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Resumen

El presente estudio analiza la pérdida de presión 
en el flujo gas-sólido que se desarrolla en un canal 
horizontal de sección rectangular desde los puntos 
de vista experimental y numérico. Tanto los experi-
mentos como los cálculos se han llevado a cabo para 
partículas esféricas de diferentes tamaños y para va-
rias fracciones masicas. Además, se estudia el efecto 
de la rugosidad de las paredes, fabricadas en acero 
inoxidable, en el flujo. En todos los experimentos, el 
flujo volumétrico de aire se mantuvo constante con 
el fin de proporcionar una velocidad media promedio 
de 20 m/s. Como resultado, la caída de presión en 
el canal se encuentra fuertemente influenciada por 
la rugosidad de la pared. Mayor rugosidad implica 
mayor pérdida de presión debido al incremento de 
la frecuencia de las colisiones partícula-pared ya 
que se extrae momento lineal del fluido a través del 
acoplo de dos vías. 

Palabras clave: Transporte neumático, turbu-
lencia, modelado, estocástico, pérdida de presión.

Abstract

The present study analyses the pressure drop in 
a particle-laden six meters long horizontal channel, 
with rectangular cross-section from both, experi-
mental and numerical perspectives. Experiments and 
calculations are carried out for different spherical 
particles and mass loadings. Additionally, stainless 
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steel walls with different wall roughness are studied. 
In all experiments the air volume flow is constant in 
order to maintain a fixed gas average velocity of 20 
m/s. As a result, the pressure drop in the channel is 
strongly influenced by the wall roughness. Higher 
wall roughness implies higher pressure drop because 
of the increase in wall collision frequency, whereby 
momentum is extracted from the fluid due to two-
way coupling. 

Key words: Pneumatic conveying, turbulence, 
stochastic modelling, pressure drop.

feeding system was used in order to insure a homoge-
neous dispersion of the particles. The particles used in 
the experiment were Lycopodium, glass beads with dif-
ferent diameter, and copper beads. The main objective 
in this study was the analysis of turbulence modulation 
considering particle mass loadings up to about 0.5 (kg 
particles)/ (kg air). Unfortunately, the experiments were 
not done carefully enough which has been demonstrated 
by a number of studies using LES (large eddy simula-
tions) and DNS (direct numerical simulations). Detailed 
experiments in different elements of pipes with 80 and 
150 mm diameter were performed using phase-Doppler 
anemometry (PDA) and a laser light sheet technique 
for particle concentration measurements by Huber and 
Sommerfeld (1998).9 The particles were again spherical 
glass beads with number mean diameters of 40 and 100 
µm, respectively. A mass loading up to about 2 could 
be analysed in these studies. The experiments provided 
detailed information about the development of the 
cross-sectional particle concentration in different pipe 
elements. It was clearly demonstrated that wall roughness 
plays a significant role in the development of the particle 
concentration in different cross-sections of the pipe sys-
tem. In extension of the experimental studies previously 
performed in different pipes the present measurements 
focus in the analysis of gas-solid flow in a horizontal 
channel, paying special attention to the pressure loss, 
by considering also different degrees of wall roughness 
and varying the other parameters, such as, particle mass 
loading and particle mean diameter.

The numerical simulations are carried out by means 
of the Euler-Lagrange approach using the Reynolds-
Stress turbulence model for the continuous phase. 
The particle motion equation includes all the relevant 
forces, namely, particle inertia, drag, gravity-buoyancy, 
slip-shear and sliprotational forces. Other forces such 
as Basset history term, added mass and fluid inertia are 
negligible for high ratios of particle to gas densities. The 
particle wall collision treatment, accounting for wall 
roughness, is the same as in Sommerfeld and Huber 
(1999)3  and interparticle collisions have been modelled 
according to the statistical approach presented in detail 
in Sommerfeld (2001)10

2. Experimental setup

The test facility has been described in detail pre-
viously,11,12 hence only a brief summary of the main 
characteristics of the system will be given here. 

