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Table 1
Features of specialized wireless networks and wireless sensor networks
Specialized wireless networks Wireless sensor networks
Heterogeneous devices homogeneous devices
Mobile nodes stationary (quasi-stationary nodes)
Multilink transmission is optional multilink transmission is needed in most cases

Geographically located network

Problems

One of the most difficult aspect in determining the model of wireless
network is that, yet complete enough. The simplicity will allow simulating and
displaying the theoretical results and completeness should be provided so that
such a model could be applied in practice. Let us consider the components of
mathematical models for the specialized and sensor wireless networks (RAPPA-
PORT 1996).

The wireless channel

We introduce the following notation:
— u,v — a pair of wireless nodes,
— P, and P; - power of received and transmitted signals, respectively,
— B - sensitivity threshold,
— PL(u, v) - transmission losses (losses on tract).

A direct wireless connection exists if, and only if, P, > . The value of
S depends on many factors, including the parameters of the transceiver and the
data rate. The higher the data rate is, the higher j is:

__ P
P " PL(u, v) > B

The presence of a wireless channel between u and v can be foreseen, if
PL(u, v) are known. A modeling of losses on a tract is the most difficult task.
The mechanisms of regulation of a signal’s propagation can be divided into
three categories: reflection, diffraction and dispersion.
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Distribution of signal and losses on a tract

Losses on a tract are modeled in accordance with distribution of signal.
There are a few models of distribution of signal, thus for every partial case it is
possible to create a unique model.

Let’s denote:

- Gy, G, — amplification factors of the transmitting and receiving antennas,
respectively,

— A — wavelength,

— L - losses are on a tract.

1. Direct visibility. This model is the simplest and is used when there are
no obstacles between a transmitter and receiver. Consequently:

P, xG, xG,xA?

Pd) = e @=L
using symbol
G xG, x 2 _ c
(An2?xL P
we have:
p,
Pr(d) = Cf X ?

From the last equality, we see that the coverage area in the model of
distribution on direct visibility is a circle of radius d = vCf x P;.

2. Dual-beam model
Accept h,, h, heights of receiver and transmitter antennas from the ground
(Fig. 1).

a |

<

Fig. 1. In the dual-beam model, the signal spreads in two ways — the direct and the reflected beam
from the ground

Lid

Then, assuming that horizontal distance d = Vh; x h,, have: P.(d) = Crx g
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3. A model with logarithmic dependence on distance (a model for a hetero-
geneous or anisotropic environment).

Let’s consider a model for a heterogeneous environment. It can be seen
from above that the radius of coverage area r <%/P,. The value of o is defined
experimentally for the different type environments, some partial cases are
shown in the following table.

Table 2
Value of h defined for the different type of environments
Environment Value of o
Open space 2
City 2.7-3.5
Inside the building, direct visibility 1.6-1.8
Inside the building, direct visibility is missing 4-6

Source: SANTI (2012).

Such a model assumes only the average value of the accepted power which
may significantly differ from the peak values. Therefore, to predict the
variability of the wireless channel, so-called probabilistic models of distribu-
tion are used. They are divided into 2 classes: large-scale (large range) and
small-scale (small range). The latter are also called models of the multi-beam
signal fading or simply fading.

Important among the large-scale models is the model with the logarithmic
normal shading, where losses on a tract are modeled by changing with
a random value which has logarithmic normal distribution in circumscription
P,
d_a.
(TYMCHENKO, ZELYANOVSKIY 2008).

There are also models for ultra-broadband connection, narrowband connec-
tion, and unlicensed frequency bands for industry, science and medicine (ISM,
Industrial, Scientific and Medical band), where for losses on tracts the models
40.2 + 20 x log(d) d <8m
58.3 + 33 x log(d/8) d >8m

For networks which are intended for the use inside of a building, there is
a model of losses on a tract considering the walls and ceilings, for networks
which work in open terrain and also in forest, the investigated losses effect is in
a letter.

The most important model of a signal’s fading is Rayleigh’s model

of control points are used: L(d) = {
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Communication graph

A communication graph determines the topology of the network, namely,
the set of connections, which nodes could be used for communication.

Let us introduce the denotation in the topology graph:

— N - the set of wireless nodes,

— d — number of considered dimensions, in our case d = 1, 2, 3,

— [ - side of square region,

— R - connected region in which the nodes are placed, R = [0, ],
— L(u) - reflection u in R, given in d-measurable coordinates,

— T - time interval of realization (a set of modeling moments),

— t -time flow.

Function L: N — R connects each node with its location inside R. In the
case of mobility of wireless nodes, we have the function L: N x T — R defines
the plurality of d-measurable coordinates, giving the location of V u € R and
V u € T. Thus, the d-measurable wireless specialized mobile network is
represented by a pair Md = (N, L).

In the function of determination of coverage area for M, there is a certain
function RA, that indicates for every element u in N a value of transmission
range RA(u) € (0,rmax), 'max — the maximal distance of the node’s transmission
u. Determination of part R, whose information can be correctly accepted is
possible on the basis of information about r € (0,rn.,) and the amount of
measurement of network d. For a one-dimensional network, it is a segment
with a length centered at u, for a two-dimensional network it is a circle of
radius r with center u and in the case of three-dimensional networks (e.g.
a network of underwater sensors located at different depths) — the ball of
radius r centered at u (Fig. 2).

. o- [ Nt
|

Fig. 2. Measurements for a wireless network in which a modeling is conducted: a — it is a one-
dimensional area, b — two-dimensional, ¢ — three-dimensional areas accordingly

Having a network M, = (N, L) and function RA, we introduce the notion of
communication graph, displayed with the function RA on M, at the moment of
time ¢. It is an oriented graph G, = (N,E(¢)), where a directed rib [u, v],
that belongs to the plural of ribs E(#), exists then and only after
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RA(u) 26 (L(u,t),L(v,t)), 6 (L(u,t),L(v,t)) — Euclidean distance between « and v at
time ¢£. In other words, a connection between u and v is possible when, and only
after, the distance between nodes at most RA(x) at the moment of time ¢. In the
case of the existence of rib [u, v], v is the neighbor of the first link for u.
Wireless connection is considered symmetric, if («,v) € E; and (v,u) € E; . In this
case u, v are symmetric neighbors.

Fig. 3. Example of a wireless network communication graph

Determination of the coverage area at maximal measurement power, such
that RA(w) = rn. for Vu € N means that every node transfers at maximal
power. We call the resulting communication graph, the graph of maximal
power. Such a graph presents all the possible connections between nodes in
a network.

Determination of the coverage area depends on time ¢, if a communication
graph is coherent in time ¢, i.e. if there is at least one oriented route between
any two nodes.

Determination of the coverage area at which all the nodes have the same
radius of transmission r, r € (0,rnq) called r-homogeneous or simply homo-
geneous, if a value of r is not important. It should be noted that the
communication graph, generated by homogeneous determination of coverage
area for every node, is non-oriental, as (u,v) € E; & (v,u) € E.

Energy consumption is one of the most important metrics in wireless
sensor networks. Let o— a degree of losses on a tract. Having some determina-
tion of coverage area RA for a network M; = (N, L), we can say that expenses of
energy c¢ on providing RA determined as:

c(RA) = Z;,VRA(u)"‘
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Models of mobility of the specialized wireless networks

Most models of mobility provide movement without obstacles, as it simplifi-
es modeling considerably.

1. RWP - Random Waypoint model — a node randomly selects some point
and moves to it on a line. When a mobile node arrives at the destination point,
it makes a pause, then elects the coordinates of a new destination point and
continues movement (VERDONE et al. 2008).

2. RDM - Random direction model — a node randomly selects a direction and
rate of movement. Once the node reaches the boundary of spreading of R, there
are a few variants of subsequent actions (ZELYANOVSKIY, TYMCHENKO 2008):

— to choose a new direction and speed and continue movement to the bound R;

— to ,reflect” from the bound R and continue movement;

— modification: a node moves in select direction some casual time ¢, and
then changes direction and speed of movement.

3. Model with Brownian movement — in such a variant, movement in steps
is used which are chosen randomly, thus the parameters of every next step
depends on the previous. An example of a model of Brownian motion is a model
using three parameters:

— Py, the probability that movement is absent all of the time,

— Ppve — the probability that a node will move during a current interval of
time,

— m — model speed of a node at the present moment of time.

If a node moves during some interval of time i, then its position at the
moment of time i+1 is determined randomly in a square with a side 2 x m
centered at the current node position.

4. Model considering geography — in this case nodes move along predefined
ways. Previous nodes are placed in such ways and begin to move on a given
scheme. At the crossroads (if such are present) nodes randomly choose the
direction and speed of further movement.

5. A model with mobility of groups. From all set of nodes N, a certain
subset of leaders is elected N, c N, thus| N, |c |N|. All other nodes randomly
choose a leader and move after him. The leader may use one of the above
models.

Topology control of wireless networks
Topology control aims to control the set of connections between pairs of

nodes in the network to facilitate and enable the general one-or two-way
messaging between all nodes in the network (SANTI 2006).
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The theory of topology control is closely connected with the theory of the
connectivity of a communication graph network. The primary goal of topology
control in the protocol stack is the search for optimal coverage area for each
node in the network to provide the required properties of all networks (energy
consumption, total coverage area, the lifetime of the network). Optimality may
be, for example, the full connectivity of nodes with minimal radiated power of
nodes. If all nodes have the same parameters of radiation power (in the case of
homogeneous networks — sensor networks), then we can talk, in particular,
about the critical radius of coverage area (CTR).

