused by these changes, Eq. (10). To
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get the total pressure drop the sum of the pressure drop from the geometrical changes is added to the sum
of the pressure drop from the straight parts as given by Eq. (11)

∆pgeometry = ζ
1

2
ρu2 (10)

∆ptot = ∆pgeom + ∆pstraight (11)

V. Wall roughness and sand-grain roughness

As described by the friction factor by Haaland in Eq. (9) the friction between the fluid and the wall is
governed by the roughness of the wall and the diameter and the Reynolds number. Roughness in fluid
mechanics can be interpreted as how the flow experiences the interaction between the fluid and the wall,
which can be difficult to describe in a good manner. The data obtained in the experiments performed by
Nikuradse,5 and on which the friction factor formula by Colebrook6(and in turn the Moody diagram7 is
based), shows how the friction factor depends on the Reynolds number. From pressure drop measurements
of straight pipes and high Reynolds number, the friction factor can be factored out from Eq. (8). From
Eq. (9) the sand-grain roughness can easily be found when the Reynolds number is high and the second
term in Eq. (9) approaches zero. However, when no pressure drop measurement is available and when
calculations of the pressure drop should be made, the sand-grain roughness can be approximated from
roughness measurements of the surface, as described below.

V.A. Wall roughness

Figure 6. An example of what a surface profile can look like.

Measurements of the surface roughness can be done using a profileometer which gives a profile of the
surface. An example of how such a profile can look like is shown in figure 6. From this profile the obtained
values normally are the parameters Ra or Rz, where Ra is an arithmetic mean value of the profile, while Rz

is the mean value of the distances between the five highest peaks and lowest valleys of the profile, as defined
by Eq. (12) and Eq. (13), respectively.8 These can be translated into an equivalent sand-grain roughness by
using a unique constant for either Ra or Rz. These constants were communicated in a paper by Adams T.,
Grant C. and Watson H.10 in which they examined how to get an equivalent sand-grain value from roughness
measurements.

Ra =
1

n

n∑
i=1

|yi| (12)

Rz =
1

n

n∑
i=1

(Rpi −Rvi) (13)

For profiles with a great difference in profile height in the axial direction of the pipe the Ra value often
smoothen out the profile too much and therefore under-estimate the roughness. While this is the case for
the arithmetic mean value, the peak to valley method as defined in Eq. (13) is a better representation of the
wall roughness when the difference between the highest and lowest peak is large.

V.B. The impact on wall roughness by manufacturing method

A material can have different wall roughness profile depending on how it has been manufactured, and if it
has been processed to improve the surface, i.e. to decrease the roughness. This means that a part that has
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been manufactured by sand casting should have a rougher surface than a detail made by milling. In the case
of a straight pipe it is normally extruded, which gives a quite fine surface profile. A part made by free form
fabrication can have a quite rough surface too, as can be seen from figure 7. It is assumed that these surface
profiles represents the whole surface of the respective pipe.

(a) Delrin (b) Iron

(c) FFF

Figure 7. Surface profiles for the different pipes considered. Note the difference in scale.

V.C. Equivalent sand-grain roughness

In the paper by Adams T., Grant C. and Watson H.10 it is suggested to use a conversion factor from Rz to
an equivalent sand-grain roughness as stated in Eq. (14). As can be seen in figure 8 the surface roughness as
a function of the axial direction is translated into an equivalent sand-grain roughness that should reproduce
the values obtained by Nikuradse.

ε = 0.978Rz (14)

Figure 8. Translating roughness profile to equivalent sand-grain roughness.

This is however an estimation of the sand-grain roughness but can work well as a first guess of the
roughness or, as mentioned above, when no other information is available. There are, however, roughness
data in handbooks. However, as these often are specified for commercial available pipes, and sometimes as
a range of values, the method described above is a better estimation.

V.C.1. Uncertainties of wall roughness measurements and sand-grain roughness

The accuracy of the roughness measurements done with the profileometer is according to the manufacturer
of the equipment about 2 nm. This is assumed to be much smaller than other uncertainties mentioned in
the text and will not be considered. According to White,2 Haaland’s formula has an error of about ±2%
to Colebrook’s formula which has an error of about ±15% of the sand-grain roughness. If the sand-grain
roughness value is found in a table in a handbook, the uncertainty is normally specified and can be as large
as ±50% for common used materials.