The main component of the experimental rig is a 
horizontal channel of 6 m length which has a height of 
35 and a width of 350 mm, so almost two-dimensional 
flow conditions can be established. The upper and lower 

1. Introduction

Pneumatic conveying of solid particles in channel or 
pipe flows is of great technical importance and is cha-
racterised by particle phase segregation due to gravity 
and particle inertia. Similar Two-phase flow systems 
are found in cyclone separators and classifiers. Due to 
the presence of the confinement in these systems, the 
collisions of the solid particles with the walls play an 
essential role in the particle transport process. The wall 
collision frequency is directly responsible for the addi-
tional pressure drop due to the solids as a result of the 
momentum and energy loss involved in the deformation 
process.1 Additionally, wall roughness considerably 
affects the wall collision process 2, 3 and causes an en-
hancement of the wall collision frequency in pipes or 
channels for larger particles. On the other hand, the wall 
collision frequency is reduced for smaller particles (τP 
< 50 ms) as a consequence of wall roughness.4 

The particle inertia and the effect of gravity will 
cause a separation of the mixture, whereby rather 
dense ropes of solids may be formed.5 The increasing 
local solids concentration supports the occurrence of 
interparticle collisions. This results in a dispersion of 
the particles out of a dense rope due to the transfer of 
momentum from the main stream direction to the trans-
verse component. Hence, collisions between particles 
may cause a destruction of dense ropes and therefore 
also will have a drastic effect on the particle transport 
in such two-phase systems.

A number of experiments were performed in the 
past aiming at a detailed analysis of particulate flows in 
pipes and channels. A very detailed set of experiments 
was provided by Tsuji et al. (1982, 1984)6,7 for a gas 
solid flow in a horizontal and vertical pipe using differ-
ent types of relatively large polystyrene spheres. Kulick 
et al. (1994)8 experimentally analysed a downward 
directed gas-solid flow in a channel of 40 mm height. 
The channel had a length of 5.2 m and a sophisticated 
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channel walls were made of stainless steel plates which 
could be exchanged in order to study the effect of wall 
material and wall roughness on the particle behaviour. 
The measurements were performed close to the end of 
the channel at a distance of 5.8 m from the entrance. A 
Phase-Doppler anemometer (PDA) was used to deter-
mine gas and particle velocities. In all the experiments 
the volume flow was kept constant in order to maintain a 
fixed gas average velocity of 20 m/s and measurements 
have been conducted for glass particles (ρp = 2500 kg 
m-3 ) with different diameters (60, 130, 195 and 625 µm), 
mass loadings and also different wall roughness. As a 
general result, the static pressure along the horizontal 
channel increases with particle mass loadings due to 
the additional energy required to transport the particles. 
Also, the slope of the static pressure curves along the 
channel increases with mass loading. Finally, higher 
wall roughness implies higher pressure drop because 
of the increasing wall collision frequency caused by 
the shadow effect and the associated enhanced wall 
collision momentum loss.4 This also yields an improved 
lateral dispersion of the particles and a decrease of the 
average particle velocity or in other words an increase 
of the slip velocity.20

3.  Summary of numerical approach

The numerical scheme adopted to simulate the two-
phase flow developing in a horizontal channel has been 
described in detail previously in Laín et al. (2002).11 
Therefore, only the basic equations and expressions will 
presented here in order to make clear the procedure.

The fluid flow was calculated based on the Euler 
approach by solving the full Reynolds stress turbulence 
model equations extended in order to account for the ef-
fects of the dispersed phase.13 The time-dependent two-
dimensional conservation equations for the fluid may be 
written in the general form (in tensorial notation):

 (1)

Table 1. Summary of terms in the general equation for the different varia-
bles that describe the gas phase.

1 0 0
Uj

Rjl Pjl

e P

Pjl

(Pjl Pkk)

where ρ is the liquid density, Ui are the Reynolds-
averaged velocity components, and Γik is an effective 
transport tensor. The usual source terms within the 
continuous phase equations are summarised in Sφ, 
while Sφp represents the additional source term due to 
phase interaction. Table 1 summarises the meaning of 
this quantities for the different variables φ, where P is 
the mean pressure, µ the gas viscosity and Rjl =u´ju´l  
the components of the Reynolds stress tensor.

The simulation of the particle phase by the Lagrang-
ian approach requires the solution of the equation of the 
motion for each computational particle. This equation 

includes the particle inertia, drag, gravity-buoyancy, 
slip-shear lift force and slip-rotational lift force. The 
Basset history term, the added mass and the fluid inertia 
are negligible for high ratios of particle to gas densities. 
The change of the angular velocity along the particle 
trajectory results from wall collisions and the viscous 
interaction with the fluid (i.e., the torque). Hence, the 
equations of motion for the particles are given by:

(2)

                          
(3)               

(4)

Here, xp i are the coordinates of the particle position, 
up i are its velocity components, ui = Ui + u´i is the instan-
taneous velocity of the gas, Dp is the particle diameter 
and ρp is the density of the solids. mp = (π/6)ρpDp

3 is the 
particle mass and Ip = 0.1mpDp

2 is the moment of inertia 
for a sphere. The drag coefficient is obtained using the 
standard correlation:
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 (5)                

where                                             is the particle Reyn-
olds number.