Critical coverage area

Critical coverage area rc for providing of compendency of communication
graph, is the minimum value of radius of coverage area r, r € (0,r,,,) such that
at r-homogeneous determination of the coverage area, a communication graph
is coherent. P. Santi in JERUCHIM et al. (2000) proved that rc in some network
M, = (N, L) corresponds to the longest rib of Euclidean carcass of communica-
tion graph G (EMST - Euclidean Minimum Spanning Tree). The difficulty is
that for the distributed system (which is a specialized or sensory wireless
network) transmission of global (from the point of view of the whole network)
knowledge about the coordinates of every node to each of the nodes is surplus
and requires plenty of messages, that, in the same queue, leads to losses of
power. The latter affects such parameters as the lifetime of the network.

Topology control consists of determining and deleting nodes of the network
from a communication graph which are ineffective in terms of energy con-
sumption.

In Figure 4 the two-dimensional communication graphs of network (d=2)
are represented. On the left all possible values of r, are shown. On the right we
can see the real value of r., which provides the compendency of graph.

d=2CTR =15

EMST

; ‘:,>§ 1.5

Fig. 4. Communications graph and critical coverage area
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In JERUCHIM et al. (2000) it is shown that, in terms of energy consumption,
it is appropriate to use multilink messaging over short distances rather than
trying to convey a message without the relaying. Multilink transmission of
information can also increase the network capacity, i.e. the number of simulta-
neously working devices in it as message transmissions over long distances
creates interference for nodes that are located in a coverage zone, which leads
to the retransmission of messages or even makes the communication imposs-
ible in the area of such difficult conditions.

Conclusions

Recently, scientific resources have focused on modeling signal trans-
missions in cellular systems or broadcast communications (JOHNSON, MALTZ
1996). But the models for cellular communication cannot be applied in the case
of sensor networks because, first of all, it is typical of the placement of a pair of
nodes (base station, mast antenna) at a high distance from the ground, while in
the case of the sensory network, all nodes can be located on the ground (for
example, right in the grass) or be attached to the walls of the building.
Therefore, the direction of modeling of specialized and sensor wireless net-
works, as well as personal range networks is actively developing and only
beginning to emerge a complete model for networks of this class. The consider-
ed components are rapidly improving, and there are new specifications to
them. The correct creation of the model and its verification ensure successful
operation of the network, reducing the time expenses of modeling and debug-
ging and allows the efficiency of the existing network to be improved.
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Abstract

The main aim of this article is to develop mathematical equations of the performance stream (V)
of a water ram with regard to the height of water delivery (h.). The study was performed on the
sample water ram of my own design mounted on a specially designed test stand. The content of the
article is divided into two parts. The first part describes a generalized equation on the base formulae
used historically to determine the performance of the water ram. The second part presents the results
of research and summarizes the mathematical equations determining the streams performance (V)
according to the height of water delivery (4.). In conclusion the article makes interpretations of the
results. The motivation to approach these issues stems from the question: How much will the
performance of the water ram has on the ability to set a receiver tank at different heights?

Introduction

The water ram is a kind of water pump to lift water to higher levels (H,)
than the height of the water source (H) (Fig. 1). The ram pump action is based
on the use of kinetic energy of water flowing through the device. The water
supply source can be any flow for example: river, stream, lake, etc. It is only
important that the flow must provide adequate water (§ + @), to create an
appropriate water hammer necessary to further correct its work (MOHAMMED
2007, CLARKE 1900, WATT 1975).
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go@gmail.com
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Fig. 1. Scheme of water ram describes Rankine and D’Aubuisson methods

Analyzing the history of water rams can find information about their
efficiency. The efficiency can be described by the following methods (TAYE
1998, MOHAMMED 2007, WATT 1975, LANSFORD, DUGAN 1941, JONG 2015,
CALHOUN 2003, DERKOR 2014, ZOLLER 2015, CLARKE 1900, MARUCHIN, KUTIEN-
KOW 2014):

— Rankine method:

_ Q- -Hy
E=@+q. =& @

— D’Aubuisson Q- h
E=@+vo) & @)

where:

E - is the efficiency of the hydram,

@ - is the pumped flow [I/min],

@, - is the wasted flow [l/min],

h - is the pump head above the source [m],

H is the supply head above the waste valve opening [m],

H,; - is the total head above the waste valve opening = (H+h) [m].

The main aim of this work is to define the mathematical relationship that
makes it possible to determine the impact of the delivery height of the water
(Hy) on the performance (@) of the water ram (Fig. 1).

Other relationships allow for an accurate calculation of the performance
(@) of the water ram and all of its opportunities to lift water taking into
account parameters such as: the volume of the air chamber, the height of the
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water source (H;) and the height of water delivery (H) described in detail in
part one of a series of articles about water rams, GRYGO D. et al.: Performance
characteristics of water rams. The study was performed on a simple water ram
of my own design mounted on a specially designed test stand.

The motivation for the study is to improve machinery and equipment so
that their action is based on unconventionally by using renewable energy for
devices that can be used in the household e.g. to improve its energy balance,
free delivery of water, land irrigation, the watering of animals, etc.

The work presented the results of performance and mathematical equa-
tions of performance for three options: 1. b, = 5m, 2. b, = 4m, 3. h, = 3m (see
Fig. 2). The summary presents the interpretation of these results.

Fig. 2. Installation scheme of water ram

Performance equations

Performance measurements of the water ram were carried out for three
heights of different water supply (3, 4 and 5 m) and for eight ranges of water
lifting (in ranges of 5 to 16 m). For each configuration three measurements
were made. The performance was determined by the ,,mass flow” rate method.
The method of mass flow rates was selected due to high accuracy and a short
measuring time.

To measure the amount (weight) of water collected in holding tanks (I and
2) (Fig. 3) the measuring system uses a force sensor Axis type FA200 (3 and 4)
with the maximum rate measuring 200 [N] (~ 20 kg) with a measurement
accuracy of +0.05. Following suspension of the holding tanks the sensors were
reset so as to indicate only the weight of the water. Knowing the weight of
water accumulated in holding tanks and its temperature determined its mass.
The water temperature was measured by an electronic sensor with an accuracy
of 0.1°C.
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Fig. 3. The measuring system

For this purpose, an electronic thermometer was used with readout system
of internal and external temperatures by means of a probe. A thermometer was
placed in a shaded area approximately 0.5 m of the water tank and the probe
placed inside the tank.

The water ram worked for measurement for about 15 minutes. At this time
the impulse valve was regulated to obtain the stability of all the system
parameters. After this period a redirection the outflow water (V, and V),
according to the measuring tanks (I and 2) was made. The water collected for
180 s, over time delivered volume readings. After readings valves were opened
(6 and 7) and the water flowed into the tank (5). From there via the electric
water pump (8) to the main supply tank. It was important to mount the electric
pump so that the amount of water in the system was constant. The settings of
the parameters were as follows: i, = 3, 4 and 5 m, the temperature was 15.0°C
and the volume of the air chamber of the water ram was 3 dm?. In Table 1,
2 and 3 the average results of three measurements are shown. Figures 4, 5 and
6 show the water flow rate in graphical form for a particular configuration and
in Figures 7, 8 and 9 show mathematical equations in a graphical form.

Table 1
Measurement results A, = 5 [m]
h, [m] V. [dm?/180 s]
10 2.856
11 2.239
12 1.480
13 0.677
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Table 2
Measurement results 2, = 4 [m]
h, [m] q. [dm?3/180 s]
10 2.829
11 2.290
12 1.453
13 1.425
14 0.844
Table 3
Measurement results 2, = 3 [m]
h. [m] q. [dm?/180 s]
6 3.532
7 3.386
8 2.834
9 2.093
10 1.618
11 1.238
12 0.369
hs=5 [m]
4 T T T T T
3.5 B
= 3r B
8 25| §
- ..
E'E 2+ - —— V.
S 15} B
I |
05 .
O 1 1 1 1 1
8 9 10 11 12 13 14
he [m]
Fig. 4. The stream of water flow rate for A, = 5 m
hs=4
4 T T g T [m] T T
3.5 e
= 3 1
S 251
— .
C«E 2 F —— V.
S, 1.5
S" 1k
0.5 | §
O 1 1 L 1 1
8 9 10 11 12 13 14
he [m]

Fig. 5. The stream of water flow rate for A, = 4 m

Technical Sciences

19(2) 2016



144 Dariusz Grygo

4 hs =3 [m]
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® 251 _
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Fig. 6. The stream of water flow rate for 2, = 3 m
5 T T T T T T T T
V. = 10.2034 — 0.7296 * h, [dm*/180 s]
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Fig. 7. The regression equation graph 6
5 T T T T T T T
V. =17.5702 — 0.4835 * h, [dm?*/180 s]
4 b
)
o 3r
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=
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S 9t
N
1 =
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Fig. 8. The regression equation graph 7
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5 T T T T T
V. =6.9746 — 0.5358 * he [dm*/180 s]

V, [dm®/180 s]

0 I I I I 1 I I
6 7 8 9 10 11 12 13 14 15

he [m]
Fig. 9. The regression equation graph 8

The results were verified statistically using regression analysis. The re-
gression analysis was used to determine the nature of the relationship between
the dependent variable (V) and the independent variable (h.) for stochastic
models describing the relationship:

V. = flhy) 3)

was selected using the regression line (RABIEJ 2012, LUSZCZEWICZ, SLABY 2008).
Guided by the principle that physical relationships often occur in simple
mathematical forms (PRZESTALSKI 2009) and that reality can be successfully
described by several models (Osowski 2007), tested the function of the
following forms:

Y = (;:0 + §1X1 + §2X2 + §3X3 (4)

for the calculation of statistical procedures, I used package Statistica PL. v10
(STANISZ 2007). The hypotheses verified Hy, that the structural parameters of
the equation were insignificantly different at zero (& = 0). In a case where
p(F) > « there was no reason to reject the hypotheses Hy, and when p(F)
< arejected in a favor of the alternative hypotheses H; (¢ # 0). The results of
the statistical calculations and regression equations shown in the appropriate
Tables 2, 4 and 6.
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Table 4
The results A, = 5 m
Variabl Average Standard The coefficient
ariable value deviation of variation [%]
Lift height water h. [m] 11.50 1.118034 9.72
Water flow rate V. [m®/180 s] 1.81 0.817115 45.07

Verification of the hypothesis about the significance of the coefficients of regression equations
H,: The regression coefficients are zero

H,: Not all of the regression coefficients are equal to zero

Test results:

The percentage of variation explained 99.66

Multiple correlation coefficient 0.998

The standard deviation of the residues  0.067562

The critical region right-hand

The level of significance = 0.05

The calculated value of statistics F(1,2y = 583.0918

The level of probability test p = 0.0017

H, should be rejected in favor of the alternative hypothesis H;

Table 5
The results Ay, = 4 m
Variabl Average Standard The coefficient
ariable value deviation of variation [%]
Lift height water _hc [m] 12.00 1.414214 11.79
Water flow rate V. [m3/180 s] 1.77 0.7002688 39.74

Verification of the hypothesis about the significance of the coefficients of regression equations
Hy: The regression coefficients are zero

H;: Not all of the regression coefficients are equal to zero

Test results:

The percentage of variation explained 94.69

Multiple correlation coefficient 0.973

The standard deviation of the residues 0.209071

The critical region right-hand

The level of significance = 0.05

The calculated value of statistics F(;.3 = 53.4816

The level of probability test p = 0.0053

H, should be rejected in favor of the alternative hypothesis H;
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Table 6
The results A, = 3 m
Variable Average Standard The coefficient
value deviation of variation [%]
Lift height water h. [m] 9.00 2.000000 22.22
Water flow rate V. [m%/180 s] 2.15 1.082022 50.26

Verification of the hypothesis about the significance of the coefficients of regression equations
Hj: The regression coefficients are zero

H;: Not all of the regression coefficients are equal to zero

Test results:

The percentage of variation explained 98.06

Multiple correlation coefficient 0.99

The standard deviation of the residues 0.178107

The critical region right-hand

The level of significance = 0.05

The calculated value of statistics F(1;5 = 253.3488

The level of probability test p = 0.0000

H, should be rejected in favor of the alternative hypothesis H;

The equation of performance (h; = 5 m)

The linear regression. General information: number of observations = 4
adopted significance level = 0.05.
The regression equation:

)

V. = 10.2034 - 0.7296 - A, 5)

The equation of performance (h; = 4 m)

The linear regression. General information: number of observations = 5,
adopted significance level = 0.05.
The regression equation:

V. = 175702 - 0.4835 - h, (6)

The equation of performance (h; = 3 m)

The linear regression. General information: number of observations = 7,
adopted significance level = 0.05.
The regression equation:

V. = 6.9746 — 0.5358 - h, (7
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Summary

The main aim of this work is to define the mathematical relationship that
allows determination of the impact of the height of water (k.) on the perform-
ance (V) of water ram. Analyzing the results obtained during the performance
of the test it was able to determine the equation of variation of functions for
each specified of height of delivery. The first model (h. = 5 m) is the most
suited (99.66 percent of the explained variations) while two other models have
proved to be well matched (94.69 and 98.06 percent of the explained vari-
ations). It was shown that the relationship for the model:

— First, that at the average height of water delivery (h.) equals 11.5 m the
performance is 1.81 dm?180 s. From the obtained mathematical data (re-
gression equation) shows that by increasing the height of water delivery by
1 m will reduce the performance about 0.7296 dm?/180 s and will be equal to
1.08 dm?180 s;

— Second, that at the average height of water delivery (k.) equals 12.0 [m]
the performance is 1.77 dm3/180 s. From the obtained mathematical depend-
ence (regression equation) it shows that by increasing the height of water
delivery by 1 [m] it will reduce performance of 0.4835 dm?/180 s and will be
equal to 1.29 dm?/180 s;

— Third, that at the average height of water delivery (k.) equals 9.0 m the
performance is 2.15 dm3/180 s. From the obtained mathematical dependence
(regression equation) it shows that by increasing the height of water delivery
by 1 m it will reduce the performance by 0.5358 dm?/180 s and will be equal to
1.62 dm?¥180 s.
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Abstract

This article presents results of the experimental measurements of the cavitation phenomena in
a Venturi tube with water as the working medium. Three variants of such tube were tested. Angles of
converging and diverging sections are equal to 45° and 45°, 30° and 60°, 45° and 60°, respectively. In
every case the throat diameter is equal to 3 mm and the throat length to 6 mm. The average flow
velocity ranges from 0.1 to 0.5 m/s. During measurements, the average flow velocity, upstream and
downstream pressure and water temperature were recorded. Additionally, by the use of a high-speed
camera and a simple digital camera, information about the size and the shape of the bubble clouds for
different flow conditions was collected. The aim of the article is data acquisition for the further
numerical analyses. The experimental runs executed for this paper are to help provide more
information about this type of flow, since numerical modeling of the cavitation phenomena in Venturi
tubes is still very difficult and in many cases even quantitative agreement is impossible to obtain.

Introduction

Cavitation phenomena could be defined as the evaporation process of
aliquid in areas where the local pressure drops below the saturation pressure.
This pressure depends in turn on the temperature of the liquid. If the pressure
increases (in space or in time), the vapour bubbles disappear. Cavitation is
generally undesirable due to its negative consequences: erosion, noise, vibra-
tions and energy losses (BAGIENSKI 1998).
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In real-life applications, cavitation occurs even if the local value of the
pressure is higher than the saturation pressure. Such state is due to the fact
that in real fluids small bubbles of the non-dissolved gases exist. The presence
of such bubbles (called nuclei) is observed for each kind of liquid it may cause
a change in the tensile stress of the liquid, in terms of decreasing it. (BAGIENSKI
1998). The tensile stress for ,clear” water (for temperatures in the 5-15°C
range) reaches values of approximately 27 MPa and depends on the tempera-
ture of liquid. The increase of temperature translates into a drop of the value of
tensile stress. The tensile stress is reduced to zero at approximately 374°C
(KNAPP et al. 1970). Change in tensile strength may also change other material
properties, which depend upon it: density, viscosity, surface tension and air
content (NOSKIEVIC 1969).

However, it is possible for cavitation to still occur, even in the absence of
nuclei. The theory of liquid disturbance describes the phenomenon of homo-
geneous nucleation. This theory relates to the possibility of creating bubbles
with critical dimensions in water without any nuclei. Liquids, considered at the
molecule level, are in the dynamic state, which means that these molecules are
in continuous motion. Through the motion of the molecules, empty spaces may
be formed between them. Under favourable conditions, i.e. increase of tem-
perature or/and drop of pressure, these spaces could turn into bubbles with
critical dimensions (APFEL 1972).

The discovery of a new physical phenomenon in 1894, responsible for
destruction of a ship propeller (REYNOLDS 1894), opened a new period in the
world of technical science. The scale of negative after-effects of the appearance
of unexpected vapour bubbles in water persuaded scientists to familiarize with
the unknown phenomenon. The observations conducted in natural environ-
ment could not help to find the answer to many questions. The only way to
shed light on the enigmatic phenomenon was an experiment. Experimental
studies of cavitating flows are carried out until 1935 (HUNSAKER 1935). The
story of Venturis as the object of the interests of scientists started in 1952
(RANDALL 1952). Since 1962, the experimental investigations of the flow inside
Venturis have taken into account also the influence of cavitation (NUMACHI et
al. 1962, NUMACHI, KOBAYASCHI 1964). The complex character of the cavitation
phenomenon resulted in experimental studies of cavitating flow inside Ven-
turis to be continued to this day (ABDULAZIZ 2014, DECAIX, GONCALVES 2013).

The main function of Venturis is a passive control of the mass flow rate.
These devices are a common application in industry. The Venturis as an
application can be found first in parts of hydraulic systems, where a constant
mass flow rate is expected. Their big advantage is the assurance of an
unchanging flow rate independent from the variable pressure in a chamber.
Through these features, Venturis, as a precise tool, could be used as a flow
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meter (GHASEMMI, FASIH 2011). Their construction consists of three parts:
a converging section (nozzle), throat, and a diverging section (diffuser). To the
most essential features of Venturis, which have an influence on the mass flow
rate and the flow character, belong the throat diameter, the throat length and
the diffuser angle (ASHRAFIZADEH, GHASEMMI 2015). The broad applications of
Venturi tubes support the simple form of the device. Additionally, their
construction does not have any moving parts. Consequently, the production of
Venturis does not require a lot of finance and these devices are characterized
by high reliability. Therefore, use of these devices is on the one hand practical
and on the other hand economical (GHASEMMI, FASIH 2011).

