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Abstract: Since there are no legally defined testing requirements for mobile positive pressure fans,
they may be tested based on methods that do not correspond to their actual operating conditions.
Adequate assessment of the technical and operating conditions for this type of equipment is partic-
ularly important for equipment used in rescue operations. Such units should be characterized by
efficient and reliable operation. This article investigates the influence of measurement methods of
the volumetric airflow rate on the performance of a power unit. The article shows that the applied
measurement method, whether it is PN-EN ISO 5801 (test conditions in a pipe duct—Method A)
or other methods, i.e., ANSI/AMCA 240-15 and testing of the characteristics of the velocity profile
(tests in open flow—Method B), can cause differences in the power demand of fans of from 3.2%
to 4.5%. The differences in the requirements of propulsion power translate into fuel consumption
and emissions of harmful exhaust gases generated by the combustion drive units (4 kW). It was also
observed that fans with conventional impellers (W1) show a lower power demand when applying
Method B (open flow) tests, while fans with turbo impellers (W2) show a lower power demand when
Method A (duct) tests are applied. Comparative analysis of the parameters of the drive unit in the
test group of fans without taking into account the measurement method can cause errors of up to
about 7.7%, 6.4%, and 2.4% for the power, torque, and speed, respectively.

Keywords: PPV fan; tactical fire ventilation; fire brigade equipment; rescue equipment; non road
small engine

1. Introduction

The testing of machine and equipment characteristics requires the use of unified
standards to enable comparison. Hence, standardized testing is provided for many ma-
chines and equipment. Often, such tests are performed by accredited laboratories that
perform tests under conditions similar to the actual operating conditions of the machine
or equipment. However, the adopted laboratory methodology does not always coincide
with the results of the tests in real working conditions. An example of such tests available
in the literature are tests of vehicles equipped with internal combustion engines, where
differences can be noticed in the values of the exhaust gas emissions of machines and
vehicles tested during laboratory tests (reproducing real working conditions) and road tests
(real working conditions) [1-4]. Thus, the test methods used should allow for comparisons
between the machines and equipment being tested, but they should also be characterized
by the best possible reproduction of real working conditions to ensure their reliability.

Machines and equipment used in hazardous working conditions or characterized by
work with particularly high responsibility are subject to additional control tests before they
are put for sale [5]. Examples of such devices include tools used by fire protection units.
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In Poland, as well as in many countries around the world, the results of laboratory tests
carried out for the purposes of admittance and certification processes of such products are
decisive for the admittance for use of devices and vehicles by fire protection units [6,7].
Unfortunately, no testing methods have yet been implemented for mobile fans to compre-
hensively evaluate their performance. This, of course, does not prevent the increasingly
common use of the equipment in question during rescue and firefighting operations. At
the same time, it seems that there is no need to justify in detail the legitimacy of efforts to
create test stands and research methodologies that would make it possible to determine the
operational parameters of the fans under consideration and to assess their suitability for
work in extreme conditions [8-12].

Research results are available in the literature showing a wide range of applications of
the mobile positive pressure fans used by fire protection units [13-15]. There is, however, no
doubt that an equally important aspect is the implementation of laboratory tests allowing
for proper evaluation of the products intended for use in extreme conditions. Due to
the nature of the use of this type of equipment (work in a dangerous fire environment
to save people and property), it is very important that the parameters determining their
effectiveness are properly verified. In this context, special attention should be focused on,
among other things, the features related to mobility (ease of handling), durability, resistance
to conditions occurring in the fire environment, amount of generated air flow, and other
parameters such as the shape of the generated jet.

One of the studied characteristics, which mainly determines the performance of mobile
positive pressure fans, is the volumetric airflow rate. The value of this parameter is, in
turn, derived from such components as motor power, rotor diameter, the way it is made
(including blade shape, profile, chord, and angle of inclination with respect to the rotational
plane), and the type of rotor enclosure [16].

