
ISSN 2522-9842 Journal of Scientific Papers “Social Development and Security”, Vol. 10, No. 6, – 2020 
 

 

Study of protective efficiency of respirator with forced air 
supply 

 

Nataliiа Borodina A; Serhii Cheberiachko * B; Yurii Cheberyachko B; Оleg Deryugin B; 

Dmytro Radchuk B; Daniil Klimov B; 
A Bilotserkivsky Institute of Continuous Professional Education, 54/2, Levanevskjgo, str., Bila Tserkva, 09100, Ukraine 

B Dnipro University of Technology, 19, Dmytra Yavornytskoho ave., Dnipro, 49005, Ukraine 

Received: November 07, 2020 | Revised: December 05, 2020 | Accepted: December 31, 2020 

DOI: 10.33445/sds.2020.10.6.18 

Abstract 
The aim of the work was to conduct experimental studies aimed at determining the protection 
factor of the filter respirator with forced air supply by volunteers in different modes of operation 
and to establish the dependence of the amount of air supplied by the fan from the air 
purification device to the filter’s resistance. Simulation studies to determine the protective 
effectiveness of the filter respirator on the testers were performed according to the procedure 
for determining the penetration coefficient of test aerosol – sodium chloride, as the ratio of the 
submask concentration of test aerosol to the ambient concentration formed in a special 
chamber that meets the requirements of DSTU EN 13274. Determination of the amount of air 
supplied by the air purification unit to the submask space and assessment of the value of positive 
pressure inside the mask was performed according to the procedure described in DSTU EN 
12941: 2004. As a result of simulated laboratory tests to determine the protective effectiveness 
of filter respirators with forced air supply to the testers, it was found that the average result of 
the protection factor of the test samples ranged from 99.93 to 99.97, which meets the 
requirements of DSTU EN 12941: 2004. In addition, it was found that the amount of air treated 
by the fan of the air purification device for clean filters is 165 and 215 dm3/min for operating 
modes “Normal” and “Turbo”, while for the polluted filters it is reduced to 131 and 185 dm3/min, 
respectively. During the study, the compliance of the value of excess pressure in the submask 
space with the requirements of DSTU EN 12941: 2004, which should not exceed 2.5 mbar, was 
confirmed. It is also determined that the stability of the technical parameters of the air 
purification device is maintained in the specified range when charging the “Dinogy Li-Pol 
11000mAh 14.8V 4S 25C” brand battery not less than 12 V to ensure the current value of not 
less than 1.6 A. The practical value of the results lies in determining the duration of protective 
action of the filter respirator, the choice of filter resistance to establish the scope and modes of 
operation in the developed personal respiratory protection equipment. 
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Introduction            

Powered air-purifying respirators (PAPR) with 
forced air supply are characterized by a number of 
advantages in comparison with filtering personal 
respiratory protection equipment (PRPE) working 
on a negative pressure differential. First of all, such 
respirators have a much higher degree of 
protection (Institute of Medicine. 2015), which 
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allows their use when working with toxic 
substances or in the absence of respiratory 
resistance. That is, they will be useful for intensive 
and hard work, and the workers, who for various 
reasons could not choose a mask (half mask) with 
a tight fit to the face, including the presence of hair 
on the face (Radonovich, L. J. Jr., Yanke, R., 
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Cheng, J., & Bender, B., 2010), can use them. In 
addition, powered respirators do not accumulate 
additional heat, which is provided by the constant 
supply of air flow into the submask space (Khoo, 
K.L., Leng, P.H., Ibrahim, I.B., & Lim, T.K., 2005). 
In some countries of the world, including the USA, 
Great Britain, Japan, South Korea, the industry 
manufactures several types of the considered 
devices. Their design consists of the following 
elements – a protective mask (half mask, hood, 
helmet-mask), which is connected by a flexible air 
duct with an air purifier equipped with one or 
more filter elements. The air purifier is a housing 
with a radial fan with an electric drive, which is 
powered by a battery and controlled through an 
electro-pneumatic system. This system analyzes 
the pressure drop with the help of a processor, 
and then transmits a special code to turn on / off 
the blower fan to increase / decrease the flow of 
air entering the submask space of the helmet-
mask (depending on the volume of air inhaled by 
the worker and his physical load when performing 
the production activities). However, the above 
design has several disadvantages, namely: 

