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Abstract. Objective is to study efficiency of a complex protective device 
including coefficients of penetration and suction of aerosols for dust half-
masks of various designs. The half-masks were tested experimentally on 
specially designed laboratory stands with the help of volunteer-testees; the 
tests included specifications according to EN 149, EN 352-1, ISO 6942. 
The studies have demonstrated that a complex protective device for 
workers is rather efficient providing average coefficient of suction being 
1.5% that is almost by 30% less than the values of standard filtering 
respirators of similar protection class. Noise attenuation within the range of 
4000 – 8000 Hz is from 19 to 26.7 dB; within the range of speech 
frequency (0.5÷2.0 kHz), acoustic efficiency is up to 8÷16 dB helping 
preserve the possibility of communication and timely reaction to warning 
signals. Use of thermal protecting elements makes it possible to reduce 
temperature of head heating by 80% comparing to the results obtained 
without the protective device application. The developed balaclava with 
the built-in dust respirator and hearing protection devices may be used in 
the context of the corresponding filter class up to 12 MAC in terms of the 
most hazardous aerosols, when noise level is up to 14 dB within 2000 – 
8000 Hz frequency range; moreover, it provides slow temperature rise up 
to 2 ºС per minute. 

1 Introduction 

By-product coking industry is the important link of metallurgical complex of Ukraine; the 
industry enterprises apply coking method to process chemically bituminous coal (BC) with 
the obtaining of metallurgical coke, coking gas, coking by-products (ammonia sulfate, 
sulfur, sulfurated hydrogen etc.) as well as a range of organic compounds being valuable 
raw material for chemical industry.  

It is known that insufficient working conditions at the enterprises of mining, coal, and 
coke-chemical industries are stipulated first of all by air contamination with toxic 
aerodisperse particles of various origin (dust, smoke, fog), gas- and steam-like compounds, 
and high level of industrial noise within the working zones [1 – 5]. All the factors have 
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following negative effects: chronicle fatigue, irritability, headache, impaired concentration 
and decreased reaction rate with further injures of breathing organs, early hearing loss as 
well as abnormal activity of central and vegetative nervous and cardiovascular systems. It is 
obvious that under conditions when engineering and technical measures do not demonstrate 
proper results, the only way to prevent occupational diseases is the application of modern 
complex individual protective devices (CIPD), which include: respiratory protection 
devices (RPD) and hearing protection devices (HPD). Nowadays, the development of those 
devices is of high importance. 

2 Analysis of the available publications 
Nowadays, complex means to protect hearing, head, and respiratory organs are gaining 
popularity. They are made in the form of balaclavas. Taking into consideration the fact that 
due to certain reasons and factors mentioned earlier, the results of laboratory tests do not 
comply with the values of efficiency obtained under working conditions in terms of inserts, 
earpieces, and dust respirators, and the fact that constant wearing of the devices prevents 
from communicating, reacting to signals and commands and even may be incompatible 
with the requirements for safe working, manufacturing of complex devices in form of 
balaclava to protect against noise and dust is rather expedient [6]. Their use may change the 
situation completely as their expected advantage is in the fact that there is no difference 
between indices determined by laboratory and field testing.  

It is clear that IPD should provide comfortable conditions during their application and 
maximum protection in terms of various hazardous factors. That may be obtained by the 
use of various specific materials (e.g. WINDSTOPPER to protect against wind, Polartec – 
against high temperatures, Arsenal and Kevlar – against fire and sparkles, Carbon X – 
against toxic gases), development of corresponding instructions, and use of up-to-date 
technological solutions to produce the required facilities [7,8]. 

Information search has helped to determine that there is a great variety of complex 
protective devices. Their structure is based on a balaclava protecting human head, face, 
neck, shoulders and, sometimes, upper part of chest; in addition, it is often equipped with 
the embedded specialized devices to protect respiratory organs, hearing organs, and head. 
For instance, balaclava ColdAvenger Balaclava Pro protects against microorganisms 
available in the air owing to soft biocompatible polyurethane used to manufacture a 
dismountable mask; the material absorbs moisture from the facial surface and breathing 
zone. Balaclavas Windbloc Thor V2 BASK and Ergodyne N-Ferno 6970 Extreme Balaclava 
have similar structure. Their anatomic design guarantees protection of head, neck and part 
of face against the effect of low temperatures. In case of strong wind, face is covered with 
special dismountable mask with breathing holes [9]. 