Venturi tubes, despite that they are a basic geometry, they are devices with
varied shapes. In the classical form of Venturi tube presented in ISO 5167-
1:2005, the angle of diverging section ranges from 7 to 15° and the angle of
converging section is 21°. Scientists analysed also other shapes of Venturi
tubes. NUMACHI et al. (1962) investigated in 1962 Herschel Venturi-tube. This
tube is characterised by a sharper converging angle and is also the current
research object. Brinkhorst et al. presented in 2015 the results of numerical
simulations of cavitating flow in Herschel Venturi tube. They analyzed the
influence of geometry parameters on the stability of the mass flow rate.
Additionally, the authors made the same investigations for toroidal Venturi
nozzle (ISO 9300:2005) which is distinguished by a radius in the converging
section and a direct transition to the diverging section.An important type of
a Venturi tube is an asymmetric Venturi (BARRE et al. 2009, Rop10, CONGEDO
2014, CHARIERRE et al. 2015). BARRE et al. (2009) presented double optical
probe measurements and numerical studies based on the code Fine™/Turbo
and a barotropic approach. Rodio and Congedo prepared a stochastic analysis
of cavitating flow. CHARIERRE et al. studied an aperiodic cavitation pocket in an
asymmetric Venturi using chosen homogeneous models.

The main aim of the investigations of the cavitation phenomenon is to build
new simulation models for different kinds of Venturi tubes using the homo-
geneous approach.The motivation to begin such investigations relate to the
cavitation phenomena in Venturi tubes was the fact that the current available
and most popular cavitation models are still too poor for such flows. Results
from numerical modeling are too different from observations even on the
qualitative level. According to the literature, the prediction of the cavitation
phenomenon in the Venturi tubes in one of the most difficult cases and further
investigations in this field are needed (PALAU-SALVADOR et al. 2007). For this
reason, the Venturi tubes are often the subject of research of cavitating flows
(BAYLA et al. 2009, TAMHANKAR et al. 2014, BRINKHORST et al. 2015). Despite
widespread interest of scientists in this field, having a large number of
different shapes for Venturi tubes impedes finding the expected experimental
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results for the chosen shape. For the mentioned study, recording the best
accuracy of the Venturi tubes performance in experimental measurements is
necessary. For this purpose, a new test rig was designed and built, which is
presented in this article.

The article has the following structure: the first part is devoted to acquaint
the reader with the design assumption. Knowledge of the validation process of
the numerical models enables the reader to understand the detailed construc-
tion of the test rig. The description of the test rig, which is the second part of
the article, starts with the history of investigation of cavitating flows at the
Faculty of Technical Sciences and presents a comparison between the old and
the new version of the test rig. After the introduction, a diagram of the device
and the detailed presentation of the most important components follows. The
next step of the article is the overview of the technical data and the description
of the typical measurement process. The third part of the article is presenta-
tion of the capabilities of the experimental investigation of cavitating flows
using the new test rig. The article ends with conclusions on the results
obtained.

Assumptions

There are three basic approaches to integrate numerical fluid analyses with
experiments (SOBIESKI 2013). The first approach (Fig. la) supposes only
one-way interaction of experimental data with numerical analyses (CFD
— Computational Fluid Dynamic). However, during creation of the simulation
model it may happen that the experimental data proves to be insufficient or its
quality will be too low. There is no possibility to repeat the investigation, so the
results of the numerical simulations could be incorrect. The second approach
(Fig. 1b) submits a correction to the previous version. The experiment can be
repeated, if it is necessary, which translates in an improvement of the
compatibility of the results between the real case and the virtual model. The
disadvantage of this approach are time and cost needed for the repetition of the
experiment. Besides, in some cases the experiment cannot be performed again.
The best way to integrate the experimental and numerical investigations is the
application of the following methodology (Fig. 1c): first, the preliminary
numerical model is created. Then the experiment is planned and performed
taking into account the knowledge about requirements of the numerical model.
Finally, the preliminary numerical model is corrected and calibrated. In the
current investigation, this methodology is applied, therefore at the beginning
of investigations, the preliminary numerical model was created.
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a experiment > CFD
b experiment > CFD
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c CFD P experiment » CFD
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<

Fig. 1. Basic approaches to integrate numerical fluid analyses
Source: SoBIESKI (2013).

The data for numerical fluid simulations can be divided into three groups:
geometry data, data defining the kind of fluid and information about the
boundary conditions. The geometry data is necessary for mesh preparation.
The rule for this case is as follows: the simpler geometry of the grid, the easier
the meshing process will be and a shorter calculation time will be required. The
data describing the physical medium includes information about the density
and viscosity of the fluid. Since the analysed case concerns water, only its
temperature has to be known. The temperature is an important parameter for
cavitation phenomenon because it can change details the saturation pressure.
For this reason, the experimental measurements should be performed with
a constant temperature. There are three methods to establish the desired
temperature. The first method assumes use of cold water and fast measure-
ments. In the second approach the measurement may be performed after
a time in which the system achieves the state of the thermodynamic equilib-
rium (the temperature will be constant). The third method assumes the
automatic control of the temperature. This solution is the most convenient.
The last set of information concerns boundary conditions. These terms should
be understood as flow parameters. These parameters can be included in the
simulation model in two ways. The first way assumes introducing information
about the inlet velocity and outlet pressure. In the second method, information
about the total inlet pressure and the dynamic inlet pressure should be used.
In this case is important to enter the additional data about the reference
values. The presented test rig meets the design assumptions.

Laboratory setup and methods

Test rig

The idea of experimental and numerical investigations of cavitation in
hydraulic systems started at the Department of Mechanic and Basics of
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Machine Construction at the Faculty of Technical Sciences of the University of
Warmia and Mazury in Olsztyn between 2002 and 2004. The first test rig was
created for the purpose of investigating cavitating flows. Using this test rig,
photos were taken of the cavitation cloud behind the cavitation inducer and
vibroacoustic analyses on the basis of the noise measurements in the flow were
conducted (SOBIESKI 2004, 2005).

In 2010, this prototype was replaced with a new test rig (Fig. 2), which is
directly intended for performing experiments of turbulent and cavitating
flows, as well as many other flow phenomena. The device was made within the
framework of the project TECH 2010. In comparison with the prototype, the
new test rig was improved and has a few advantages. Some of these advantages
are: having an inter alia with smaller dimensions, having the ability of motion
using the wheels, automatic acquiring and saving of the signal from all sensors,
direct displaying of the data, simple control of the flow velocity and the liquid
temperature, as well as the independence from the connection to the water
mains.

Fig. 2. The test rig from 2010

The scheme of the test rig is presented in the Figure 3. The whole device
weighs approximately 115 kg. Its weight with water increases to approximately
195 kg. The test rig is 190 cm in height, 50 cm in width and 180 ¢m in length.
The independence from the connection to the water mains is ensured by the
hydraulic system with closed water circulation. The used self-priming pump up
to 10 bar is suitable for liquids with the temperature not exceeding 110°C,
density not exceeding 1300 kg/m?® and viscosity not exceeding 150 mm?/s. The
maximum permissible size of impurities in form of indelible solid particles is
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0.5 mm. The pump can obtain a maximum efficiency at level of 7 m3/h, which
translates into a linear velocity of water in the cavitation chamber of 1 m/s.
A motor having a power of 5.5 kW is used as a drive to the self-priming pump.
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Fig. 3. The diagram of the test rig from 2010: I — water tank, 2 - motor, 3 — water pump, 4 — cavitation
chamber, 5 — water indicator, 6 — heater, 7 — water level sensor, 8 — velocity inlet sensor, 9 — pressure

inlet sensor, 10 — temperature inlet sensor, 11 — proximity sensor of the chamber, 12 — additional
proximity sensor, 13 — pressure outlet sensor, 14 — temperature outlet sensor, 15 — control panel

The test rig is equipped with seven sensors that can work with temperature
below 100°C and humidity below 50%. The measurements can be started, when
the external temperature is between 0 and 40°C. The sensor of water level in
the water tank is located in the right wall. The sensor is placed about 26 cm
above the tank bottom, which corresponds to 46 1 of liquid. It is the minimum
safe level at which the water pump can be started. The direct control of filling
level is enabled through the water indicator. The last sensors, placed below the
tabletop, give information about the linear fluid velocity. To reduce the
fluctuations of the signal, a filter with time constant of nine seconds was
applied. Consequently, the data in display are delayed with regard to the
correct flow.

The most interesting part of the test rig, i.e. the cavitation chamber, is
placed above the tabletop. The plexiglas pipe has the internal diameter of 50
mm. The distance between both flanges is 1,000 mm. The cavitation chamber
is only one of the variants of the system, which can be investigated using the
presented test rig. The elbows of the inlet and outlet pipes are equipped with
sensor sets, which include temperature and pressure sensors. The precision of
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each temperature sensor is 0.5°C. The pressure measuring range is between
0 and 10 bars. Additionally, on the right side of the left flange of the cavitation
chamber, is placed a proximity sensor which has the aim to counteract
switching on the hydraulic system in case there is a lack of the cavitation
chamber.

The operating panel ensures the control of measurements. It has three flip
switches to turn on power, motor and heater. Determination of temperature
and percentage use of the motor is made by two independent potentiometers.
The values of the given and the current temperature of water in the elbows of
the inlet and outlet pipe and the percentage use of the motor are displayed on
the LCD monitor. To other information, which can be found on the LCD
monitor, belong the water pressure in the elbows of the inlet and outlet pipe
and the linear velocity of the flow.

Venturis

In the analysed case, the cavitation inducers are three Venturi tubes
(Fig. 4), which have their dimensions presented in the Figure 4. The angles of
converging section were selected for the first Venturi as 45° (Fig. 4a), for the
second 60° (Fig. 4b) and for the third 30° (Fig. 4c). The angles of diverging
sections were selected as 45°, 30° and 60°, respectively. The throat has diameter
of 3 mm and 6 mm length. The outside diameter of the Venturi tube is 50 mm.
The Venturi is placed within 300 mm of the left edge of the cavitation chamber.
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Fig. 4. Dimensions of the Venturi tube

Experimental method

To investigate the behaviour of the flow in the Venturi channel and the
cavitation chamber an experiment has been conducted. In the experiment, the
velocity flow and the temperatures and pressure at the inlet and outlet of the
cavitation chamber have been measured. During the test, the value of the
downstream pressure was constant; the value of the upstream pressure was
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variable. The data obtained in the experiment is presented in form of tables.
The shapes of the cavitation cloud have been registered using a high-speed
camera (Olympus i-SPEED TR, 1000 frames per second) and a simple digital
camera (Nicon Coolpix P610).