- low efficiency of the blower fan due to the 
significant resistance to air flow that occurs in the 
air duct, due to the relatively small size of the air 
ducts, and therefore the need to operate at high 
speeds, which causes significant noise and leads to 
rapid reduction of battery charge, which in turn 
reduces the service life of its use; 

- inefficient operation of the device control 
system, which in cases of a sharp increase in air 
flow, for example, due to heavy work, turns on the 
fan with a delay, which leads to the formation of 
negative pressure under the mask, and therefore 
can lead to suction of unfiltered air behind the 
obturation strip (seal between mask and face or 
seal dust mask), as well as to increase the 
concentration of carbon dioxide in the submask 
space, which can lead to deterioration of the 
employee's health; 

- low performance of the blower fan, which 
does not allow its use in an atmosphere 
contaminated with several different harmful 
substances, which requires the installation of 
several gas filters for protection that are installed 

in series. Therefore, the development of an 
effective respirator with forced air supply, in order 
to minimize the impact of harmful substances 
contained in the atmosphere of the working 
environment on the respiratory organs of the 
worker during production activities is an urgent 
task for manufacturers of personal protective 
equipment. 

Powered air-purifying respirators (PAPR) with 
forced air supply are characterized by a number of 
advantages in comparison with filtering personal 
respiratory protection equipment (PRPE) working 
on a negative pressure differential. First of all, such 
respirators have a much higher degree of 
protection (Institute of Medicine, 2015), which 
allows their use when working with toxic 
substances or in the absence of respiratory 
resistance. That is, they will be useful for intensive 
and hard work, and the workers, who for various 
reasons could not choose a mask (half mask) with 
a tight fit to the face, including the presence of hair 
on the face (Radonovich, L. J. Jr., Yanke, R., 
Cheng, J., & Bender, B., 2010), can use them. In 
addition, powered respirators do not accumulate 
additional heat, which is provided by the constant 
supply of air flow into the submask space (Khoo, 
K.L., Leng, P.H., Ibrahim, I.B., & Lim, T.K., 2005). 
In some countries of the world, including the USA, 
Great Britain, Japan, South Korea, the industry 
manufactures several types of the considered 
devices. Their design consists of the following 
elements – a protective mask (half mask, hood, 
helmet-mask), which is connected by a flexible air 
duct with an air purifier equipped with one or 
more filter elements. The air purifier is a housing 
with a radial fan with an electric drive, which is 
powered by a battery and controlled through an 
electro-pneumatic system. This system analyzes 
the pressure drop with the help of a processor, 
and then transmits a special code to turn on / off 
the blower fan to increase / decrease the flow of 
air entering the submask space of the helmet-
mask (depending on the volume of air inhaled by 
the worker and his physical load when performing 
the production activities). However, the above 
design has several disadvantages, namely: 
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- low efficiency of the blower fan due to the 
significant resistance to air flow that occurs in the 
air duct, due to the relatively small size of the air 
ducts, and therefore the need to operate at high 
speeds, which causes significant noise and leads to 
rapid reduction of battery charge, which in turn 
reduces the service life of its use; 

- inefficient operation of the device control 
system, which in cases of a sharp increase in air 
flow, for example, due to heavy work, turns on the 
fan with a delay, which leads to the formation of 
negative pressure under the mask, and therefore 
can lead to suction of unfiltered air behind the 
obturation strip (seal between mask and face or 
seal dust mask), as well as to increase the 
concentration of carbon dioxide in the submask 
space, which can lead to deterioration of the 
employee's health; 

- low performance of the blower fan, which 
does not allow its use in an atmosphere 
contaminated with several different harmful 
substances, which requires the installation of 
several gas filters for protection that are installed 
in series. Therefore, the development of an 
effective respirator with forced air supply, in order 
to minimize the impact of harmful substances 
contained in the atmosphere of the working 
environment on the respiratory organs of the 
worker during production activities is an urgent 
task for manufacturers of personal protective 
equipment. 

