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Abstract: This work represents a method for investigating the energy efficiency of fan systems
used to transport fluids. Applying the methods of dimensional analysis (DA) enables establishing
five dimensionless complexes (π criteria), including some basic parameters having impacts on the
consumed energy used for the transportation of a unit quantity of air. The proposed criterion π1

includes the specific energy consumption ev (specific fan power SFP), and is used for the quantitative
evaluation of the energy effectiveness of the fluid transportation. This criterion also includes the main
geometric size of the pipe system (network) and the gas properties. The criterion π3 indicates the
impact of the applied method of flow rate regulation on the effective energy use of fan systems. This
criterion includes parameters characterizing the selected method of flow rate regulation: speed (n)
for using the frequency method and the referred length (LTP) of the pipe system for using the throttle
method. The established (proposed) dimensionless parameters are used to study a concrete fan
system. The obtained results concerning the evaluation of the impact of the two most used methods
of flow rate regulation (frequency and throttle), as well as the density variation as a result of the
temperature change, on the effective energy use are graphically presented: π1 = f(π3).

Keywords: fan systems; energy efficiency; specific fan power; dimension analysis

1. Introduction

The increasing of the energy efficiency of fan systems is a key priority emanating from the European
Union (EU) directives, as well as the decreasing emissions of gases and reducing the continuously
rising prices of energy and energy supplying.

The systems (fan and pump), used to transport fluids, are widely used in practice. The energy
consumption of such systems, used to drive the pumps or fans, represents a significant part of the
global energy use. According to [1], 22% of the global energy consumption of the installed motors is
used to drive pumps and 16% for driving fans. It is well-known that the key elements of a system
transporting fluids respectively are the fan (or pump) aggregate and the pipe system. The energy
efficiency of a pipe system can be improved by using the proper elements (pipes, valves, etc.). However,
to improve the efficiency of an electro-hydraulic aggregate it is necessary to involve high-efficiency
machines combined with the relevant control systems.

To decrease the energy consumption of the existing fan (pump) systems is considered to be
a topical problem. One of the main tasks in solving this problem is to ensure effective work regimes
for a current system, as well as to select properly the method of its flow rate regulation. The most
commonly used methods of flow rate regulation are well-known to the specialists and researchers.
Mostly the energy effectiveness of these methods is determined qualitatively, while there is lack of
information for the existing of any reliable methods for accomplishing a quantitative analysis.
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It is well-known that the theory of similarity and dimensional analysis (DA), used to obtain
dimensionless complexes, including the analyzed parameters, are widely use in generalizing the results
found. The energy efficiency of a fan system is influenced by the type and quality of the installed fan
aggregate (the energetic characteristics of its key elements), as well as the pipe system (its characteristic
of resistance) and the features of the transported air. The energy efficiency of a current fan system
depends significantly by the method used to perform the required work regime (point), i.e. the selected
method of flow rate regulation. To analyze the impact of the mentioned parameters on the energy
efficiency of a fan system, it is necessary to select appropriately the equations to be used. This paper
represents a methodology, based on dimensional analysis, for establishing criteria equations, including
dimensionless complexes containing the main parameters having impact on the effective energy use in
fan systems.

2. Literature Review

In [2], the author reviews different methods for determining the energy consumption in regulating
the flow rate of fluid-transporting systems, analyzing problems concerning their energy efficiency.
Another study [3] provides analysis of the results found after the effectiveness of the most common
methods of flow rate regulation is studied. The authors in [4] provide an analysis of energy efficiency
in the case of parallel (in series) working centrifugal pumps. The impact of temperature variation on
the energy efficiency of pump systems with variable demand is analyzed in [5], while [6] studies the
impact of the air density variation on the energy consumption of fan systems. Popov et al. [7] present
an analysis of the impact of a pump system technical state on the consumed energy.

In [8], the energy effectiveness of the well-known methods—frequency, throttle, or by using an
inlet guide vane (IVC)—of a fan system flow rate regulation is analyzed. The objective of a pump
system energy assessment is to determine the current energy consumption of an existing system and
identify ways to improve system efficiency [9].