Results and discussion

The first and main aim of experimental measurements is obtaining data for
numerical analyses. The division of the essential information was presented in
the first section of the article. The second part of the data, which concerns the
physical medium, was reduced to the reference temperature. During tests of
the laboratory device, the temperature was between 19 and 40°C.

Table 1
Results of experimental measurements for the first Venturi (Fig. 4a)
No. u T, T Du Dq Pu=Dq
m/s °C °C Pa Pa Pa
1 0.1 20.2 19.8 481,325 4.99 481,320
2 0.2 20.5 20.1 677,325 19.96 677,305
3 0.3 20.9 20.8 776,325 4491 776,280
4 0.4 21.1 21.2 846,325 79.84 846,245
5 0.5 21.4 21.7 964,325 124.75 964,200
Table 2
Results of experimental measurements for the second Venturi (Fig. 46)
No. u T, T Pu DPq Pu=Dq
m/s °C °C Pa Pa Pa
0.1 31.1 32.1 657,325 4.99 657,320
0.2 32.6 32.9 757,325 19.96 757,305
0.3 35.6 36.1 1,022,325 4491 1,022,280
Table 3
Results of experimental measurements for the third Venturi (Fig. 4c)
No. u T, T, DPu Dq Pu=Dq
m/s °C °C Pa Pa Pa
1 0.1 24.1 24.2 534,325 4.99 534,320
2 0.2 24.7 24.8 719,325 19.96 719,305
3 0.3 28 28 811,325 4491 811,280
4 0.4 29.7 29.4 980,325 79.84 980,245
5 0.5 35.8 35.6 1,099,325 124.75 1,152,200
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The last part of data includes boundary conditions, in other words, flow
parameters. In case of cavitation simulation both ways of defining of flow
parameters, velocity inlet — pressure outlet and pressure inlet — pressure
outlet, are possible. All desired information are either displayed on the LCD
monitor (average fluid velocity — u, inlet total pressure — p, and outlet total
pressure — pgy) or calculated based on this information (dynamic pressure —
Dy, difference between the inlet total pressure and the inlet dynamic
pressure p, — p,). In the tables 1-3 data from the experimental measurements
is presented. Pressure in the outlet of cavitation chamber (p;) has a constant
value of 101.325 Pa.

From the data presented in the Tables 1-3 it is evident that the maximum
average velocity at the inlet of the cavitation chamber is 0.5 m/s. In the case of
the second type of Venturi, the maximum average value of the velocity achieves
only 0.3 m/s. The temperature of the medium starts from 19°C and finishes
before reaching 40°C. The total pressure at the inlet of cavitation chamber
varies from about 4 bar (for the average velocity at the inlet equal to 0.1 m/s) to
10 bar (for 0.5 m/s). The differences between upstream total pressure and
upstream average velocity for the analysed variants of Venturis are notable.
For the upstream average velocity equal to 0.1 m/s the value of the upstream
total pressure starts from 3.8 bar for the first type of Venturi, for the third type
achieves value 4.33 bar and for the second 5.56 bar. The differences are visible
in the whole of the experimental measurements. For the upstream average
velocity of 0.3 m/s, the value of the upstream total pressure starts from 6.75
bar for the first type of Venturi, for the third type achieves value 7.1 bar and
for the second 9.21 bar. Additionally, the maximum upstream average velocity
for the second type of Venturi is only 0.3 m/s, which is a direct indicator that
changes in the angles of Venturi influences the upstream velocity and up-
stream pressure. ASHRAFIZADEH and GHASEMMI (2015) indicate that changing
of the diverging section angle does not affect the values of upstream pressure
and velocity. However, the changes of the converging section angle are not
without impact on these values.

The second aim of experimental measurements is obtaining data that is
useful by post-processing. The test rig has not any instrumentation that would
allow collecting data for validation process. The simplest and the most common
method is evaluation of the intensity and size of the cavitation cloud based on
photos. Photos can be made using a high-speed camera (Fig. 5-7) or even
a simple camera (Fig. 8). Photos can be compared with distribution of vapour
volume fraction in the chamber from numerical simulations. In the Figures
5a-5e are presented cavitation clouds for the first type of Venturi for five
upstream velocities: 0.1, 0.2, 0.3, 0.4 and 0.5 m/s. For the velocity equal to
0.1 m/s, the cavitation cloud is only faintly visible. Increasing velocity leads
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Fig. 5. Cavitation cloud at different velocities for the first type of Venturi: @ — 0.1 m/s, b — 0.2 m/s,
¢c-03m/s,d-04m/s, e - 0.5 m/s

Fig. 6. Cavitation cloud at different velocities for the third type of Venturi: @ — 0.1 m/s, b — 0.2 m/s,
¢c—-03m/s,d-04m/s,e-05m/s
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Fig. 7. Cavitation cloud at different velocities for the second type of Venturi: @ — 0.1 m/s, b — 0.2 m/s,
¢ - 0.3 m/s

Fig. 8. Photo of cavitation cloud made using a simple camera

to clearer contours between the vapour bubbles and water. Starting from the
0.3 m/s velocity, it is visible that the stream of vapour bubbles after leaving of
the diverging section heads for the downstream part of the cavitation chamber
and then bounces upstream, forming a hook shape. Between the cavitation
clouds for the first and the third type of Venturi (Fig. 6a—6e) there are many
similarities. Among these a blurred shape of the cavitation cloud for the low
upstream velocity (Fig. 6a) and the increasing of its intensity for higher
velocities (Fig. 6b—6e). The difference between the analysed cavitation clouds is
their shape. For the third type of Venturi, the cavitation cloud has no hook
form anymore, but a slightly wavy line. The shape for a second type of Venturi
is different from the above described (Fig. 7a-7c). A hook form or a slightly
wavy line is no more visible. The cavitation cloud spreads to the whole volume
of the cavitation chamber for each of the analysed upstream velocities.
Increasing of the upstream velocity leads to increasing of the intensity of the
cavitation cloud and its length.

Conclusions

Based on the experimental measurements the following concluding re-
marks can be made:
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— Using the test rig, in objects like a Venturi tube, cavitating flow can be
observed.

— The control range of the test rig is sufficient to obtain an intensive and
broad cavitating cloud.

— Using the measuring system of the test rig, essential data about pressure
and velocity at the inlet and outlet of the cavitation chamber and the water
temperature can be obtained.

— Based on the experimental data and the dimensions of the cavitation
chamber numerical models for the considered flow cases can be prepared. It
means that the main aim of the experimental measurements is achieved.

— Use of the high-speed camera gives a qualitative observation of the
intensity and extent of the cavitation cloud. The gathered results should be
sufficient material to make comparisons between the experiment and numeri-
cal simulations. More over, as shown in the literature study, the most
important in the case of Venturis is quality of the experimental and numerical
data.

— Using a simple camera did not give enough good results in terms of
quality. This method, which is simpler and more accessible, is only of auxiliary
importance.

— The type of Venturi and flow parameters has influence on the intensity
and extent of the cavitation cloud. In the considered investigation range three
forms of cavitation cloud were observed: a hook form, a slightly wavy line and
dispersed.

— Reconstruction of the right flow structure in numerical models will be
probably the most difficult stage of the numerical simulations.

— A better quality of the experimental data can be achieved using Particle
Image Velocimetry (PIV), but currently we do not have access to such
measurement systems. To resolve this problem we will try to use an alternative
method, which was developed in cooperation with the Department of Electrical
and Power Engineering, Electronics and Automation, and will be presented in
a future publication.
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Abstract

In the article, a new way for obtaining a set of geometrical parameters of granular porous beds is
presented, if the data on the locations and sizes of all particles is available. The input data were
prepared with the use of Discrete Element Method. The other way for acquiring the input data may
be the application of Computed Tomography (CT) and Image Analysis (IA) techniques. All geometri-
cal parameters are calculated with the use of own numerical code called PathFinder (freely available
in the Internet together with its source code). In addition to description of the method of calculations,
two examples of its use are presented. One simulation was performed in PFC?P code, and the other in
YADE software. The aim of the article was to show clearly that a porosity is not sufficient to describe
the spatial structure of a porous body. In both presented examples, the porosity value is almost the
same, but other parameters, e.g. tortuosity, are different. The motivation to write the PathFinder
code were significant problems with obtaining geometrical parameters needed in investigations
related to granular porous media. The issues described in the article are a part of an overall research
methodology relating to the linking the micro- and macro-scale investigations of granular porous
beds. The areas of applications of this methodology are not discussed in the article.