During long-term or intensive work, filter 
respirators with forced air supply are used to 
reduce the negative impact of respiratory 
resistance, elevated temperature, as well as to 
improve the ventilation of the sub-mask space. 

Employees of the Department of Occupational 
Safety and Civil Safety of the National Technical 
University “Dnipro Polytechnic” for the first time 
created a similar filter powered PRPE, which 
includes a mask with an obturator, inhalation and 
exhalation valves, flexible corrugated air duct 
connected to an air purifier with filters, in which a 
fan, a control unit and power supply unit are 
placed (Fig. 1). These PRPE differs from the known 
designs by the presence in of the air flow control 
unit the air purification device due to the 
multifunctional system of sensors, which allow 
providing in the automatic mode of regulation of 
the main parameters of the air flow in the mask 
space. It is known that this type of device has a 
number of requirements, the implementation of 
which guarantees their high protective properties. 
In particular, ensuring that the volume of supplied 
air in the submask space is not less than 120 
dm3/min. with the possibility of increasing to 170 
dm3/min., provided that the resistance of filters is 
up to 15 mbar. This value will maintain a positive 
pressure in the submask space, thereby 
eliminating the suction due to leaks behind the 
obturation strip. In addition, one of the important 
indicators is the protection factor, the value of 
which must be at least 99.9. Therefore, there is a 
task of checking the main indicators of the 
protective effectiveness of a powered filter 
respirator with forced air supply. 

The aim of this work is experimental research 
aimed at determining the protection factor of the 
filter respirator with forced air supply on 
volunteers and establishing the dependence of air 
flow in the submask space on the resistance of the 
filters of the purification device. 

Material and methods           

The research was based on the experimental 
test procedure, which included determining the 
penetration and protection coefficients of the 
filter respirator with forced air supply by test 
aerosol – sodium chloride on test volunteers, 
determining the flow of air supplied by the air 
purification unit to the submask space and 
determining the positive pressure inside the 
helmet or hood in accordance with the 

requirements of the standard (DSTU EN 
12941:2004). 

The test of the protective efficiency of the 
filter respirator with forced air supply was 
performed on a special stand (Figure 2), which 
meets the requirements of the standard DSTU 
EN 13274-1: 2005. It consists of an ultrasonic 
test aerosol generator, a test chamber where 
the tester was located, a “Selmi C-115E” 
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spectrophotometer (manufactured by “SELMI” 
LLC: Sumy, Ukraine) with a built-in aspirator for 
sampling. As a test aerosol 0.1% sodium chloride 

solution was used, which was dried and supplied 
with an air flow rate of 100 dm3/min. into the 
test chamber. 

 
Fig. 1. Schematic diagram of a filter respirator with forced air supply: helmet-mask (1), obturator 
(2), head straps (3), air purification device (4), flexible corrugated air duct (5), inhalation valve (6), 

exhalation valve (7), air cleaner housing (8), filter elements (9), control unit (10), on/off switch 
(11), button №1 (12) – “Information correction” (time, day of the week, month, ambient 

temperature, humidity); button №2 (13) “Mode adjustment” (automatic mode, turbo mode, 
emergency mode); button №3 (14) – “Display backlight”; indicator lights: – red indicator light (15) 

– “Accident”, blue indicator light (16) – “Turbo”, green indicator light (17), memory card (18), 
display (19), loudspeaker (20), connector for charging batteries (21), USB connector for connection 

to a PC for setting up and adjusting the software of the air cleaning device (22) 

The test aerosol generator provided the 
distribution of aerosol particles in the range from 
0.02 to 2μm with a weight average diameter of 0.6 
μm. Uniformity of its distribution in the test 
chamber was ensured by ventilation and test 
aerosol supply systems. The concentration in the 
respiratory zone of the tester during the studies 
was constantly monitored and was 8 ± 4 mg/m3. 