The applied method used in accomplishing this current work is based on the proposed in [10]
methodology, where to evaluate the energy efficiency of the analyzed pump systems the specific energy
consumption eV is used. For a given fan system eV represents:

eV = 3.6 SFP = 3.6
p
η

,
[
kW h/m3

]
(kW/(m3/s)), (1)

where P =
p Q

1000η is the consumed power by the fan, measured in [kW]; Q is the fan volumetric flow
rate, measured in [m3/s]; p is the total pressure of the fan, measured in [Pa]; η is the total coefficient of
efficiency of the fan system.

The parameter eV is analogous to the basic criteria of effectiveness—specific fan power (SFP)—used
for ventilation systems, which can be determined by using the European standard EN 13,779 [11].
It represents the consumed energy, used to transport a unit volume of gas, and can be estimated by
providing information about the current work regime of the analyzed fan system.

For the estimation of STF, in accordance to the aforementioned European standard, the following
equation is used:

SFP =
P
Q

= 0.001
p
η

(kW/(m3/s)), (2)

For the estimation of the parameter SFP, by using basic measuring units, the following equation
is used:

SFP =
p
η

,
[
J/m3

]
. (3)

The performed pump system energy efficiency assessment in [12] is accomplished by using the
equations describing the pump work characteristics, while for assessing the energy efficiency of a fan
system [8] uses the dimensionless coefficient characteristics of the analyzed fans.
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Dimensional analysis is considered to be an appropriate method for summarizing the results
found [13–15]. The authors in [16] recommend using this method in establishing of dimensionless
criteria obtained by the basic equations in fluid mechanics (Cauchy and Navier–Stokes equations,
continuity equation; energy equation). This work illustrates the applying of the obtained criterion
groups in analyzing environmental and engineering processes.

In [17,18] it is shown how the head loss in microirrigation systems may be modeled. The proposed
method can also be used in analyzing systems working with two-phase (air-water) flows. The obtaining
of a criteria, used in analyzing an air–water flow with free surface, is given in [19].

Dimensional analysis (DA) also finds a wide range of application in analyzing the work
performance of hydraulic machines.

Based on this method, some dimensionless complexes—including basic indicators concerning
the current analyzed machine (for example, pressure p, flow rate Q; geometric and exploitation
parameters–impeller diameter D, speed n; and fluid properties–density ρ and viscosity (µ)—are found.
In analyzing fan systems, the main fan indicators are used to be presented by using the relevant
coefficients of pressure Ψ and flow rate ϕ, determined as described in [20]:

ψ =
p

ρu2
2

; (4)

and
ϕ =

Q

D2u
. (5)

where u is the transitional velocity at the impeller outlet.
In other studies, for example [21], the authors estimate the flow rate coefficient by using the

angular velocityω and this can be determined as it follows:

ϕ =
Q

ωD3 . (6)

In his PhD thesis [21], the author analyzes the impact of the relative roughness and Reynolds
number on the processes of modeling centrifugal fans by using the equations of similarity. The resistance
characteristic for the analyzed fan system is presented as it follows—EuQ = f

(
ReQ

)
[21]:

EuQ =
pD4

ρQ2 ; (7)

and
ReQ =

ρQ
µD

; (8)

where (7) and (8) represent the equations used to estimate the Euler and Reynolds numbers by using
the flow rate Q. In [21]—for the estimation of the Reynolds number—by using the angular velocity,
the following equation is used:

ReQ =
ρωD2

µ
; (9)

No matter if the speed of rotation n or the angular velocityω is taken into account in accomplishing
the calculations, the pressure (head) and flow rate of a turbo machine are always set to be dimensionless
parameters being proportional to p

n2D2 and Q
nD3 [22–27].

The authors in [28] suggest newly established equations for determining the coefficients of flow
rate and pressure of multistage helico-axial pumps, working with two-phase mixtures of air and water,
as a function of the gas void fraction.