The slip-shear force is based on the analytical result 
of Saffman (1965)14 and extended for higher particle 
Reynolds numbers according to Mei (1992):15

                                                                              
 (6)

where ω=∇*u is the fluid rotation, Res = ρD2
p ω  / μ 

is the particle Reynolds number of the shear flow and cls =, 
Fls/Fes, Saf f, represents the ratio of the extended lift force 
to the Saffman force:

       
           (7)

 

and β is a parameter given by β = 0.5Res/Rep.

The applied slip-rotational lift force is based on the 
relation given by Rubinow and Keller (1961),16 which 
was extended to account for the relative motion between 
particle and fluid. Moreover, recent measurements by 
Oesterlé and Bui Dinh (1998),17 allowed an extension 
of this lift force to higher particle Reynolds numbers. 
Hence, the following form of the slip-rotation lift force 
has been used:

                                                                               
           (8)

with   = 0.5∇ x u – ωp and the Reynolds number of 
particle rotation is given by Rer=  D2

p ω /μ. The lift 
coefficient according to17 is given for Rep < 2000 by:

                                                           (9)

For the torque acting on a rotating particle the ex-
pression of Rubinow and Keller (1961)16 was extended 
to account for the relative motion between fluid and 
particle and higher Reynolds numbers:

                                                                                
                              (10)

+0.3314

           0.0524

where the coefficient of rotation is obtained from16 and 
direct numerical simulations of Dennis et al. (1980)18 
in the following way:

  (11)             

          

The equations to calculate the particle motion are 
solved by integration of the differential equations (Eqs. 
2 – 4). For sufficiently small time steps and assuming 
that the forces remain constant during this time step, the 
new particle location, the linear and angular velocities 
are calculated. The time step for the particle tracking 
was chosen to 50 % of the smallest of all relevant time 
scales, such as the particle relaxation time, the integral 
time scale of turbulence and the mean inter-particle 
collision time.

When a particle collides with a wall, the wall colli-
sion model provides the new particle linear and angular 
velocities and the new location in the computational 
domain after rebound. The applied wall collision model, 
accounting for wall roughness, is described in.3 The 
wall roughness seen by the particle is simulated assum-
ing that the impact angle is composed of the particle 
trajectory angle plus a stochastic contribution due to 
wall roughness, ∆γ, which depends on the structure of 
wall roughness and particle size. In the present calcula-
tions, using mono-dispersed particles, the value of  ∆γ 
is chosen in order to provide a good enough agreement 
of the pressure loss for the smallest mass loading con-
sidered (here  η= 0.3) and kept constant for the rest of 
mass loadings. 

Inter-particle collisions are modelled by the sto-
chastic approach described in detail in.10 This model 
relies on the generation of a fictitious collision partner 
and accounts for a possible correlation of the veloci-
ties of colliding particles in turbulent flows. For the 
particle-particle collisions the restitution coefficient 
has been taken as a constant equal to 0.9 and the 
static and dynamic friction coefficients were chosen 
to be 0.4.

4. Influence of particles on the carrier flow

The standard expression for the momentum equa-
tion source term due to the particles has been used. It 
is obtained by time and ensemble averaging for each 
control volume in the following form:
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              (12)

where the sum over n indicates averaging along the 
particle trajectory (time averaging) and the sum over 
k is related to the number of computational particles 
passing the considered control volume with the volume 
Vcv. The mass of an individual particle is mk and Nk is 
the number of real particles in one computational par-
ticle. ∆tL is the Lagrangian time step which is used in 
the solution of (3). 

The source terms in the conservation equations of 
the Reynolds stress components, Rjl, are expressed in 
the Reynolds average procedure as:

(13) 

while the source term in the ε-equation is modelled in 
the standard way:

 (14)

with Cε3 = 1.0 and the sum is implicit in the repeated 
subindex j. 