Testing the efficiency of individual protecting devices is the important stage of its 
development; the device efficiency is proved by the testing the protecting properties stated 
by a manufacturer under laboratory conditions and checking if they are in compliance with 
certain standards, i.e. DSTU EN 149:2003, DSTU EN 352-1:2002, DSTU EN 352-7:2005, 
and DSTU ISO 6942-2001. Those normative acts envisage a set of procedures aimed at 
determining protective and ergonomic properties of noise- and heat-aerosol individual 
protective devices. Defining the efficiency of reduction of the hazardous factor effect is the 
essential element of the efficiency evaluation since that is the index to take into account 
while selecting individual protective devices for specific operating conditions. The 
mentioned index is calculated in terms of laboratory tests with the help of volunteers [2]. 

To evaluate respirators, it is required to determine penetration coefficient of the 
contaminated air depending both upon the filter and insulating properties of the half-mask 
obturator. Taking into consideration the fact that aerosol penetration immediately through 
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high-efficiency filters is insignificant, i.e. slipping of particles through a filter is minimal, 
there is the necessity to determine interrelation between the properties of half-masks 
responsible for respirators quality and coefficient of their protection. To do that, various 
methods described in papers [3, 4] are used. 

Efficiency of hearing protection devices is determined according to SNR (Single 
Number Rating or Sounds Noise Reduction) characteristics, i.e. averaged index of decrease 
in noise level in terms of low, medium, and high frequencies used in European countries to 
determine efficiency of noise-drowning devices. That is the dimensionless value equal to 
the ratio of useful signal strength (significant information) to the background noise strength 
(unwanted signal). 

Protective properties of special-purpose clothing to protect against high or low 
temperatures are determined according to its thermal resistance and specific air-penetrating 
metrological conditions.  

3 Statement of the problem  
When workers perform their duties under harmful conditions, they are required to use 
several individual protection devices simultaneously. That results in certain inconveniences 
related to combination of protective devices, their proper selection, and unhandiness. In 
particular, helmet liner made in the form of balaclava, is practically incompatible with 
RPD. When earpieces are used, it is required to put the liner on and off because if earpieces 
are placed upon the balaclava, then protective parameters of HPD worsen. Moreover, 
topical problem is to provide the communication without putting the HPD off and to make 
it possible to hear warning signals. Thus, there is the necessity in reliable fixation on a face 
(so that the mask does not slip and form additional gaps along the obturation line resulting 
in considerable deterioration of insulating properties) [10]. 

For the first time, specialists of Physical and Chemical Institute of Environmental 
Protection and Human of the Ministry of Education and Sciences of Ukraine and NAS of 
Ukraine have developed a complex individual protection device of fast adjustment (CIPD); 
the device has combined balaclava 1 equipped with the corresponding filtering half-masks 
4, noise-attenuating elements 2 and thermal accumulating elements 3 (Fig. 1). All the 
components are connected with the help of the shank end of a valve unit which is built into 
the related mounting openings of the balaclava and half-mask and fixed with the help of a nut.  

 
Fig. 1. CIPD of fast adjustment: 1 − balaclava; 2 − noise-attenuating elements; 3 – thermal 
accumulating elements; 4 – filtering gas and dust half-masks; 5 – valve unit; 6 – collar; 7 – cape [11]. 

Owing to the structure, being modeled taking into account anatomic features of human 
head and neck, and use of elastic thermal-resistant fabric Indura, balaclava 1 performs its 
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functions and provides fast adjustment and proper contact of the half-mask, fixation of 
noise-attenuating elements 2 within the ear rims and their comfortable carrying during all 
the period of CIPD use. Collar 6 and cape 7 are aimed at preventing aerodisperse particles 
from entering the under-mask area and to the face as well as protecting neck and shoulder 
girdle against mechanical and thermal injuries.  