VI. CFD simulations

The CFD simulations in this thesis work were done in AVL FIRE. A typical work flow for CFD at Scania
is shown in figure 9. This work flow is used today to calculate pressure drop in pipe, but does not include a
method of how to estimate the roughness height.

Since this code solves the RANS equations (Reynold Average Navier-Stokes equations), and the classical
turbulence models are models that assume fully developed flow, the pressure drop in the region of the
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Figure 9. An example of the work flow for CFD simulations at Scania.

development of the boundary layer and the velocity profile is not directly comparable to the measured
pressure drop in that region. Since the only available measurement data for the straight pipes are from that
region a comparison can only be made with this in mind.

VI.A. Meshes

When using CFD code, a mesh of high quality for the problem at hand is essential, and when considering
the effect of roughness the cell layers closest to the wall must be of adequate size. A mesh of good quality
often means small cells at the wall, for instance, which in turn means a large amount of cells for the domain
considered. This with the drawback of an increased computational cost. A mesh of adequate quality for a
pipe, while keeping the amount of cells to a minimum, can be done by having a coarse mesh in the center
of the pipe and finer cell layers near the wall to resolve the boundary layer, as can be seen in figure 10. The
cell layers closest to the wall starts with a small cell size and then grows towards the center of the pipe with
a growth factor of approximately 20% of the first cell layer.

Figure 10. Cross section of a mesh with 10 boundary cell layers and a coarse mesh in the bulk of the pipe.

VI.B. Wall function

Since the equations are solved at the centroid of the cell the distance from the wall to the centroid must be
equal to or greater than ε for the roughness to be considered in the equations. However, this does not mean
that this gives a good solution for the effect of the wall roughness. To check if the size of the cell layer closest
to the wall, i.e. the first cell layer, the parameter y+ can be used, defined in Eq. (15).11 To get a solution
where the friction is fairly considered y+ must be in the range 20 < y+ < 300. In this thesis y+ was set to
be in the range 20 < y+ < 100 to have a better control of the friction effect and to make it easier to compare
one mesh to another. As stated in the journal Best Practice Guidelines12 y+ should only be slightly above
the recommended lower value to resolve the turbulent part of the boundary layer in the best way. Since y+

depends on τw, which in turn depends on the flow velocity, it will vary with the shear stress, and hence the
velocity. To get a constant value of y+ for all mass flows (velocities) a unique mesh must be done for every
mass flow.

y+ =
yp
ν

√
τw
ρ
, τw = µ

∂u

∂y
(15)
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Figure 11. Size of the first cell compared to the roughness height.

VI.C. Turbulence models

The classical k-ε turbulence model11 is a two equation model that is included in most commercial CFD
codes (considering turbulence models, ε in this context stands for dissipation). This model gives a general
description of the turbulence using two transport equations to account for the turbulent properties of the
flow. This model performs good results when there is no risk of large adverse pressure gradients or high local
changes in pressure. The turbulent kinetic energy can be over-predicted in regions of re-attachment which
yields poor prediction of the development of the boundary layer around bluff bodies12 and when separation
is expected. In this thesis work, only the latter is expected. The k-z-f model that is included in AVL FIRE is
a four equation model that is better suited when separation is expected to occur. As a complement to these
two models k-ε with realizable constrains is considered too. According to the documentation13 from AVL,
the proper roughness constant to use is 0.5 for uniform sand-grain roughness, which when using k-ε- and
k-z-f turbulence models reproduces Nikuradse’s resistance data. The roughness value to choose is either a
uniform sand-grain roughness (as used in Nikuradse’s measurements) or a non-uniform sand-grain roughness
where the mean diameter is more meaningful. Or as stated above when no other information is available,
an equivalent sand-grain roughness.

VII. Results

VII.A. Uncertainties in roughness height

To evaluate how the uncertainty in roughness height affects the friction factor, the friction factor was plotted
as a function of the roughness height, figure 12.a. Also, simulations were done to see how an uncertainty of
50 % in roughness height changes the pressure drop. As can be seen in figure 12.b a 50 % larger roughness
height gives a smaller deviance in pressure drop than a 50 % smaller roughness height.
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Figure 12. The effects of uncertainty in roughness height.
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VII.B. Incompressible and compressible flow