The quality of the pumped air stream in such a device should be verified in terms of
its ability to produce flow through the ventilated volumes. This ability, in turn, mainly
depends on the momentum of the generated jet. Fan units that produce a less turbulent jet
will be able to pump air masses over longer distances due to reduced jet speed attrition. On
the other hand, fans characterized by more turbulent flow may work less efficiently—the
jet they produce in the presence of turbulence (where there will be an increase in the mass
of the air stream through strong induction of air from the environment) will lose velocity
much faster and may also change the direction of the flow.

There are many methodologies that can be used for testing aerodynamic performance.
Depending on which methodology is selected for testing, the obtained results may vary
significantly, and their misinterpretation may mislead potential users about the products’
actual usefulness in rescue operations. Therefore, it is very important that the selected
methodology reflects as closely as possible the potential operating conditions of the mobile
fan during rescue operations.

In 2021, Kaczmarzyk et al. described methods for testing the aerodynamic performance
of mobile positive pressure fans used in rescue operations [16]. In this study, methods were
selected to evaluate the flow rate in pipe ducts (Method A), i.e., PN-EN ISO 5801 [17], and
in open flow (Method B), i.e., tests according to ANSI/ AMCA 240-15 [18] and testing of the
characteristics of the velocity profile of the air jet [16].

By design, Method A is prepared in such a manner as to evaluate fans operating in
ducted systems, such as air handling units. Therefore, the authors of [16] do not recommend
its use to evaluate the aerodynamic performance of mobile fans operating in real free-flow
conditions. On the other hand, Method B tests are applied to evaluate flow rates under
real application conditions. The first test, designed by the American National Standard
Institute, is described in ANSI/AMCA Test Standard 240—Laboratory Methods of Testing
Positive Pressure Ventilators for Aerodynamic Performance Rating [18]. The test performed
under this standard involves positioning a mobile positive pressure fan (under free-flow
conditions) at a specified distance in front of a door opening of a test chamber in which flow
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straighteners, standardized nozzles, and multipoint static pressure measuring apparatus
are located.

The second test (evaluation of the characteristics of the velocity profile of the air
stream [16]) is a test that allows for measuring the value of the air stream velocity generated
by a fan positioned at a certain distance in front of the measuring plane. The test stand
consists of a suitably made frame, which serves as a plane for measuring the velocity
value of the rushing air stream, generated by a mobile fan located at a suitable distance
in the open flow. The advantage of this test is the possibility to introduce obstacles (e.g.,
a wall fragment with an opening) between the fan and the measuring plane. In 2021,
Kaczmarzyk et al. suggested that Method B is suitable for testing the described devices [16]
because they best reflect the actual operating conditions of mobile fans, including geometric
parameters related to positioning of the fan, i.e., positioning distance or impeller angle.
Additionally, Fritsche et al. in 2018 indicated that the manufacturers’ declared volumetric
airflow rate values for mobile fans may differ from the actual ones due to the lack of a
standardized test methodology for testing this type of equipment [19].

In the existing body of knowledge and resources of research tools, there are methods
and detailed analyses regarding the volumetric flow rates of mobile fans, aimed at eval-
uating the generated airflow. However, no studies have demonstrated the effect of the
test method on the evaluated performance of the power unit. Tests that do not accurately
represent the actual operating conditions can lead to incorrect conclusions, not only in
terms of the generated air flow, but also in terms of the characteristics of the drive unit,
such as fuel consumption and emissions of harmful exhaust gas. This article presents an
analysis of the effect of the test method (Methods A and B) on the operating conditions of
the power unit. Mobile positive pressure fans equipped with internal combustion engines
were tested by recording the variations in torque, speed, and power parameters at the
engine shaft depending on the conditions required by the measurement method. Changes
in these conditions can translate directly into changes in the consumption of energy, e.g.,
fuel, and emissions of harmful exhaust compounds. In addition, the article presents a
characterization of the volume flow rate (Method A) for mobile fans.