An overview of the reviewed studies suggests that the equations of similarity and the relevant
dimensionless coefficients are used to analyze the effective work of machines—turbo pumps, fans,
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pipe systems—but separately. However, it is also clear that there is a lack of information about using
generalized parameters (π -criteria) in analyzing the energy efficiency of systems used to transport
fluids, including the hydraulic machines (pumps and fans), as well as the relevant pipe system.
The main reason for this may be the late appearance of increased interest in investigating the energy
efficiency of such systems. In this regard, the current work aims to fill this gap. More specifically, this
paper presents a newly proposed methodology for analyzing the collaboration between system’s key
elements, in terms of energy efficiency, by applying the DA.

3. Research Methodology

As it is given in [22,29], the first step in using dimensional analysis is to clarify the physical
relations concerning the analyzed process and create a list of parameters having impacts on it. In this
regard, the following parameters are selected as having impact on the energy efficiency of a current
fan system:

Fan characteristics:

• fan pressure—p, [Pa];
• fan flow rate—Q, [m3/s];
• speed—n, [s−1];
• fan system coefficient of efficiency—η.

Fluid properties:

• fluid density—ρ, [kg/m3];
• gas viscosity—µ, [Pa.s].

Pipe system characteristic of resistance:

• D, [m]—pipe conventional diameter (in case of a pipe with not-round cross-section area,
a hydraulic diameter is used). At first admission for the calculations, it can be used the size of the
fan suction inlet or discharge outlet.

• LTP, [m]—referred length of the pipe system (network), including its geometric sizes, as well as
the hydraulic resistance in the pipes.

In accordance with SI, the dimensions of these parameters can be described by using three different
measurements: unit-length L in meters [m], time T in seconds [s], and mass M in kilograms [kg].
The equations describing their dimensions are given in Table 1.

Table 1. Dimension equations.

Parameter Equation

p
[
M1L−1T−2

]
Q

[
M0L3T−1

]
n

[
M0L0T−1

]
η

[
M0L0T0

]
ρ

[
M1L−3T0

]
µ

[
M1L−1T−1

]
LTP

[
M0L1T0

]
D

[
M0L1T0

]
The total number of parameters used in this research is equal to eight (N = 8), and includes three

basic measuring units—[kg], [m], and [s]. Therefore, the number of the new dimensionless complexes
will be equal to five (k = 8 − 3 = 5).

The selection of new basic measuring units contains the following parameters:
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• density: ρ = [M1L3T0];
• speed: n = [M0L0T−1];
• equivalent pipe diameter: D = [M0L1T0].

The determination of the rest of the dimension parameters is accomplished by using the new
(basic) measuring units—ρ, n and, D—and applying the well-known methods of dimensional analysis.
For this aim, the following equations are used:

[p] = [D]a4 [n]b4 [ρ]c4 [Q] = [D]a2 [n]b2 [ρ]c2 [µ] = [D]a3 [n]b3 [ρ]c3

[D] = [D]a2 [n]b2 [ρ]c2 [η] = [D]a6 [n]b6 [ρ]c6

The using of the above equations in combination with the new basic dimensions, presented in the
system [MTL], makes it possible to achieve the following relations:

[p] = M1L−1T−2 =
(
M0L1T0

)a2
(
M0L0T−1

)b12
(
M1L−3T0

)c2

[Q] = M0L3T−1 =
(
M0L1T0

)a3
(
M0L0T−1

)b3
(
M1L−3T0

)c3

[µ] = M1L−1T−1 =
(
M0L1T0

)a4
(
M0L0T−1

)b4
(
M1L−3T0

)c4

[LTP] = M0L1T0 =
(
M0L1T0

)a5
(
M0L0T−1

)b5
(
M1L−3T0

)c5

[η] = M0L0T0 =
(
M0L1T0

)a6
(
M0L0T−1

)b6
(
M1L−3T0

)c6

For the estimation of the superscript exponents: aj, bj, and cj (j = 1 . . . 5), the following system of
equations is used:

M L T
p 1 = c1 −1 = a1 − 3 c1 −2 = −b1

Q 0 = c2 3 = a2 − 3 c2 −1 = −b2

µ 1 = c3 −1 = a3 − 3 c3 −1 = −b3

LTP 0 = c4 1 = a4 − 3 c4 0 = −b4

η 0 = c5 0 = a5 − 3 c5 0 = −b5

The final solution of this system of equations represents:

p a1 = 2 b1 = 2 c1 = 1
Q a2 = 3 b2 = 1 c2 = 0
µ a3 = 2 b3 = 1 c3 = 1

LTP a4 = 1 b4 = 0 c4 = 0
η a5 = 0 b5 = 0 c5 = 0

By replacing the superscript exponents with their values the determination of the dimensions of
the parameters: p, Q, µ, LTP, and η, given in the system [D] [n] [ρ], is accomplished:

[p] = [D]2[n]2[ρ]1

or given as dimensionless parameters

π′1 =
p

ρn2 D2

[Q] = [D]3[n]1[ρ]0 π′2 = Q
n D3

[µ] = [D]2[n]1[ρ]1 π′3 = ρn D2

µ

[LTP] = [D]1[n]0[ρ]0 π′4 = LTP
D

[η] = [D]0[n]0[ρ]0 π′5 = η

The analysis of these dimensionless complexes indicates that a part of them correspond in their
structure to well-known criteria describing the hydrodynamic similarity of fluid flows. The component
(nD) has the same dimension like velocityυ and therefore: υ ∼ nD. Indicating the previous statement, it
can be concluded that the parameter π′1 =

p
ρn2 D2 has the same structure as Euler’s criterion—Eu =

p
ρυ2 ,
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and the parameter π′3 = ρn D2

µ has the structure of Reynold’s criterion: Re = ρυ D
µ . The other two

complexes are also well known. The parameter π′2 = Q
n D3 corresponds to the dimensionless flow

rate, which is widely used in analyzing turbo machines—including fans (in this case, D is the outer
diameter of the machine impeller). The ratio LTP

D represents the geometric simplex, applied for the
hydrodynamic criteria equation in case of studying the transportation of fluid flows through pipes
and canals.

Combining the presented in this research work, dimensionless complexes ensure the possibility of
establishing new criteria which may be applied adequately for a given analysis.

The mathematical transformation of the first parameter is as it follows:

π1 =
π′1
π′5
π′5

2 =
1
η

p

ρn2 D2 .
ρ2 n2 D4

µ2 =
p
η

ρD2

µ2 ;

Indicating that the ratio p
η = STF = eV represents the specific energy consumption, used for the

transportation of a unit of gas, the criteria π1 may be given the following way:

π1 = eV
ρD3

µ2 ; (10)

The dimensionless complex π′3 may be presented the following way:

π3 =
π′3
π′4

=
ρn D2

µ
.

D
LTP

;

π3 =
ρn
LTP

.
D3

µ
; (11)

The other parameters:π′2,π′4, and π′5, remain the same:

π2 =
Q

n D3 ; (12)

π4 =
LTP

D
; (13)

π5 = η; (14)

To present the functional relation in criterion form, the following equation is used:

f(π1π2π3π4π5) = f
(
ev
ρD3

µ2 ;
Q

n D3 ;
ρn
LTP

D3

µ
;

LTP

D
;η

)
= 0. (15)

To describe the criteria indicating the specific energy consumption, Equation (16) is used:

ev
ρD3

µ2 = f
(

Q

n D3 ;
ρn
LTP

D3

µ
;

LTP

D
;η

)
. (16)

The criteria π1 includes the specific energy consumption, used for the transportation of 1 m3 air,
and the main characteristics of a given system, such as: the system main geometric parameter—the
equivalent diameter of the pipe system and the properties of the transported gas (air).

The criteria π3 includes the parameters that change depending on the selected method of a flow
rate regulation: speed n for frequency regulation, or the referred length of a pipe system (network) LTP

for throttle regulation. By using this dimensionless complex, it is possible to evaluate the impact of
properties of a gas (density and dynamic viscosity) on the specific energy consumption, if (for example)
the initial temperature is changed.