When the Mach number is lower than 0.3, i.e. M < 0.3, there are only small compressible effects which
normally does not have to be considered, and hence the flow can be treated as incompressible. For flow
velocities higher than a Mach number of 0.3, i.e. M ≥ 0.3, the physics of compressible flow must be
considered.2 Simulations shows that the Mach number can be greater than M = 0.5 for the mass flows
considered. As the pressure drop is affected by the change in density, which is true for compressible flow,
this effect can be illustrated by calculating the pressure drop for at set of different ambient densities. As can
be seen in figure 13.a, the pressure drop increases when a fluid of lower density enters the pipe. Figure 13.b
shows how the pressure drop depends on choice of mass flow boundary condition. Thus, if the mass flow is
defined at the inlet boundary in the simulations, the pressure drop is lower than if the mass flow is defined at
the outlet boundary, due to the change in density. Thus, when the flow is incompressible, the pressure drop
does not depend on where the mass flow is defined in the simulations, since the density remains constant.
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Figure 13. Simulations compared to the measurements.

As can be seen from figure 14, the simulations have not produced results for all of the higher mass flows.
This depends on instabilities in the simulations that occurred when the mass flow boundary was defined at
the outlet, together with compressible effects. These instabilities are assumed to depend on that the mass
flow information have to be transported upstream from the outlet, while other information, as pressure and
density changes, travels downstream.

VII.C. Pressure drop of the considered geometries

From the simulation results in figure 14.a it can be seen that the pressure drop is far from the measurements
for the roughness height given by Eq. (14). The same can be seen in figure 14.b for the delrin pipe and for the
iron pipe in figure 14.c. When a roughness height was found for the FFF pipe that gave a better agreement
in the results, it was concluded that a conversion factor of 2.28 times Rz in Eq. (14) gave a better result.
Using this factor to calculate a new roughness height for the delrin pipe and iron pipe new simulations gave
results that were closer to the measurements than before, as can be seen in figure 14.b and c. In table 2
the roughness height is specified with te Rz value and the older roughness height given by Eq. (14). In the
simulations these new values were rounded off since the results are well in the region of the uncertainties.

The meshes used in the simulations were done using either tetrahedral or hexahedral cells. As tetrahedral
cells yields a large amount of cells, it is preferable to use hexahedral cells, since it affects the simulation time.
From these simulation a flow chart was created, see figure 15, which shows a proposed work flow of CFD
simulations using roughness.
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Figure 14. Simulations compared to measurement data.

VII.D. Mesh sensitivity study

A generalized mesh sensitivity study was done for a set of straight pipes with equal diameter and length,
and with the same number of layers, of the same size in the axial direction. A roughness height of 0.1 mm
was used in all cases and the mass flow was set to 0.2 kg/s, which yields a flow velocity of about 117 m/s
(M ≈ 0.34). The layers in the cross sectional plane are shown in figure 16. This sensitivity study consisted of
eight different meshes with different cell sizes in the core and different boundary layer thickness, as specified
in table 3. The pressure drop was then compared to a baseline mesh, see figure 16.a, that yielded accurate
results compared to the measurements.

The results show that for a straight pipe the pressure drop is not very sensitive to the change of cell size
in the core. It also shows that a smaller number of cell layers at the wall gave the same results since the
error is small. The largest difference occurred when the first cell layer size was too small compared to the
roughness height.

A sensitivity study was done for one of the bent pipes too, where all meshes were made with tetrahedral
cells. The baseline mesh consisted of 3 mm cells in the core and three boundary cell layers, with a first cell
size of 0.72 mm. Four meshes were compared to the baseline mesh, which all consisted of a first cell size of
0.55 mm. The meshes in figure 17.b and c have the same cell size in the core as the baseline mesh, with two
and one boundary cell layer, respectively. In figure 17.d and e the meshes have a cell size of 3 mm at the
boundary cell layers and grows to 5 mm at the symmetry axis of the pipe. The mesh in figure 17.d has two
boundary cell layers, while the mesh in figure 17.e only has one. The roughness was in this case set to 0.22
mm.
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Table 2. The resulting sand-grain roughness for each material together with the older value and the Rz value.

Material Rz [µm] εold [µm] εnew [µm]

Delrin 6.022 5.89 13.7

Steel 43.885 42.92 100.1

FFF 96.435 94.3 219.9

Figure 15. The proposed work flow for CFD simulations with roughness.

The results from the mesh sensitivity study is presented in figure 18.a. From this figure it can be that the
error of the pressure drop from the meshes in figure 17.b and 17.d is small compared to the baseline. The
error is greater for the meshes with just one boundary cell layer, why it is argued that the a mesh with at
least two boundary cell layers is required.