To measure the concentration under the 
respirator mask, a special sampler was used, 
which sucked air between the nose and lips. 
Samples of the aerosol mixture in the chamber 
and in the mask space of the respirator were taken 
simultaneously. At the same time, the sampling in 
the chamber and in the submask space was at the 
same level (Figure 3).

 

 
Fig. 2. Test facility for determining the penetration rate of sodium chloride: 1 – deflector; 2 – pipeline; 
3 – sampling line of the atmosphere in the chamber; 4 – sampling from the submask space; 5 – supply 
of respiratory air; 6 – test chamber; 7 – treadmill; 8 – sprayer; 9 – fan; 10 – pump; 11 – photometer; 12 
– switching valve; 13 – additional air supply; 14 – filter; 15 – clean air; 16 – manometer; 17 – system of 

separation of phases of inhalation and exhalation 
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Fig. 3. Scheme of the sampling probe 

The suction rate of air in both in the first and in 
the second case was 3 dm3/min. During testing, 
the test sample was equipped with FRPA P2 
“particle filter” filters of the second class of 
protection, which met the requirements of the 
standard (DSTU EN 143: 2002), i.e. their 
coefficient of penetration of the test aerosol was 
not more than 6%. As a result of the experimental 
study, the total protection factor of the respirator 
with forced air supply was determined by the 
formula: 

𝑃𝐹 =
100

𝐾𝑝
,    (1) 

Where Kp is the penetration coefficient of the 
test aerosol, which reflects the penetration of the 

aerosol through the filter and the sealing strip 
between the face and the half mask. 

The test involved six volunteers (Caucasians): 
two women and four men, aged 23 to 44 years, 
according to the parametric size of the face (Table 
1), who were previously instructed on the proper 
use of a filter respirator and checked the 
correctness of its fit to the face. If in the process 
of testing there was a need to adjust the fixing of 
the half mask, then there was a stop for fixing the 
value of the submask concentration of the test 
aerosol, which was resumed after the restoration 
of the original parameters of the system. 

During the study, the testers performed 
sequentially the exercises provided by the 
standard (DSTU EN 12941:2004): normal 
breathing; deep breathing; head movements 
from side to side; head movements up and down; 
conversation aloud; walking on a treadmill at a 
speed of 6 km/h. In addition, squats, tilts and 
turns of the torso were reproduced to simulate 
production operations; work on dismantling the 
blockages was simulated (since this device can be 
used to eliminate emergencies and provide 
assistance to victims).  

Table 1 – Dimensions of the faces of the participants of the experiment 

Face height, mm 
Face width, mm 

129-139 
(1 zone) 

140-145 
(2 zone) 

146-155 
(3 zone) 

136-126 1 tester  1 tester - 

125-116 1 tester 1 tester 1 tester 

115-105 -  1 tester 

 
Each exercise was performed for 2 minutes. 

Each tester was made three measurements for 
each exercise. The result was averaged and 
entered in a special table in the program “AAS-
2009”, which provides for the definition of 
statistics in accordance with the requirements of 
the standard (ISO 5725-6:1994). 

Before the start of the study, the testers were 
trained to prepare the device for work and its 
operation in automatic (“normal”) and “turbo” 
modes. Prior to testing, all batteries were charged 
to 100% of their capacity, by monitoring the 
voltage and internal resistance of each battery cell 
separately. Subsequently, the battery was 
connected to a purification unit with a value of DC 

magnitude of 1.7 A. During the tests, the 
indication of voltage levels was carried out 
according to the indicators installed on the 
information panel.  