Symmetry 2020, 12, 537 7 of 13

Therefore, to investigate the impact of a selected method of flow rate regulation and change of gas
density on the energy efficiency of a given system, used to transport fluids, the following equation
may be used—π1 = f(π3):

eV
ρD2

µ2 = f
(
ρn
LTP

D3

µ

)
. (17)

To accomplish an energy analysis of a given fan system, it is necessary to know the work
characteristics of the fan, as well as the resistance characteristic of the pipe system.

It is well-known that the energy (work) characteristics of fans are presented graphically by their
manufacturers. For the aim for this research work, it is necessary to present analytic expressions for
these graphics by using adequate equations. According to [12], in analyzing pump systems, the head
vs. flow rate (H-Q) and coefficient of efficiency vs. flow rate (η-Q) characteristics can be described by
using a complete second-degree polynomial. Obtaining these equations requires using a specialized
software product that enables the scanning of the graphics concerning the pump work characteristics
H = f(Q) and η = f(Q) from the manufacture production catalogues—including the determination of
the coordinates of a good number of points belonging to the curves. To process the found data the
“least squares method” was used, which enables the determination of the coefficients of the analyzed
polynomials. It is possible to apply this method also to a fan system. The work characteristic of the
fan—representing the total pressure as a function of the flow rate at given speed with a constant
value—may be described the following way:

p = ap + bpQ + cpQ2. (18)

The equation of the characteristic η = (Q) represents:

η = ae + beQ + ceQ2. (19)

The coefficients used in Equations (18) and (19) are found by applying the method described in
the above paragraph.

The properties of the air at different physical conditions are determined by taking into account the
following relations:

• air density ρ at temperature T:

ρ =
p

RWT
, [kg/m3], (20)

where RW = 287
1−0.378

pV
pa

, [J/(kgK)] is the gas constant for humid air; pV, [Pa]—the partial water

vapor pressure in the air; pa, [Pa]—the atmospheric pressure [20];
• air dynamic viscosity in the range of −20 ◦C . . . +100 ◦C [20]:

µ = (17.1 + 0.048T)10−6, [Pa s] . (21)

As it is known, the referred length of the pipe system L indicates the geometric length of a given
simple pipe with a constant diameter, as well as the equivalent lengths of the existing local resistances.
For a given pipe, a change of L results from the magnitude change of any variable (adjustable)
local resistance. To determine the referred length of a pipe system, the coefficient of its resistance
characteristic – k, is used:

k =
8 ρ
π2 λ

m L

D5 . (22)

where λ is a pipe coefficient of friction; m – referred length coefficient indicating the type and scheme
of the current pipe system (network).
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Indicating the lack of static heads in fan systems, the relation that is valid for each work regime i,
respectively is: pi = pv,i. Therefore, the transformation of Equation (22) is as follows:

k =
pi

Q2
i

=
8 ρ
π2 λ

LTP,i

D5 . (23)

Then, to estimate the pipe system referred length, the following equation is used

LTP,i =
π2 D5

8 ρ λi

pi

Q2
i

. (24)

At first assumption, the fluid flow regime of motion is considered to be completely turbulent
(belongs to the quadratic area). In this case, for the estimation of the coefficient of friction the following
equation is used [5]:

λ = 0.11
( ∆

D

)0.25
. (25)

where ∆ is the equivalent roughness of the pipe walls.
By taking Equation (25) into account, and using Equation (26), it can be estimated the coefficient

of a pipe system resistance characteristic:

ki =
0.88
π2 ρ

∆0.25

D5.25 LTP, i. (26)

For the estimation of the referred pipe system length at given work regime (pressure pi, flow rate
Qi) the following equation is used:

LTP,i =

(
π2

0.88
D5.25

ρ∆0.25

)  pi

Q2
i

. (27)

4. Results

To demonstrate applying the established criteria equations used to evaluate the energy efficiency
(energy consumption) of a fan system, we studied such a system containing a centrifugal fan BHCH
9.5, produced by the company Spartak from Burgas (Bulgaria, http://www.spartak.bg/). For the
determination of the required coefficients, used in Equations (18) and (19), it is necessary to use the
catalog data concerning fan curves at nominal speed, as well as to apply the methodology described in
one of the previous paragraphs. Table 2 presents the values of these coefficients.