As a complement to the simulations, a comparison of AVL FIRE and Ansys Fluent were done for the same
mesh and roughness, as shown in figure 18.b. From this it can be seen that the codes produce similar results,
which should be expected while using the same wall function, turbulence model, mesh and discretization
scheme.

Figure 19 shows the y+ distribution for the FFF pipe with two bends, that are higher in these regions.
This depends on that there are separation at these points. At the bellow stagnation occurs, why y+ is too
low at these areas.

VIII. Conclusion and discussion

As the measurements for the straight pipes are in the region of the entrance length and the region is too
close to the outlet of the pipes, which may have introduced upstream effects, the measurements can only be
used with some carefulness. This means that even though the results from the simulations are close to the
measurements there are small errors that are difficult to quantify. The method of using the factor found in
this thesis work, to convert Rz to ε, gives good agreement in the results for these pipes. Since one value of Rz

can for different materials and manufacturing methods have completely different profiles, and thus a different
equivalent sand-grain roughness, this method should be used as an estimation. Using these methods, it can
be difficult to quantify the error when calculating pressure drop since there can be uncertainties from the
sand-grain roughness. Haaland’s formula can have up to 17 % uncertainty, why a roughness height given by

Table 3. Mesh sensitivity specifications and results, where 10+1 means one additional cell layer, etc.

Mesh 1st cell [mm] ∆p [Pa] δnr4 δtot [mm] error [%]

a) 0.25 2402.8 10+1 6.5 -

b) 0.578 2398.5 10 6.5 0.18

c) 0.578 2394.3 10 6.5 0.35

d) 0.488 2401.8 5 2.0 0.04

e) 0.488 2404.8 5 2.0 0.08

f) 0.488 2398.5 5 2.0 0.18

g) 0.125 2122.2 10+1 6.5 11.7

h) 0.122 2004.1 5+2 2.0 16.6
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(a) fine, 1 additional B.L. (b) fine, no additional B.L. (c) coarse, thick B.L. (d) finer, no additional B.L.

(e) finer, thin B.L. (f) coarse, thin B.L. (g) fine, 2 additional B.L. (h) finer, 2 additional B.L.

Figure 16. Different meshes of the straight pipe for which the sensitivity study was performed. The boundary cell
layer thickness was changed, as well as the number of boundary cell layers and the cell sizes in the core.

(a) fine, 3 B.L. (b) fine, 2 B.L. (c) fine, 1 B.L. (d) coarse, 2 B.L. (e) coarse, 1 B.L.

Figure 17. Five meshes of the FFF pipe with two bends.

pressure drop measurements can have large errors. Because of this it is argued that the results using CFD
is as accurate as this method.

A new set of pressure drop measurement can be done for common materials to build up a database where
the roughness height for the considered material can be found.

The use of a hexahedral mesh gives fewer cells, which is favorable since that often means shorter compu-
tation time. The mesh for the FFF pipe with only one bend was made using a hexahedral mesh which shows
that the method from the mesh sensitivity study gives accurate results for either mesh.

During the thesis work, instabilities in the simulations were common when using compressible flow together
with mass flow at the outlet boundary. These instabilities were smaller or non existent in the case of mass
flow at the inlet boundary when the settings otherwise were identical. Since the measurements were done
with a fan at the outlet, the mass flow had to be defined at the outlet boundary in the simulations.

IX. Recommendations and future outline

To find a better value for roughness for the different materials of the straight pipe, new improved pressure
measurements without the mentioned uncertainties should be performed. This could be done for a larger
set of materials to build up a material library with roughnesses of different materials and manufacturing
methods used at Scania CV. Also, other pipes for other fluids than air, such as water and oil, should be
simulated.
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(a) The results of the mesh sensitivity study for the FFF pipe
with two bends compared to a baseline mesh.
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(b) A generic comparison between AVL FIRE and Ansys Flu-
ent.

Figure 18. Five meshes of the FFF pipe with two bends.

Figure 19. y+ distribution for the FFF pipe with two bends.
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5Nikuradse, J., Laws of flow in rough pipes, NACA Technical Memorandum 1292, 1937.
6Colebrook, C. F., Turbulent Flow in Pipes, with Particular Reference to the Transition between the Smooth and Rough

Pipe Laws, J. Institution of Civil Engineers, vol. 11, 1938-1939.
7Moody, L. F., Friction factors for pipe flow, ASME Transactions, vol. 66, 1944.
8Sander M., A practical Guide to the Assessment of Surface Texture, Feinprüf GmBH, Göttingen, 1991.
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