All the calculations have been performed with a 
mesh of 960 × 40 control volumes in the horizontal and 
vertical direction, respectively. Such a resolution was 
found to be sufficient for producing grid-independent 
results. A converged solution of the coupled two-phase 
flow system is obtained by successive solution of the 
Eulerian and Lagrangian part, respectively. Initially, the 
flow field is calculated without particle phase source 
terms until a converged solution is achieved. Thereafter, 
a large number of parcels are tracked through the flow 
field (typically 20000) and the source terms are sampled. 
In this first Lagrangian calculation inter-particle colli-
sions are not calculated, since the required particle phase 
properties are not yet available. Hence, for each control 
volume the particle concentration, the local particle size 
distribution and the size-velocity correlations for the 
mean velocities and the rms values are sampled. The 
particle phase properties are sampled for each trans-

verse cell when the computational particle crosses this 
location. These properties are updated each Lagrangian 
iteration in order to allow correct calculation of inter-
particle collisions. From the second Eulerian calculation, 
the source terms of the dispersed phase are introduced 
using an under-relaxation procedure.19 For the present 
calculations typically about 25 to 35 coupling iterations 
with an under-relaxation factor between 0.5 and 0.1 have 
been necessary in order to get full convergence. It should 
be pointed out that the cases with the highest loading 
ratios needed stronger underrelaxation resulting in an 
increase of the number of Euler-Lagrange iterations.

Table 2. Data for both roughness cases considered. All the roughness 
values are given in µm.

 Roughness in 
Streamwise direction

Roughness in
Lateral direction 

Degree of
roughness

Mean
roughness

Maximum
Roughness

Mean
roughness

Maximum
roughness

Case 1 2.32 2.86 2.09 3.34

Case2 17.03 19.24 18.48 22.63

5. Results

The numerical calculations have been compared 
with experimental data obtained in the horizontal chan-
nel facility described in the first section. Spherical glass 
beads with three diameters, i.e., Dp = 130, 195, 625 
µm have been considered with a material density of 
ρp = 2450 kg ·m-3. The particles have been considered 
as mono-disperse due to the narrow size distribution 
and the resulting small value of the standard deviation 
normalised by the mean particle diameter, implying that 
the particle response characteristics are quite similar for 
the largest and smallest particles in the distribution. The 
simulations have been performed using the Reynolds 
stress turbulence model described in the previous section 
accounting for particle-wall and interparticle collisions, 
i.e. considering the so called four-way coupling, as it 
has been previously mentioned. The gas density and the 
dynamic viscosity were ρ = 1.25 kg ·m-3 and µ = 1.8 · 
10 -5 kg ·m-1 · s-1, respectively.

It should be pointed out that the described numerical 
approach allows to reproduce the measured values for 
both, gas and particle variables, which has been shown 
by Laín et al.11 where particle sizes ranging from 60 to 
195 µm, mass loadings up to η = 1 and different con-
veying velocities were considered. In the following, our 
main objective is to demonstrate the influence of wall 
roughness in the pressure loss along the channel. For 
that, two sets of data have been considered: a very low 
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Figure 1. Comparison of measurements and calculation for the low roug-
hness case with Dp = 130 µm. Results are presented for mass loadings    
η = 0.0, 0, 3, 0.5, 1.0. Horizontal mean velocity (top) and normalised 

particle mass flow (bottom).

wall roughness (Case 1) and a high roughness (Case 
2) (see Table 2). In the following, all the comparisons 
between experimental data and calculations are showed 
in the measuring location x = 5.8 m downstream the 
inlet.

• Both components of the fluid mean fluctuating ve-
locity, horizontal u´ and vertical v´, are reduced with 
increasing mass loading, which is consistent with 
the observation that small particles tend to suppress 
turbulence.

• The rms values of particle velocity fluctuations 
slightly decrease as loading increases.

• With increasing mass loading the normalised particle 
mass flux near the bottom of the channel is reduced 
as a result of inter-particle collisions. 

All these results have been obtained employing ex-
actly the same inlet conditions for all the mass loadings 
and considering inter-particle collisions, i.e., four-way 
coupling. Let us note that in this case of low roughness 
the gravitational settling is remarkable (Fig. 1), so the 
inter-particle collision frequency is higher in the lower 
half of the channel, which also results in higher values 
of the predicted streamwise particle rms component 
compared to the upper half of the channel. Such an 
asymmetry is less pronounced in the experiments. 
Moreover, a decrease of the particle velocity fluctua-
tions is observed with increasing mass loading due to 
the inter-particle collision losses.