2. Materials and Methods

Mobile positive pressure fans commonly used in rescue and firefighting actions were
tested. The first one is a conventional fan (W1) [20], and the second one is a fan referred
to in firefighting nomenclature as a turbo type (W2) [21] (Figure 1). These devices are
characterized by an internal combustion power unit, classified in the European Union
as non-road machines, regulated as described in Regulation 2016/1628/EU [22]. The
characteristics of the fans and drive units are shown in Table 1. A common feature of the
fans is a similar power range of the drive units of about 4 kW.

Torque and speed measurements, based on which power was determined, were carried
out on a specially prepared measuring stand (Figure 2). A measuring system with a torque
meter (Electronic Workshop Roman Pomianowski, Poznan, Poland) extended with a speed
measuring system was inserted between the motor and the fan rotor. Connecting these
components required a belt transmission (which also acts as an overload clutch), flexible
couplings, and intermediate shafts. The influence of the given (rubber) elements was
considered in the torque analysis; a detailed analysis of these factors is described in a
methodologically similar publication [23].

A mobile positive pressure fan equipped with a torque, speed, and power measure-
ment system was tested under flow test conditions appropriate to Methods A and B.
During the tests using Method A, mobile positive pressure fans were coupled to a station
for measuring the flow rate of the generated air stream (flow measurement in the tube duct)
(Figure 3a,c), whereas when tested using Method B (open flow measurement), the fan was
operated in an open space (Figure 3b,d). The main research concerned the measurement
of the driving power. Additional tests of volumetric flow rate were performed only with
Method A, extended by measuring the flow characteristics with the use of a throttling
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device. Volumetric flow rate studies were not performed for Method B; only the drive
power was tested under the operating conditions corresponding to this test.
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Figure 1. Mobile positive pressure fans used in rescue operations: (a) conventional fan, (b) turbo fan
(W2), and (c) turbo fan impeller.

Table 1. Declared performance of the mobile fans.

Fan with Conventional Impeller Type (W1)

Type
Combustion engine Briggs and Stratton 750
Max. fan performance (AMCA 240-15) 30,000 m3/h
Max. motor power at 3600 rpm 44 KkW
Displacement capacity 163 cm?
Fan with a turbo impeller (W2)
Type
Combustion engine Honda GX 200
Max. fan performance (AMCA 240-15) 31,799 m3/h
Max. motor power at 3600 rpm 41kW
Displacement capacity 196 cm3

— (M)
2 3 _A = 6

1] ﬂ_ﬂ 1
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Figure 2. Schematic of the test station: 1, tested engine; 2, belt transmission (ratio 1:1); 3 and 7,
intermediate shaft; 4 and 6, flexible coupling; 5, torque and rotational speed sensors; 8, fan impeller.
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Figure 3. Mobile positive pressure fans during testing: (a) Method A (fan W1); (b) Method B (fan
W1); (c) diagram of the measuring duct position in Method A, where 1—flow throttling section,
2—measurement area of static and dynamic pressure flow, 3—flow straightener, 4—static pressure
measurement section (four-point ring), 5—duct confusor to match the fan impeller dimensions to the
test duct diameter, and 6—fan positioning area; (d) Method B (fan W2).

The measurement under the conditions of Method A was performed on a test stand
made in accordance with the PN-EN ISO 5801 standard (Figure 3). According to the
standard, the test stand (dedicated to determining the characteristics of the volumetric air
flow) belongs to the type B category, i.e., a free inlet, ducted outlet. The elements of the test
stand include a confusor, designed for stable mounting of the fan’s rotor to the duct. Then,
behind the confusor, there is the static pressure measurement area (four-point ring). Static
pressure is measured using Setra transducers with a measuring range of 1 inch water
column. Another element of the test stand is the flow straightener (star configuration).
Directly behind the flow straightener, there is a measuring area for the static and dynamic
pressure values. This measurement was carried out with a Prandtl tube, using the traverse
method (14 points located on the cross-sectional surface of the channel) according to ISO
3966 [24]. During the additional test determining the characteristics of the volumetric
air flow rate, the stand was equipped with a throttling device (located at the end of the
duct). During tests using the throttle, its configuration was set to the 10 positions shown in
Figure 4 and Table 2.
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Figure 4. Presentation of the flow throttling method, where the symbol P indicates the remaining

flow area (P1—open flow).