Introduction

In the investigations of fluid flows through porous media, two basic
concepts can be distinguished. In the first approach, the porous medium is
treated as a matter, which causes flow resistance, and, in a consequence, the
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wojciech.sobieski@uwm.edu.pl.
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pressure drop along the flow direction. In the simplest variant of this approach,
it is not important, what is the source of the flow resistance — the global effect
is what counts. This is the oldest way for describing or predicting the pressure
drop in real flow systems. The Darcy law (DARCY 1856) was the first law in this
field and is still one of the most important laws in the porous media research
area. In the following years other laws were formulated, like for example the
Forchheimer law (1901) (WHITAKER 1996), which expand the range of flows
that are possible to be modelled, but the idea was the same all the time. More
information about Darcy and Forchheimer laws, as well as the discussion of
ranges of their application, can be found for example in the article (SOBIESKI,
TRYKOZKO 2011). The main disadvantage of the first approach is the difficulty
of connecting the general macro-scale effect (the pressure drop) with the
phenomena taking place in the micro-scale (the energy losses due to the
friction). Many mathematical models can be found in publications, where such
interactions between both scales are sought. The Kozeny-Carman law (KOZENY
1927, CARMAN 1997), Ergun law (ERGUN 1952), Ergun-Wu law (WU et al. 2008),
Comiti (CoMiTi, RENAUD 1989), Barree-Conway law (WU et al. 2011, ZHANG
2013) and other laws can be used as examples. The probability theory and
fractal theory are quite popular too. These investigations show the main
tendency: from macro-scale to micro-scale.

The second approach is focusing on the physical side of the problem. Here
the physical phenomena occurring in the channels inside porous media are most
important. The friction (and hence the geometry of these channels) plays the key
role in the discussed approach. The importance of this approach increased
significantly when the methods of Computational Fluid Dynamic (CFD) became
widely available. Thus, the full Navier-Stokes or Reynolds equations may be
used for predicting the fluid behaviour in porous zone for many kinds of porous
media. Currently, many researchers are trying to understand the processes on
micro-scale and their impact on the behaviour in macro-scale. In this approach,
the research path leads from micro-scale to macro-scale.

In the current article a new look on the problem in context of granular
porous beds (porous media consisting of spherical or quasi-spherical particles)
is proposed. In this approach, the research methodology includes three main
stages (Fig. 1):

— Acquiring in micro-scale information about the size and location of each
particle forming a porous bed.

— Basing on these data, calculating the porosity, tortuosity, specific surface
of the porous body and other parameters that can macroscopically characterize
the pore space of this type of media.

— Calculating the linear and non-linear terms of macro-scale laws (e.g.
Kozeny-Carman law), basing on the structure analyzed at the micro level.
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Fig. 1. Schematic representation of the overall research methodology

The realization of the first stage is possible in two ways. The first way is to
carry out computer simulations using Discrete Element Method (DEM). In this
method all needed data can be obtained directly, through a proper record of the
results of the calculations in files. This very method is used in hereby article.
The second way is the use of Computed Tomography and the Image Analysis.
In this method all needed data can be achieved by appropriate algorithms of
image processing which allows to transform a series of CT images into
knowledge about the spatial structure of the porous bed.

To calculate a set of geometrical parameters characterizing the spatial
structure of porous beds, new algorithms were needed. They were developed
first (details in the research report, SOBIESKI 2009a) and then the PathFinder
code (The PathFinder Project. Online) was written. The current article pres-
ents mainly this part of the proposed research methodology.

Having established the information about the spatial structure of the
porous bed, the third stage may be started with the creation of a macro-scale
model. In the applied methodology the general Forchheimer law is used, but
there may be used any different law. This law was implemented to the ANSYS
Fluent CFD code by using the so-called Porous Media Model (Fluent Inc.:
Fluent 6.3 User’s Guide, Chapter 7.19: Porous Media Conditions, September
2006, Fluent Inc.: Fluent 6.3 Tutorial Guide. September 2006, SOBIESKI 2010)
and the User Defined Functions (UDF). In this way a full control of the model
is provided and all spatial parameters may be introduced as constant values or
functions dependent on the location or time.
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The general set of input data for macro-scale laws

Many laws for calculating the pressure drop in fluid flow systems with
porous media can be shown in a unified form (SOBIESKI, TRYKOZKO 2011,
2014a, b):

5]

— =A@) - (u-vp) + B@) - (p-Vp (1)

&

where:

p - pressure [Pa],

x - a coordinate along which the pressure drop occurs [m],

A(®) and B(®) — two generalized parameters, dependent on the set ® character-
izing the spatial structure of the porous medium,

U — dynamic viscosity of the fluid [kg/m - s)],

p - density of the fluid [kg/m?)],

vy — filtration velocity [m/s].

The commonly used Kozeny-Carman equation may serve as an example of
alaw with the structure like the one in formula (1). This equation is derived for
calculating the permeability of well-sorted sand (NEETHIRAJAN et al. 2006,
FOURIE et al. 2007), in which coefficients A(®) and B(®) have the following
forms:

1 1-9¢7
A@) = — = Cge 7 So- ¢3¢
(2)
B(®) =0
where:
K  — permeability [m?],

Ckc — Kozeny-Carman pore shape factor (a model constant), which should be
equal to 5.0 (CARMAN 1997) [-],

7 — the tortuosity factor [m?m?] defined as the square of the tortuosity
7 [m/m],

Sy - specific surface of the porous body [1/m],

¢  — porosity [m3/m3].

It should be noted that researchers have also used other forms of Kozeny-
Carman equation (DUNN 1999, RAINEY et al. 2008, RESCH 2008, ROSSEL 2004).
A larger discussion on this topic was presented in the work (SOBIESKI 2014).
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Another known law, matching formula (1), is the Ergun equation (ERGUN
1952, NIVEN 2002, HERNANDEZ 2005, DUNN 1999), in which:

1 - ¢)7?
A@) =150 - ———
@) ¢° - (v - d)?
3)
(1-9
B(®) = 1.75 - ——
where:
d - the representative (e.g. average) diameter of particles forming a porous
bed [m],

v — sphericity coefficient [-] (less than 1 in general and equal to 1 when the
particles are spherical in shape, SOBIESKI 2009b).

In the literature one can find many other formulas for A(®) and B(®)
coefficients (e.g., MIAN (1992), SKJENTE et al. (1999), SAMSURI et al. (2000),
BELYADI A (2006), BELYADI (2006), LORD et al. (2006), AMAO (2007), Wu and Yu
(Wu et al. 2007), but almost all of them are related to the geometrical structure
of the porous media.

The mathematical forms of physical laws cited here are not very important
in this article and they serve only as examples. The most important is the fact,
that usually only a few basic geometrical parameters are needed for modelling
the fluid flows through porous beds. Such set may be also defined as follows:

o = {d)(p(‘/p:v): E(VS:V)y T(Lp)L0)7 SO(SS)VS)V)7 W(lx)ly)lz)---} (4)

where:

V, - the total volume of the pore part of a porous medium (filled by a fluid)
[m?],

V., - the total volume of all particles in the bed [m?],

V - the total volume of a porous medium [m?],

L, - the length of a flow path [m],

Ly - the depth of the porous medium in the main flow direction [m],

S, — the total inner surface of a solid body [m?],

1,1, — the particle size in three directions of the space [m].

Having established the parameters of set ®, both A(®) and B(®) terms may
be calculated, according to the formulas (2), (3) or others. Of course, the
parameters set can be used for other purposes.
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It is worth noting, that some parameters of the ® set can be obtained very
easily (assuming that the data with locations and sizes of all particles is
available). Others, in turn, are very difficult to determine. It would be
advantageous to have a convenient tool that allows obtaining all the informa-
tion. The PathFinder numerical code is created to be such a tool. In the work
(SOBIESKI et al. 2012) the method of tortuosity calculation was shown. In the
current article, a newly developed version of this algorithm is described as well
as other parts of the whole calculation algorithm implemented into the
PathFinder code. In authors’ opinion, this new numerical code may be very
useful for the researchers dealing with granular porous media - especially, that
the PathFinder software is freely available in the Internet together with the
source code (The PathFinger Project. Online).

The calculation methods
The PathFinder code

The PathFinder software is intended for calculating a set of geometrical
parameters of a porous bed, when the data with locations and sizes of all
particles is available. PathFinder in fact is only a solver and the visualization
should be made in Gnuplot environment (Gnuplot Home Page. Online)
(during calculations) or in ParaView software (ParaView Home Page. Online)
(after calculations). PathFinder automatically generates suitable output files
for that purpose, in a form of a simple text, in VI'K or CSV formats, as well as
shell scripts for an operating system. Using other, additional applications for
the results visualization is possible, too (e.g. The MayaVi Data Visualizer.
Online).

The PathFinder software works with a text file with five columns which
contain information in the following order: consecutive numbers of each
sphere, X, Y and Z-coordinates of centres of spheres and diameters of spheres.
The X and Y columns may be swapped, but the Z column must be always the
fourth. This is important because it is assumed that this is the main flow
direction. In data reading process, every line is considered as a new particle, so
the number of lines gives information about the bed size.

For PathFinder it is not relevant in which way the input file was generated:
using either results of the Discrete Element Method (DEM) simulation or the
results of Computed Tomography and the 3D Image Analysis. In the present
article two examples from the first variant are used (Fig. 2). The left figure
presents a cylindrical domain with 18188 particles (DEM simulation was made
in PFC?P code, ITASCATM Home Page. Online) and the right a cuboid domain
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Fig. 2. Examples of visualisation the results obtained in the FathFinder code

with 4000 particles (DEM simulation was made in YADE code, YADE Home
Page. Online). In both examples, a central path with surrounding particles is
shown.

Calculating the domain range

Under the expression ,,calculation domain”, a virtual space is meant here,
where all calculations take place. Usually the domain volume is the same as the
bed volume.

All spheres in the bed are described by 5 variables: n; — number of the i-th
sphere; x; — X coordinate of the i-th sphere centre; y; — Y coordinate of the i-th
sphere centre; z; — Z coordinate of the i-th sphere centre; d; — diameter of the
i-th sphere. The total number of spheres in the bed is denoted by ns.