In terms of CIPD, breathing organs are protected by a half-mask of well-known 
respirator Snizhok – RPD which has proved itself to be good while operating under 
different conditions [12]. The half-mask (Fig. 2) consists of a shape-forming frame 1 along 
the external and external surface of which particle filter 3 with changeable geometry of 
obturation line and/or gas filter 4 are set. Valve unit 5 (Fig. 1) helps decrease breathing 
resistance, eliminate heat and moisture from the under-mask area, and provide normalized 
content of carbon dioxide.  

 
Fig. 2. Filtering half-mask from aerosols: 1 − Filtering half body; 2 – obturator with elastic cord; 
3 − metal pressure plate; 4 − clamp with exhalation valve leaf ; 5 − face; 6 − headset; 7 – rings. 

Noise-attenuating elements (NAE) were designed taking into consideration specificity 
of working conditions and level of industrial noise at mining and metallurgical enterprises: 
the elements are arranged in “special pockets” 2 (Fig. 1) located on the internal balaclava 
side within the zone of ear rims. The elements consist of two layers of homogeneous noise-
attenuating material; they are based on synthetic caoutchoucs, being laminated unilaterally 
with fabric sheet, and metal plate located between their layers; external NAE part is 
covered with knitted fabric. 

CIPD is additionally equipped with thermal accumulating elements 3 (TAE) (Fig. 2) to 
reduce external thermal load upon a user. TAEs, located within the occipitofrontal part of 
balaclava, are applied to have more comfortable conditions for a thermal regulation system 
during certain period of time [13] and to maintain thermal homeostasis in terms of 
increased temperatures owing to the use of the substance with phase transitions 
accompanied by heat absorption, e.g. paraffins, waxes, and their mixtures with organic 
substances. However, in case of contact with head skin covers and according to the safety 
requirements at fire-hazardous enterprises, they should be nontoxical, inflammable, and 
incombustible having low temperature of phase transformations (>34 ºС). Sodium sulfate 
decahydrate applied in the TAE is completely compatible with the requirements; 
distribution of crystals within TAE packing volume is uniform owing to the addition of 
inert fillers (sintepon, polymer mass fiber etc.) in 1:1 ratio.  

It should be pointed out that the development of such specialized devices as balaclava 
has involved the fact that the material should not cause considerable breathing resistance; in 
terms of two-layer structure, external layer is made of hydrophobic, air-penetrating 
materials while internal layer is made of hypoallergenic moisture- and air-penetrating 
materials. There is the possibility to use it along with the protective helmet as well as with 
breathing and visual individual protective devices. In terms of possible operation under 
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conditions of increased noise, the balaclava was equipped with dismountable antinoise 
pads.  

Objective of the research is to study the efficiency of complex dust and noise individual 
protective devices for workers.  

4 Methods of the research 
CIPD protective properties were tested involving sodium chloride test-aerosol. Fig. 3 
represents the plant scheme. 

 
Fig. 3. Block scheme of the plant to test the properties of protective efficiency of an individual 
protective device: 1 – aerosol generator; 2 – mixer; 3 – testing chamber; 4 – aerosol diffusor; 5 – 
dummy-head; 6 – aspirator; 7 – spectrophotometer; 8 – computer. 

Essence of the method is as follows: special sodium chloride mixture in generator 1 
(Collison dispenser for sodium chloride with 8 – 10 mg/m3 concentration) was supplied 
with a specified rate (100 l/min) into testing chamber 3 through mixer 2 and aerosol 
dispenser 4 where the required concentration of the testing mixture was provided. 
Protective device is mounted on dummy-head 5, in chamber 3. Aspirator 6 was used to take 
air with the rate of 95 l/min from the under-mask area of a dummy; further, the air was sent 
to spectrophotometer Selmi С-115Е (7) to determine its concentration and penetration 
coefficient of a half-mask. As a result of device 8 operation, special software was used to 
calculated coefficient of protection and suction as a ratio of test-aerosol concentrations 
before and after CIPD application [14, 16]. 

Acoustic efficiency of noise-attenuating elements was determined with the help of the 
device (Fig. 4) by audiometry within pure sound range from 63 – 8000 Hz with one-octave 
step according to averaged difference of sound pressure both for NAE-protected and NAE-
unprotected sound receiver. The receiver was mounted into the dummy-head at the level of 
its ear canal, and the dummy was placed into the echo-free chamber. Such a solution has 
made it possible not only to fix accurately the position of sound receiver in terms of all the 
experiments, buts also to model, in certain approximation, sound propagation along 
peripheral canals which effect is stipulated by the difference between physical and 
audiometric efficiency of noise-attenuating materials by 10 – 15 dB [15]. 