Table 2. Values of the coefficients used in Equations (18) and (19).

p = f(Q) η = f(Q)

ap bp cp ae be ce
2765 −10,492 −58,578 0.1311 0.1496 −0.00878

The nominal work regime of the analyzed fan at speed of nn = 1410 min−1 has the following
parameters: nominal flow rate—Qn = 9 m3/s, nominal pressure—pn = 2115.1 Pa and nominal
coefficient of efficiency—ηn = 0.766.

The air properties at standard conditions (temperature ta = 20 ◦C, absolute pressure pa =

101,325 Pa and relative humidity hu = 0.4) respectively are: density ρo = 1.205 kg/m3 and dynamic
viscosity—µo = 15.11 × 10−6 Pa s.

http://www.spartak.bg/
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The pipe system has a typical geometric size D = 0.92 m and for the estimation of the referred
length in case that the fan works at its nominal work regime, Equation (27) is used:

LTP,n =

(
π2

0.88
D5.25

ρ∆0.25

) (
pn

Q2
n

)
= 1568.8 m. (28)

For the nominal work regime of the fan the specific energy consumption is:

ev,n = 2760.06 W/m3. (29)

and the dimensionless complexes π1 and π2 have the following values:

π1,n = eV,n
ρo D3

µ2 = 12, 329, 699, 885, 923.6; (30)

π3,n =
ρo nn

LTP,n
.
D3

µ
= 530.005. (31)

In case of isometric conditions of gas passing through a given pipe system the following relations
are valid:

D = const.; ρ = const; µ = const.

The change of the flow rate is a result of using a given method of flow rate regulation. It is
well-known that the most commonly used method of regulating the flow rate of (turbo machine)
systems used to transport fluids respectively is the frequency—by changing the machine shaft speed
of rotation and throttle—by changing the pipe system resistance characteristic. For this reason, the
presented particularities in determining the dimensionless complexes concern these two methods.

4.1. Throttle Regulation of the Flow Rate

In this case, the speed has constant value—n is constant. Using Equations (18) and (19) enables
the estimation, respectively, of the pressure for each of the ensured flow rates obtained by applying the
throttle regulation, as well as the relevant values of the coefficient of efficiency.

The referred length of the pipe system will be different for each of the achieved flow rates.
To determine it, the methodology described in one of the above paragraphs is used—Equation (27).

For the estimation of the dimensionless complexes πi, the found values and Equations (10)–(13)
are used. The referring of the found results to the relevant criteria, determined for the nominal work
regime of the analyzed fan, must normalize their values.

4.2. Frequency Regulation of the Flow Rate

In this case, the referred length of the pipe system has a constant value, i.e., LTP is constant. The fan
system’s total coefficient of efficiency is also a constant, i.e., η is a constant. These two parameters are
determined by using Equations (19) and (28), involving the obtained before regulation system output
flow rate.

The required fan speed and pressure for each flow rate can be determined by using the equations
of similarity [22]:

ni = nn

(
Qo

Qi

)
. (32)

pi =
(
ap + bpQi + cpQ2

i

)
.
( ni

nn

)2
. (33)

where Qo is the flow rate of the initial (output) work regime (before regulation).
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The referring of the criteria π1 and π2 to the relevant parameters, concerning the nominal work
regime of the fan, has to normalize their values:

π1∗ =
π1

π1,n
. (34)

and
π3∗ =

π3

π3,n
. (35)

Figure 1 represents the results found. The analysis is accomplished by taking into account the
change of the initial flow rate Q0 in the range of: Qi

Q0
= 1 . . . 0.8.
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Figure 1. Change of the specific energy consumption criterion depending on the selected method of
flow rate regulation (Source: Author own calculation, based on Excel).