In the first step, all spheres are sorted by the Z coordinate. In this way, the
sphere lying lowest in the bed has the index i = 1 and the highest sphere index
is i = n,. In determination of the Z-axis range, the particle diameters are taken
into account (Fig. 3):

di), Zmax = Max (zi + 1. di) (5)

. 1
Zmin = Min (zi -=- g

2

Note, that if the bottom surface of the bed is horizontal and flat, many
particles have the lowest surface point in the same XY plane. In the same way
the ranges of X and Y axis are calculated.
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Fig. 3. Calculating the location of the bottom and top surface of the bed

In real beds, the bottom and the lateral surfaces usually limit the locations
of particles. However, the top surface can be uneven and some particles may
protrude from the bed. In this case, ,empty volume” in the bed exists, what
may give inaccuracies in calculations. To avoid this, all protruding particles
should be rejected from the calculations (Fig. 4). As a result, the volume of the
calculation domain is a little less than the real bed volume. The number of
rejected particles is described by variable n, ;. Also, notice the small particle
right to the particle determining the height of the bed (before discarding
protruding particles). Despite the fact that it has the highest value of Z coordi-
nate, it is not recognized by the algorithm as the highest sphere in the bed due
to its small diameter.

ng

Ns —Ng_rej

Fig. 4. Visualization of the idea of rejecting protrudes particles: the empty volume is not taken into
account

Technical Sciences 19(2) 2016



A New Approach for Obtaining... 173

Calculating the default Initial Starting Point

The default Initial Starting Point (ISP), from which the algorithm starts, is
calculated as

Xmax — Xmin ymax - ymin
5

= min+—7 = Ymin + —5—— = Zmin
Xo = X 5 Yo =Yy 5 20 =2z (6)

where index 0 denotes the ISP. In the PathFinder source code, the same
variables are then used for the Final Starting Point (FSP).

Calculating the domain height
The domain height is calculated as

LO = Zns—ns_rej + 05 : dns—ns_rej — Zmin (7)

where:

Ly — the height of the calculation domain [m],

Znyns; — the Z coordinate of the highest used in calculations sphere in the bed [m],
0.5 dn,n, ., — theradius of the highest used in calculations sphere in the bed [m].

Calculating the domain volume

In the PathFinder code, calculations can be performed in porous beds
(domains) in cuboid and cylindrical shapes. In the cases when the source
geometry is complex (in DEM models or when the objects are scanned with the
use of the CT technique), a representative part of the porous bed with an
appropriate shape must be exported for the PathFinder needs.

In the case of a cuboid shape the volume of the domain is calculated from
the following formula:

V= (xmax - xmin) : (ymax - ymin) : LO (8)

When the porous bed has a cylindrical shape, the domain volume is
calculated as follows:

2
T dcyl

V= 1

- Ly 9)
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where:
d.y is the diameter of the cylinder [m],

calculated as the average range of X and Y axis:

dcyl = % [(xma.x - xmin) : ()’ma.x - ymin)] (10)

Calculating the tortuosity

Tortuosity is the ratio of the actual length of flow path to the physical depth
of a porous bed:

== (11)

where:
7 - the tortuosity [m/m],
L, - the length of a flow path [m].

Note, that the tortuosity may be interpreted as a geometrical parameter:
the length of a typical pore channel (which is independent of the filtration
velocity) or as a flow parameter: the length of a typical fluid stream (which is
dependent on the filtration velocity). In the PathFinder code only the geo-
metrical tortuosity may be directly calculated.

The algorithm (so-called Path Tracking Method) for calculating length L,
in PathFinder was described in details in the papers SOBIESKI (2009a),
SOBIESKI et al. (2012) and DUDDA, SOBIESKI (2014). Here is the summarized
procedure (Fig. 5; particles are not in a scale):

— Arbitrarily choose an Initial Starting Point (ISP) at the bottom of the
porous bed (a);

— Find three nearest particles to the ISP that form a triangle in the space
0);

— Calculate the coordinates of the centre of gravity of the surface (in the
triangle plane) through which flows the fluid (this part was changed since the
work SOBIESKI et al. 2012 was published) (¢);

— Move the ISP to the Final Starting Point (FSP) — in this way the first
path section is perpendicular to the bottom surface of the bed (d);

— Calculate the normal to the triangle, in the direction of Z axis;

— Estimate coordinates of the so-called Ideal Location (IL), in which the
next sphere surrounding the path should be located (e);

— Move the IL closer to the triangle centre (f);
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e e
C ¢ ©
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e f
triangle normal
Ideal Location
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g h
Real Location
FSP FSP
ISP ISP

Fig. 5. Scheme of the main steps in the tortuosity algorithm; description in the text
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— Find the nearest particle to the IL — this is the Real Location (RL) of the
4-th particle forming tetrahedron in the space (g);

— Remove the lowest sphere from tetrahedron 1-2-3-4 to obtain the base
triangle for the next tetrahedron (4);

— Continue the calculations from the third point until reaching the top
surface of the bed;

— Calculate the length of the path inside the tetrahedron (a flow path is
a line connecting the centroid of the base triangle with the centroid of one of
the three side triangles).

The algorithm finishes when the distance between current IL and the
nearest particle centre is bigger than the distance between the top surface of
the bed and the Z coordinate of the IL. The last section is perpendicular to the
top surface of the bed.

The number of path points is higher by two in relation to the number of
tetrahedrons used for searching the path sections.

In the PathFinder code an additional algorithm allows to smooth the path
exists. Due to this, the path length is a little shorter. The use of the smoothed
value is currently not recommended.

Calculation of the triangle centre of gravity

The algorithm for calculating the centre of gravity of the shape, through
which the fluid flows, is described in details in the work DUDDA and SOBIESKI
(2014). This algorithm consists of two stages. First, the coordinates of all basic
figures are calculated (one triangle and three circle segments) and next, the
summation method is used to calculate coordinates of the resultant centre of
gravity of the set of basic shapes (Fig. 6)

X _At‘xtc—Al‘xsl—Az'xsz—As‘xs3
g A -A -Ay - A;

=At'ytc_A1'ysl_AZ'ySZ_AS'xs3
Yae A —A —A,— A,

(12)

_At'Ztc—Al'Zsl—Az'Zsz—As'Zss

Zge A -A -A, - A,

where:
Xger Yeor 2gc — coordinates of the obtained centre of gravity [m],
A; — the area of the current triangle [m?],
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Xies Yies 21 — coordinates of the current triangle centre [m],

A3 — areas of circle segments [m2],

X5, ¥s, 2s — coordinates of gravity centres (denoted by the sign) of circle
segments [m].

o Ba(xB, ¥B, 2B)

)\

r

Fig. 6. The shape, through which the fluid flows and its gravity centre

The Ideal Location and its correction

For calculating the Ideal Location, a characteristic dimension is used. It can
be the average length of the current triangle sides /,,. (recommended) or the
average diameter of spheres d,,. forming the current triangle. In consecutive
calculations it was assumed, that the tetrahedron is regular and all sides have
lengths equal to the characteristic dimension. In that case, the height of such
tetrahedron may be calculated from the simple formula:

2
b = Caim \/?_) (13)

where:
hi, - the predicted distance between the IL and the triangle plane [m],
caim — the characteristic dimension [m].

Height Ay, is measured on the triangle normal in the direction of increasing
values of the Z coordinate.

In real systems, particles forming a triangle may not touch one another,
which results is that the fourth particle falling partly between them. In
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extreme cases, the fourth particle can slide completely between particles that
form the triangle. That can happen when the actual triangle area is three times
larger than the area of a triangle with one side equal to the average diameter of
the spheres forming the current triangle (derived in SOBIESKI 2009a). If this
ratio is higher than 3, a correction algorithm is used (it may be turned off using
the settings file) and new three particles close to the current triangle centre are
then searched. The number of such corrected triangles is shown in the final
report. This normalized critical area of the triangle is also included in the
settings file, but impossible to omit entirely.

Usually the area of the real triangle is far from the critical area and the
,,sinking” effect is small, but not to omit. Therefore, the formula (13) should
rather be defined as follows:

2
hIL = Cdim * hcor \/g (14)

where:
heor 1s a correction coefficient for the Ideal Location [-].

This coefficient may be defined (in the settings file) as a constant value:
hcor = 0.5 (15)
or a function:

exp(a - (I4 - b)) (16)

hcor = f(IA) =1 _1 + exp(a . (IA_ b))

where:

I, - the area indicator [-],

a - a coefficient (obtained in earlier numerical investigations SOBIESKI
2009a) responsible for the function gradient and equal to 8.0 [-],

b - a coefficient (obtained in earlier numerical investigations SOBIESKI

2009a) equal to average value of normalized triangle area for the whole
porous bed, with value equal to 0.5 [-].

The area indicator is defied as

Iy =+ 17
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where the current triangle area is calculated from the Heron formula

2 28 N 2 o

and the area of the reference triangle A, (triangle with all sides equal to the
characteristic dimension) as

A, = Caim * \3 (19)
4

Symbols a, b and ¢ in formula (18) denotes lengths of current triangle sides
[m].

The details about this issue as well as the way of obtaining all constants are
described in a research report (SOBIESKI 2009a), which was written parallel to
performing implementation actions. This report contains descriptions of many
issues not mentioned in the hereby article and shows the process of creation
the final version of the Path Tracking Method.

Calculating the porosity
Having obtained the information about diameters of all particles in the bed,

the total volume of all particles in the porous bed can be calculated. This can be
done as follows:

V.= X (20)

where:
V., - the total volume of all particles in the bed [m?],
d; - the diameter of the i-th particle in the bed [m].