The next indicator to be checked was the 
consumption of purified air supplied to the sub-
mask space of the filter PRPE with forced air 
supply. To do this, a protective mask was put on 
the mannequin of the head. The air flow, which 
was fed into the submask space through a tube 
inserted into the mannequin, got to the flow 
meter PM-0.4-1.6, by which the air amount was 
determined, while using an electronic 
micromanometer (“Testo 512”) to monitor the 
level of difference pressure (Fig. 4).
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Fig. 4. Test facility to determine the flow of air flow rate: 1 – inlet channel; 2 – micromanometer;  

3 – flow meter; 4 – regulator; 5 – suction device; 6 – outlet;7 – power regulator 
 

Instability of maintaining a given level of air 
flow, which was calculated on the basis of 
experimental data by the formula: 

( )max min 100,Q

Q Q

Q


−
=   %           (2) 

Where 𝑄𝑚𝑎𝑥, 𝑄𝑚𝑖𝑛, 𝑄̄𝑖 – the maximum, 
minimum and arithmetic mean of the 

experimentally determined data; Q – instability 
of air flow during continuous operation of the 
device. 

Results and discussion           

The results of experimental studies of the 
averaged protection coefficients of test samples 
of filter respirator with forced air supply by test 
aerosol of sodium chloride on volunteers are 
shown in Table 2. The tests were performed on 
two modes “Normal” and “Turbo”, the main 
difference between which was the air 
consumption fed the submask space of the filter 
device. 

The next step was to check the maximum air 
flow that can be developed by a filter respirator 
with forced air supply equipped with gas filters 
with air flow resistance at a flow rate of 95 
dm3/min 3.1 mbar, which meets the 
requirements of the standard [18]. The change 
in filter resistance with increased air flow rate is 
shown in Table 3. The results obtained at 
different operating modes for a clean filter are 
shown in Figure 5 and for the maximum spent 

filter (spent filter   15 mbar) – in Figure 6. 
This study is in accordance with the standard 
(Harber, P., Yun, D., Santiago, S., Bansal, S., & 
Liu, Y., 2011) and it is held for one hour to 
demonstrate the stability of the results. 
According to the requirements of (DSTU EN 
12941:2004), the volume of air entering the 
mask from the air purification device per time 
unit must be at least 120 dm3/min. As can be 
seen from the graphs shown in Figures 5 and 6, 
the air flow rate through the clean filters for the 
operating modes “Normal” and “Turbo” reaches 
165 and 215 dm3/min, respectively, and through 
the polluted filters – 131 and 185 dm3/min. 

Experimental determination of excess 
(positive) pressure generated by the purification 
unit in the “Normal” and “Turbo” modes in the 
helmet space of the filter respirator with forced 
air supply are given in Table 4.
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Table 2 – Determination of the protection factor of the filter respirator with forced air supply 
in the modes “Normal” and “Turbo” on volunteers 

Tester 
Air purifier operation 

mode 
Air flow rate 

dm3/min. 
Filter resistance, 

mbar 
Protection 
coefficient 

1 
“Normal” 102 3,3 99,95 

“Turbo” 143 5,6 99,97 

2 
“Normal” 108 3,5 99,98 

“Turbo” 146 5,7 99,93 

3 
“Normal” 101 3,4 99,95 

“Turbo” 155 6,1 99,96 

4 
“Normal” 107 3,4 99,99 

“Turbo” 145 5,7 99,97 

5 
“Normal” 97 3,1 99,93 

“Turbo” 143 5,4 99,95 

6 
“Normal” 109 3,8 99,97 

“Turbo” 146 5,6 99,96 

 
Table 3 – The results of measuring the air flow resistance of the filters of the respirator with 

forced air supply 

Air flow rate, dm3/min. 
The maximum value of resistance at different values of air 

flow rate, mbar 
Deviation, % 

95 3,1 6,0 

120 4,3 2,3 

160 6,1 1,6 

197 8,1 3,7 

 

 
Fig. 5. Determination of the maximum values of air flow rate with clean filters in the modes 