Figure 3 shows the effect of wall roughness on the 
pressure loss along the channel, for the 130 µm particles. 
For the low roughness case a value ofΔγ = 1.5° has been 
chosen, whilst for the high roughness the value Δγ = 8° 
is taken. The results are obtained by substracting the 
static pressure at the first measurement location at 1 m. 
From this position all the curves can be approximated by 
straight lines indicating that the flow development and 
the initial particle acceleration are already completed to 
a large extent at that point.

In summary, and in accordance with the experi-
ments, the static pressure increases with particle mass 
loading due to the increase of wall collision frequency 
and hence the additional energy required to transport 
the particles. Moreover, the slope of the static pressure 
curves increases with mass loading. For the high rough-
ness situation (Case 2) the pressure loss is considerably 
larger than for the low roughness (Fig. 3). Due to the 
enhancement of wall collision frequency with increasing 
roughness also the pressure loss increases stronger with 
mass loading for the high roughness case.

At this point, it is interesting to check the influence 
of interparticle collisions on pressure drop. Figure 4 
shows calculations with two and four-way coupling 
for the 130 µm particles and loading ratios η = 0.3, 0.5, 
1.0 for the low roughness case. In all situations the 
pressure drop is slightly reduced by inter-particle colli-
sions being this effect more remarkable as the loading 

 In order to illustrate the performance of the numeri-
cal scheme and the incorporated models, Figure 1 and 
Figure 2 show the comparison between calculations 
and experimental results for Case 1 and for a particle 
diameter DP = 130 µm with Δγ = 1.5° . In these plots 
information on mean and rms values of velocities for 
both phases, gas and solids, and normalized particle 
flux are summarised with mass loadings of η = 0.0, 0.3, 
0.5, 1.0. The main trends shown by the experiments are 
reproduced by the calculations, namely:

• The mean gas velocity profiles are only slightly 
flattened as the mass loading in creases, reflecting 
the momentum transfer from the gas to particles.

• There are no significant differences in the particle 
mean velocities as the loading increases.
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increases. This is due to the fact that inter-particle col-
lisions reduce the particle-wall collision frequency. As 
particle-wall collisions are mainly responsible for the 
pressure drop along the channel, the net result is that 
the considerations of inter-particle collisions cause a 
reduction in the pressure loss.

Figure 5 shows the pressure loss comparisons for the 
195 µm particles in the cases of low roughness (top) (Δγ= 
1.5°) and high roughness (bottom) (Δγ = 7.5°). The same 
conclusions as for the smaller particles of diameter 130 
µm are valid here and the agreement between measure-
ments and computations is also quite good.

The comparison for the velocities of the 195 µm 
particles at low roughness is presented in Figure 6. The 
predicted mean gas and particle velocities match quite 

Figure 2. Comparison of measurements and calculation for the low roughness case with Dp = 130 µm. Results are presented for mass loadings η = 0, 3, 
0.5, 1.0. Fluid fluctuating velocities (top) and particle fluctuating velocities (bottom). In the case of fluid rms velocities, in order to avoid overlapping of the 

corresponding values, the horizontal rms velocity u´ corresponds to the upper x-axis and the vertical rms velocity v´ corresponds to the lower axis.

Figure 3. Comparison of measurements and calculation for the pressure loss in the channel flow laden with particles of diameter Dp = 130 µm. Results are 
presented for different mass loadings η. Case 1 (top) and Case 2 (bottom).

well the experimental data as it is shown in the upper 
part of that figure. Most interesting is the behaviour of 
rms values of velocities. The fluid fluctuating velocities 
are captured fairly well as for the 130 µm particles, 
but for the particle rms velocities the agreement is not 
so satisfactory. Using the value of Δγ = 1.5° the rms 
particle vertical velocity (Fig. 6, bottom) matches the 
experiments but the horizontal component (Fig. 6, mid-
dle) is under-predicted. If, however, the wall roughness 
is slightly increased (Δγ = 2.5°), the particle u´ shows 
better agreement with experimental data but the verti-
cal component is significantively over-predicted. This 
large difference between numerical results and experi-
ments is not observed in other cases; therefore, it could 
be due to some bias effect in the measurements.
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From figures 3 and 5 it can be seen that for the low 
roughness the pressure loss due to the particles increases 
with particle size. Also, the pressure loss increases 
monotonically with increasing mass loading. This indi-
cates, that the number of wall collisions and interparticle 
collisions increase with mass loading at least for particles 
larger than about 100 µm. For the high wall roughness 
the additional pressure loss due to the particles is larger 

Figure 4. Comparison of measurements and calculation for the pressure 
loss in the channel flow laden with particles of diameter DP = 130µm, low 

roughness (Δγ= 1.5°). Two-way coupling versus four-way coupling.