Table 2. Values of flow throttling.

Position of the Flow Throttling Section P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Surface area, mm?

173,994 160,576 147,703 134,919 122,270 112,054 97,568 74,005 52,054 32,303

Reduction of the outlet area, % - 7.1 15.1 224 29.7 35.5 435 57.5 70 81.4

The measurement according to Method B was performed under free-flow conditions.
In our tests, the mechanical power of the fans was examined under the same conditions as
during the Method A tests, but no volumetric flow rate tests were performed.

The tests for the conditions corresponding to Methods A and B were carried out in a
1500 mS test hall, thanks to which it was possible to ensure stable environmental conditions
(constant temperature 21 £ 1 °C, speed 41 & 2%).

In the analysis of the measurement error, the arithmetic mean was taken as the estima-
tor of the desired value, and the standard deviation of the arithmetic mean was taken as
the error of the estimator.

3. Results and Discussion

In order to enable a meaningful comparison of the influence of the measurement
method of the volumetric flow rate on the performance of the power unit (internal combus-
tion engine), tests were performed using two methods (A and B), recording the values of
torque, speed, and power (Figures 5 and 6). In addition, Method A was extended with a
measurement to evaluate the volume flow of the fans, taking into account flow throttling
from P1 to P10. In evaluating Method A against Method B, only the P1 measurement
(duct flow with the flow damper open) was used in the analysis. Based on this research,
the average values of the studied parameters were determined according to the working
conditions created by the discussed test methods (Figures 7 and 8). It was observed that
the fan drive units in this application operated at near-maximum power (approximately
4 kW). Comparing the effect of the test Methods A (under P1 operating conditions) and B
(Figure 9), it was noted that Method B allowed the drive unit to operate at a higher speed
(0.7-1.7%). This is due to the fact that the generated jet is dynamically dispersed in the
environment and turbulently mixed with the air accumulated in the open space [25]. In
the duct test (Method A), the impeller additionally has to overcome the pressure losses
associated with the flow through the duct. Depending on the fan type and measurement
method, the torque value of the drive unit decreased by 4% (for W1) or increased by 2.4%
(for W2) when operating according to Method B, i.e., in open flow. A similar relationship
can be observed from the measurement of power P, which is dependent on speed n and
torque M according to Equation (1):
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Figure 5. Power, torque, and speed during tests of fan W1 using Method A (duct flow) with variable
damper closure and Method B (open flow).
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Figure 6. Power, torque, and speed during tests of fan W2 using Method A (duct flow) with variable
damper closure and Method B (open flow).
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Figure 7. Characteristics of changes in the average power, torque, and speed during tests of fan W1
using Method A (duct flow) with variable damper closure and Method B (open flow).
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Figure 8. Characteristics of changes in the average power, torque, and speed during tests of fan W2
using Method A (duct flow) with variable damper closure and Method B (open flow).
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Figure 9. Influence of the measurement method (Method A with open throttle or Method B) on the
average values of (a) rotational speed, (b) torque and (c) power, where A/B denotes the difference in
the measured values depending on the measurement method.

For the conventional fan (W1), the measurement under the test conditions closer to
the real ones (Method B) shows a lower power demand by about 3.2%. Operating under
such conditions as a function of time will translate into lower energy requirements for
the device [26,27]. Operating at a lower load will also translate into lower emissions, as
combustion units have higher emissions of harmful exhaust gases when operating at a
higher load—in this case, operating at a higher power [28,29]. On the other hand, the turbo
fan (W2) in Method B tests showed a 4.5% increase in power consumption. The mentioned
increase in power consumption is related to the absence of channel flow losses and higher
mass flux flows through the fan (a typical characteristic of the fan) [30].