“Normal” (1) and “Turbo” (2) of the filter respirator with forced air supply 
 

Table 4 – The results of measuring the excess pressure in the submask space of the filter 
respirator with forced air supply with clean filters 

Tested samples Excess pressure, mbar in the modes 

“Normal” “Turbo” 

1 1,5 2,2 

2 1,7 2,5 

3 1,7 2,1 

4 1,6 2,2 

5 1,5 2,4 

6 1,7 2,5 
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Fig. 6. Determination of the maximum values of air flow rate with the most polluted filters of the 

filter respirator with forced air supply with the resistance   15 mbar in the modes “Normal” (1) 
and “Turbo” (2) 

 
A certain advantage of this study over 

laboratory tests, which are regulated by the 
relevant standard (DSTU EN 12941:2004) was 
the ability to measure the protective 
effectiveness not only at the minimum technical 
parameters of the air purifier, but also at the 
maximum indicator values, which are 
characterized by increased air flow rate. It was 
assumed that with increasing the air flow rate, 
the protective efficiency will improve due to the 
increase of positive pressure in the submask 
space, which was proved during the tests (Table 
2). However, it is still possible to increase the 
penetration rate of the test aerosol through the 
filters, due to the increase in filtration rate, and 
hence the shorter residence time of aerosol 
particles in the inner space of the filters, which 
worsens the effect of particles trapping (Cohen, 
H. J., Hecker, L. H., Mattheis, D. K., Johnson, J. S., 
Biermann, A. H., & Foote, K. L., 2001). The 
obtained average result of the protection factor 
of the tested samples ranged from 99.93 to 
99.97. This confirms that a sufficient positive 
pressure was created in the submask space, 
which makes it impossible to absorb aerosol 
particles due to leaks in the obturation strip. The 
available range of scatter of results is explained 

by the inhomogeneity of the penetration 
coefficient of the filter elements used for the 
tests, but it is within acceptable limits. The 
obtained result is confirmed by the fact that the 
fan provides a uniform air flow rate for a 
specified period. The study also found that 
during the “Turbo” mode, the volume of air in 
the submask space was more stable due to the 
supply of maximum supply voltage, which 
reduces the system's response to feedback 
signals from the tachometer to adjust the fan 
impeller speed. It should be noted that in this 
situation, the system notifies the user with the 
appropriate light and sound signal “Replace 
filter”. Additionally, it was found that the 
experimentally determined excess pressure in 
the submask space does not exceed 2.5 mbar, 
which fully meets the requirements of 
paragraph 6.5 of the standard (DSTU EN 
12941:2004), according to which it should not 
be more than 5 mbar. The stability of the 
technical parameters of the air purifier is 
maintained in a given range when the battery of 
the “Dinogy Li-Pol 11000mAh 14.8V 4S 25C” 
brand is not lower than 12 V to ensure a current 
of not less than 1.6 A. 

Conclusions             

As a result of simulated laboratory tests to 
determine the protective effectiveness of filter 

respirators with forced air supply to the testers, 
it was found that the average result of the 
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protection factor of the test samples ranged 
from 99.93 to 99.97, which meets the 
requirements of the standard. In addition, it is 
determined that the air flow rate is maintained 
for clean filters at the level of 165 and 215 
dm3/min. for the operating modes “Normal” 
and “Turbo”, respectively, and for contaminated 
– 131 and 185 dm3/min. It is established that the 
excess pressure in the submask space does not 
exceed 2.5 mbar, which fully meets the 
requirements of standard DSTU EN 12941: 2004. 

It is also determined that the stability of the 
technical parameters of the air purification 
device is maintained in a given range when the 
battery of “Dinogy Li-Pol 11000mAh 14.8V 4S 
25C” brand is not lower than 12 V to ensure a 
current of not less than 1.6 A. Thus, a filter 
respirator with forced air supply is characterized 
by high indicators of protective properties, 
which are maintained at a stable level for a 
certain period of its operation. 
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