Figure 5. Comparison of measurements and calculation for the pressure 
loss in the channel flow laden with particles of diameter DP= 195µm. 
Results are presented for different mass loadings η. Case 1 (top) and 

Case 2 (bottom)

Figure 6. Comparison of measurements and calculation for the mean and 
fluctuating velocities in the channel flow laden with particles of diameter 
DP = 195 µm at different mass loadings for the low roughness case. Top: 

horizontal component of gas and particle mean velocity. Middle: horizon-
tal component of gas and particle fluctuating velocity. Bottom: vertical 

component of gas and particle fluctuating velocity.
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than in the case of low roughness. This is the result of 
the enhanced wall collision frequency due to the larger 
particle fluctuating velocity. Since there is no large 
difference between the results for both particle sizes 
(i.e., 130 and 195 µm) it is supposed that such inertial 
particles behave very similar. This is also in accordance 
with numerical Simulations showing similar values for 
the wall collision mean free path4.

Finally, Figure 7 shows the pressure loss when 
particles of diameter 625 µm are considered for the low 
roughness case (Δγ= 1.5°). For these large particles, the 
pressure loss increases even more than for the smaller 
particles and also the slope of the curves is higher than 
in those cases. Since the inertia of these large particles 
is rather high, their motion is solely controlled by wall 
collisions associated with higher fluctuating velocities 
compared to the smaller particles.20 Hence, also the 
wall collision frequency and hence the pressure drop 
is higher.

Figure 7. Comparison of measurements and calculation for the pressure 
loss in the channel flow laden with particles of diameter DP = 625 µm. 
Results are presented for different mass loadings η and low roughness 

(Case 1).

6. Summary and conclusions

In this paper the pressure drop in a six meters long 
horizontal channel, with rectangular cross section, has 
been analysed from both, experimental and numerical 
points of view. Experimental data have been presented 
for several spherical glass particles and mass loadings. 
Calculations have been carried out by means of the 
Euler-Lagrange approach using the Reynolds Stress 
turbulence model for the gas phase. Particle-wall in-
teraction and inter-particle collisions have been taken 
into account, i.e., considering the so-called four-way 
coupling.

As a result, the extra pressure drop due to particles 
increases with particle size, particle mass loading and 

wall roughness, mainly as a result of the increased 
particle-wall collision frequency. These trends, shown 
by the experiments, have been reasonably reproduced 
by the numerical simulation scheme.

The predicted mean gas and particle velocities 
agreed very well with the measurements. Also the 
turbulence attenuation by the particles was reasonably 
well captured for the 130 and 195 µm glass beads by 
the applied Reynolds stress model with coupling terms. 
Some differences were found in the computed particle 
velocity fluctuations with respect to the measurements, 
mainly for the 195 µm particles. For the low roughness 
a roughness angle of 1.5 degree yielded an under-pre-
diction of the stream-wise fluctuating component and 
pronounce asymmetric profiles. This finding has to be 
analysed further on.
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Nomenclature
c      model constant [-]
cD    drag coefficient [-]
D     diameter [m]
F      force [N]
g      gravity [m/s2]
I       moment of inertia [kg m2]
k      turbulent kinetic energy [m2 /s2 ]
L      channel length [m]
m      mass [kg]
P      mean pressure [Pa]
R      Reynolds stress tensor [m2 /s2]
Re    Reynolds number [-]
S      source term equation
t        time [s]
T       torque [kg m2/s2]
u       instantaneous velocity [m/s]
U      mean velocity [m/s]
V       volume [m3]
x       position [m]
β      parameter slip-shear force [-]
Δγ   wall roughness parameter [-]
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Γ      Diffusion tensor
δ       Kronecker delta [-]
ε      dissipation rate [m2/s3]
η       mass loading ratio [-]
µ       dynamic viscosity [kg m-1 s-1]
φ      generic variable
Π    pressure-strain rate tensor [kg m2 /s-3]
P      production tensor [kg m-2 /s-3]
ρ      Density [kg/m3]
ω      angular velocity [s-1]
Ω relative angular velocity [s-1]

Subscripts and superscripts
p       particle
i        tensor subscript
cv     control volume
L      Lagrangian quantity
´       fluctuating quantity
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