In this case, the initial flow rate is equal to the nominal flow rate, i.e., Q0 = Qn. If π1∗ = f(π3∗) is
applied, the nature of the found relation is analogous and for other values of the initial flow rate.

Taking into account Equation (10), it can be seen that for a given pipe system and isothermal

conditions of transporting the air, the parameter ρD2

µ2 = const. and therefore the criteria π1 becomes
depended by only the specific energy consumption—ev, i.e., this criteria represents dimensionless
specific energy consumption. Due to the decreased flow rate, the criteria π3∗ also decreases—as in case
of applying the frequency or throttle method of flow rate regulation. The reason respectively is the
reduced fan’s speed (n), and the increased pipe system’s referred length—LTP, accompanied by an
increased resistance in the pipe network.

As might be predicted, increasing the degree of regulation (i.e., decreasing the flow rate) leads to
decreasing the specific energy consumption ev (i.e., the criterion π1∗) in case of using the frequency
method, while in case of applying the throttle method, it is the opposite. The above statement fully
corresponds to the well-known fact that the frequency method is the most effective method of flow
rate regulation, in terms of energy efficiency, while the throttle method is associated with the existing
of significant additional energy loss.

4.3. Determining the Impact of the Air Temperature on the Energy Consumption of Fan Systems

It is well-known that temperature variation leads to a change of air’s density and viscosity, and
therefore a part of the parameters, used for the determination of the established criteria, will also be
changed. Indicating that Equations (10) and (11) are used for the estimation of the criteria π1 and π3,
it can be seen that air’s density ρ and dynamic viscosity µ are taking part.

According to [6], the density variation has no impact on the system’s flow rate, i.e., Q is a constant.
In case of a decreased temperature for the density and pressure is valid that ρ1 > ρ and p1 = pρ1

ρ , but
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at the same time the pipe system resistance characteristic pv,1 = k1Q2 gets steeper, which enables the
flow rate to stay constant. The pressure variation leads to a change of the specific energy consumption
ev, as well as the criteria π1. The density variation has impact on the criterion π3, and therefore also
influences the relation: π1∗ = f(π3∗). The other three criteria keep their constant values independent of
density variation. In case of completely turbulent flow (quadratic area), viscosity has no impact on the
coefficients of pipe resistance, and therefore it does not affect the determination of the pipe system’s
referred length.

Figure 2 represents graphics indicating the change of the specific energy consumption criteria π1∗

as a function of the criteria π3∗ for three different work regimes of the analyzed fan system.
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Figure 2. Change of the specific energy consumption criteria depending on the temperature variation
(Source: author’s own calculation, based on Excel).

As it may be expected, decreasing the air’s density ρ (a result of temperature increase) leads to
decreasing of specific energy consumption ev, which is explained with the decreasing of the pressure,
used to transport the given flow rate Q. Due to the simultaneous decreasing of ev and ρ, the value of
the criteria π1 will also decrease.

5. Conclusions

Applying methods of dimensional analysis enables establishing of dimensionless complexes,
which can be used for accomplishing a quantitative analysis of the effective energy use of systems
transporting fluids. The proposed method can be used in analyzing the work performance, in terms of
energy efficiency, of fan systems working with low or medium pressure, when the gas density has
a constant value. Another additional restriction for applying this method is the existence of isothermal
conditions, in which gas viscosity stays constant.

The proposed criteria π1 includes the specific energy consumption ev, used for the evaluation of
the energy effectiveness of the fluid transportation.

The impact of the applied method of flow rate regulation on the effective energy use of a fan
system can be determined by using the criteria π3. This criteria includes parameters characterizing the
selected method of flow rate regulation: speed (n) for using the frequency method and pipe system’s
referred length (LTP) for using the throttle method. Change of the properties of a gas also influences
these two criteria and this may be used in evaluating the impacts of the variation of density (ρ) and
dynamic viscosity (µ) on the effective energy use of systems transporting air. With increasing air
density resulting from the decreasing temperature, the specific energy consumption increases.
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