Using the formula (8) or (9) and the equation (20), the porosity of the
granular bed may be consequently calculated as:

¢=%= =1—% (21)
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Calculating the inner and the specific surface of the solid body

The inner surface of the solid body may be obtained from the following
formula (assuming point contacts between particles)

Nss_rej

— — . A2
S, =8 = 3 nd 2

where:
S, - the total surface of the pore space in the bed [m?],
S, - the total surface of all particles in the bed [m?].

The specific surface of the porous body is calculated in two ways, i.e.
according to the Kozeny theory (KOZENY 1927):

()

SO,Kozeny = Vp (23)
and to the Carman theory (CARMAN 1997):
_S
SO,Carman - Vs (24)

The relationship between both definitions is as follows:
S 0,Kozeny
— P =1 - (25)
SO,Carman ¢

The approach to the definition of the specific surface of the porous body is
one of the differences between the Kozeny equation and the Carman formula.

Calculation examples
In Table 1 there are settings of PathFinder calculations for the two

examples previously described. All calculations were made with use of version
IV.1 of the PathFinder code.

Technical Sciences 19(2) 2016



A New Approach for Obtaining... 181

Table 1
Settings for the calculations in the PathFinder code

Settings Units YADE PFC?P
Number of particles [-] 4000 18188
Particle diameter [mm] 31.1 - 57.7 55-175
Domain geometry [-] cuboids cylinder
ISP location - 00 00
ISP x shift - 0.5 0.5
ISP y shift - 0.5 -
Number of rejected particles - 0 19

Triangle center calculating method gravity centre  gravity centre

Characteristic dimension

TTTTTTTTTTTTT
e e e e e e e e e e e e e

Lave Lave

Correction method for the IL function function
Correction coef. for constant method - 0.5 0.5
a parameter for function method - 0.8 0.8
b parameter for function method - 1.3 1.3
Critical area triangle correction - Yes Yes
Critical area of the triangle - 3.0 3.0
Smooth the path - No No

The number of rejected particles n; ,; for performing coarse calculations
should be set to zero. If there is a suspicion of a free space existence (like in the
case shown in Fig. 3), this value should be increased. The best way to obtain
this parameter is to perform a set of calculations with different n; ,; values and
to observe results, particularly the porosity value. A relationship between the
number of rejected particles and the porosity value may be prepared here (e.g.
in a graphical form). On this basis, the best value of this parameter can be
chosen. This method was used for obtaining this parameter for the PFC?P
example (SOBIESKI 2009a), in which a free surface of the porous bed exists. In
the example from YADE, the number of rejected particles equal zero, due to
the way of DEM modelling. All walls were set as flat surfaces, moving closer to
each other during calculations. In such a case, no empty area exists in the
modelled system. In the PathFinder software, the ISP must be chosen for
performing the calculations. The simplest way is to choose ISP directly in the
settings file as one from 9 default locations (SOBIESKI 2009a, SOBIESKI et al.
2012, SOBIESKI, LIPINSKI online). The description of point location contains two
signs (Fig. 7): the first concerns the X axis, the second the Y axis. Both signs

may have values: ,,—” (the negative part of the axis), ,,0” (zero point of the axis)
and ,,+” (the positive part of the axis). The combination of signs is as follows:
+0,+-,0-, ——, -0, - +, 0+, ++, 00.

By default, all points surrounding the zero point of X and Y axis are located
in the middle of the section connecting the zero point and the domain wall. The
distance may be changed by using options x-shift and y-shift available in the
settings file. These coefficients may be set between 0 (the ISP is in the zero
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point — the middle of the bottom domain wall) and 1 (the ISP is on the wall).
The default values for both coefficients are 0.5. This value is not important in
the current point, because only one path, from the central point, is calculated.

Yy
—+ 0+ ++

S T . A o
Yshift -0 00 T+0 x
@ L @ -

Yshift i i

B o o0 ‘

_ Xshift Xshift _ Xshift
= l

Fig. 7. Default locations of the Initial Starting Point for both possible types of domain

In both examples the recommended values for the characteristic dimension
(Zave), the correction method (function) and its coefficients (a and b), the critical
area of the triangle, and the method for calculating the triangle centre (gravity

centre) were used.

Table 2 contains the calculation results for both test examples. The
numbers of path points inform how many of tetrahedral structures were found
in the iteration process. In every structure of this kind, one section of the path
is located. The number of tetrahedral structures is always lowered by 2. Thus

Table 2
Results of calculations
Settings Units YADE PFC3P
Number of path points [-] 59 130
Number of path rejected points [-] 0 0
Number of corrected triangles [-] 0 0
Bed (domain) height [m] 0.883302 0.254938
Length of the path [m] 1.053803 0.317288
Average angle between path sections [°] 141.557825 139.109342
Tortuosity [m/m] 1.193026 1.244571
Volume of the bed (domain) [m?] 0.345158 0.004505
Inner surface of the solid body [m?] 25.534886 2.393343
Specific surface (Kozeny def.) [1/m] 73.980321 531.227627
Specific surface (Carman def.) [1/m] 127.652558 915.918417
Volume of the porous body [m3] 0.200034 0.002613
Porosity [m?m?] 0.420456 0.420006
Ergun A [1/m?] 343565.12 16372081.72
Ergun 2*B [1/m] 614.39 4248.07
Kozeny-Carman term [1/m?] 524013.00 29498873.86
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is due to the fact that the first (FSP) and the last path point are calculated in
different way.

During the calculations, it is checked whether there are duplicate points. If
yes, one of them is removed from the path and the appropriate information is
shown in the final report.

The number of corrected triangles gives information of how many times the
corrections based on critical area of the triangle were made (duplicate points
may be created in such case). This value should be zero — other values mean
that in the bed probably a structural non-continuity exists locally. Sometimes
such a case does occur. The importance of other values contained in Table
2 has been already explained.

It should be added here, that the B term in the Ergun law is doubled in the
final report. This is because this term must be introduced in this way in the
ANSYS Fluent software (Fluent Inc.: Fluent 6.3 User’s Guide, Chapter 7.19:
Porous Media Conditions, September 2006, Fluent Inc.: Fluent 6.3 Tutorial
Guide. September 2006) (but only if the interface is used, not the UDF
technique).

PathFinder gives possibility to present results of calculation in a graphical
form. The most important visualization may be performed using the ParaView
or MayaVi software. Details about the visualisation processes are described in
the PathFinder User’s Guide (SOBIESKI et al. 2012). In Figure 8 there is the
original porous bed created in the PFC?P code (LIU et al. 2008a, b). Additionally
the calculation results of the PathFinder code are visible there and these are:
five paths, the spheres surrounding the paths, as well as the tetrahedral
structures used to obtaining the path sections. The tetrahedron structures
may be additionally coloured according to few scalars: values of triangle areas,
values of flow areas, values of perimeters (of the triangle, of the flow shape, and
of the friction), values of the quality indicators, values of angles between
triangle normal and the Z-axis and others. The central path with surrounding
spheres and a part of the bed for the YADE example, was shown earlier in
Figure 2 (right).

The other way of visualization calculation results is using scripts of the
Gnuplot graphical environment. Thanks to them, one can follow the process of
calculation. If appropriate option is set in the settings file, the current results
may be shown in every iteration (Fig. 9): the Initial Starting Point, the Final
Starting Point, the current tetrahedron, the current Ideal Location, the
current Real Location, the current triangle and the next triangle. At the end,
the current path may be shown. When using the Gnuplot scripts, values of all
important variables may be seen, i.e. those being calculated for every tetrahed-
ral structure. Many other Gnuplot scripts are created during such a calcula-
tion; most of them are not described here.
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o

o A

i“ig. 8. Main forms of visualization of the PathFinder results (PFC?P example)
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Fig. 9. Visualization of the first tetrahedron in the path (YADE example)

In the current example, only one path for every case is presented (from
ISP = 00) due to the desire to show details of a calculation — some results, like
the number of path rejected points (duplicates) or the number of corrected
triangles must not be averaged. Nevertheless, in general the PathFinder has
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appropriate algorithms for automatic calculation of many paths and for
comparing or averaging data. For comparison, the average tortuosity cal-
culated for 25 paths (with x-shift and y-shift equal to 0.25, 0.5 and 0.75) is
equal to 1.24 for the PFC?P example, and 1.23 for the YADE example. In
general it is recommended to calculate more than one path (minimum 5,
SOBIESKI 2009a) and use the average value for further calculations.

Summary

The performed works can be summarized as follows:

— The porosity is not a sufficient parameter for describing the spatial
structure of a porous bed. In both examples the porosity values were almost the
same while other properties were different (e.g. the tortuosity).

— A relationship between tortuosity value and the average angle between
path sections can be seen. When this angle is smaller, the tortuosity is higher.

— The tortuosity in the PFC?P example is higher than in the second case,
which is caused by the differences in the particle sizes and the diameter
distribution. In consequence, the shapes of channels must be more compli-
cated. It can be concluded that the tortuosity value depends on the diameters
distribution in the bed.

— The A and B terms are different in both cases. It may stem from the fact
that smaller diameters results in turn thinner pore channels. If the pore
channel is thinner, the greater is the flow resistance (due to the viscosity).

— The results of calculations described in the article should be compared
with other methods: analytical (e.g. porosity-tortuosity correlations available
in the literature), numerical (e.g. by the use of the Lattice Boltzmann Methods
or the Immersed Boundary Method) and of course experimental. Such investi-
gations are in progress and we will publish their results in the near future.
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tively in accordance with their appearance in the text.
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