It can be seen that the test methods used to evaluate mobile positive pressure fans affect
the performance of the drive units. The tests show that Method A is more advantageous for
conventional fan manufacturers (W1) because the fan operates at a lower load on the drive
unit under these measurement conditions, as opposed to turbo fans (W2). The differences
in the values of the drive units without considering the test method can be up to about
7.7%, 6.4%, and 2.4% for the power, torque, and speed of the tested fans, respectively. In
light of the results of the tests, the parameter least sensitive to the type of method used
turned out to be the rotational speed. Similar observations were also made by Fritsche et al.
in 2018 [19], while noting that this speed also depends on the operating parameters of the
power unit—in particular, the power transmitted from the engine crankshaft to the fan
rotor hub.

Determining the operating conditions of the power unit, mainly speed and torque,
is important in the selection of the test during European Union approval tests of power
units [22,31,32]. The test procedures on non-road small engine spark ignition (SI) provide
for the selection of an approval test for the operating conditions under which the equipment
will primarily operate. In the case of mobile positive pressure fans, it can be assumed that
they will operate at full capacity, as confirmed by the test results.
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Based on the tests performed according to ISO 5801 (in duct) Method A for both fan
units W1 and W2, the fan characteristics were determined (Figure 10). For the conventional
fan (W1), the maximum air flow rate was 32,444 m3/h, while for the turbo unit (W2), it was
34,040 m> /h. Both values were obtained during testing in the full throttle configuration.
The flow rates specified in the indicated configuration of the throttle operation appear
to best reflect the target conditions under which the fan operates. The presented flow
characteristics showed that the fan units operate in a slightly different manner. In the case
of the turbo fan, negative static pressure values were obtained in the positioning region of
the fan rotor during testing in configurations P1, P2, and P3. It can be assumed that this is
due to the fact that the duct shaping the jet imparts a negative radial velocity component
to the jet at the outer radius of the outlet, which, in turn, creates areas of detachment and
local vacuum on the duct walls where the measurement is made [30]. The present vacuum
may also have an effect on the increase in mass flux pumped by a fan of this type and the
measured increase in drag torque and power.

1200
—o— W1 —o—W2

1000
800

600

T~

400 g

200 T ﬁ\\g

] A
5000 10,000 15000 20,000 25000 30,000  35000\_35000 40,000
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=200 -

Static pressure (Pa)

-400
Air flow (m3h)

Figure 10. Characteristics of the volume of air flow as a function of static pressure, examined via
Method A.

A different situation was recorded for the conventional unit—in this case, positive
pressure values were recorded for the indicated configurations of the throttle position. The
presence of positive pressure in the free flow in this case is also related to the design of
the conventional fan; its enclosure is made of mesh, which acts mainly as protection and
does not act as a flow guide [25]. The jet generated by the conventional fan chaotically
propagated in all directions, including into the positioning areas of the pressure sensors.

4. Conclusions

It can be seen from the results presented herein that the operating conditions resulting
from the measurement method used affect the parameters of the drive unit, such as speed,
torque, and power. The effect of the change in operating conditions resulting from the
change in test method can cause variation in the test results of 0.7 to 1.7% for the speed,
up to 2.4 to 4% for the torque, and 3.2 to 4.5% for the power values at the drive shaft. In
addition, it should be noted that measurement according to Method A is advantageous for
conventional fan drive units (W1) because it has a lower mechanical power requirement. A
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similar relationship can be seen when testing turbo fans (W2), which have a lower demand
for mechanical power when tested using Method B. Depending on the adopted measure-
ment method and the type of fan impeller, the mechanical power requirement needed to
drive the fan can vary by about 7.7%. This parameter is the main factor influencing the fuel
consumption and emissions of harmful exhaust compounds. It is reasonable to conduct fur-
ther investigations in the area of the operating conditions of the power unit resulting from
the applied measurement method in terms of determining differences in fuel consumption
and harmful exhaust gas emissions. Tests for measuring the aerodynamic performance
of mobile positive pressure fans should also be performed, and standardized criteria for
selecting a test method for equipment used in rescue operations should be established.
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