 
Fig. 4. Block scheme of a plant to test acoustic efficiency of HPD: 1 – signal generator; 2 – power 
amplifier; 3 – echo-free chamber; 4 and 5 – generator and receiver of sound signals respectively; 6 – 
computer. 
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The fixed pure sound tones of constant amplitude were represented by means of 
software signal generator 1; power amplifier 2, and broadband generator 4 (Fig. 4). 
Software package WaveTool (Free) was used to measure and process amplitude, frequency, 
and format of signals coming from sound receiver 5.  

Fig. 5 demonstrates a block-scheme of the plant to study dynamics of temperature under 
balaclava equipped with TAE under the effect of high external temperature.   

 
Fig. 5. Block scheme of a plant to determine dynamics in temperature changes under balaclava: 1 – 
SUP-4c camera with adjustable temperature mode; 2 – adjustable thermal couple; 3 – balaclava; 4 – 
temperature controller Щ4538; 5 – fan; 6 – control thermometer; 7 – digital heat sensors DS18S20 
(shown conventionally); 8 – junction box; 9 – converter of heat sensor signals DS9097; 10 – system 
unit; 11 – display. 

To provide minimum heat transfer, a dummy-head, with calibrated digital heat sensors 
DS18S20 mounted on its frontal, parietal, and occipital parts under TAE [17], was made of 
polyurethane foam; control heat censor fixing air temperature in the chamber was placed on 
external part of balaclava beyond the zone of TAE location. Measuring results were 
recorded into log-file in real-time mode and processed by means of MS Excel program.  

Tests were carried out with the help of five volunteers who wore the protective device 
equipped with noise-attenuating and thermal-compensating elements as follows. Balaclava 
is put on a head so that the observation hole coincides with the eye zone, noise-attenuating 
elements close the ear rims, and thermal-compensating elements were within the 
occipitofrontal zone. In such a way, acoustic pressure and thermal effect decrease. If 
incompliance of the worn half-mask with the standards was observed in the process of 
testing, the process was brought to stop and resumed after elimination of the drawback.  

Standard exercises indicated in EN 149 were done while determining coefficient of 
protection. Efficiency of a similar-type standard filtering half-mask inserted into the 
balaclava was evaluated additionally to compare parameters of different protective devices. 

5 Results of the research and discussion 
Significantly lower values of coefficients of suction of sodium chloride test-aerosol in 
CIPD than in other respirators selected randomly prove perfect parameters of the 
aforementioned engineering solution as for breathing organs protections. According to 
(Fig. 6), average values of CIPD coefficient of suction is 1.5% being almost 30% less than 
the indices of filtering respirators of similar protection class. 
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Fig. 6.  Results of determining coefficient of suction when a testee is performing different exercises. 

In our opinion, that is connected with the fact that elastic material of the balaclava 
favours more uniform and leak-proof contact with a face along the obturation line; 
moreover, the material acts as the additional fort-filter with changeable penetration 
coefficient favouring prolonged effect of aerosol filters. The latter conclusion is confirmed 
by the increased coefficient of aerosol catching in terms of the most penetrating particles of 
0.2 – 0.4 mcm (Fig. 7). According to the obtained data, the protective device may be 
included into the second class of protection; it may be used when boundary admissible 
concentrations are 12 times higher.  

 
Fig. 7.  Dependence of penetration coefficient of sodium chloride test-aerosol: 1 – standard half-
mask; 2 – complex protective device (CIPD). 

Data on studies of acoustic efficiency of the developed NAE, represented in Fig. 8 and 
Table 1 show that: 

– noise attenuation within 4000-8000 Hz frequency, which is considered to be the most 
hazardous one for hearing organs [17], is from 19 to 26.7 dB; 

– in terms of voice frequency (0.5÷2.0 kHz), acoustic efficiency reaches up to 8÷16 dB, 
thus the ability to communicate and react timely to warning signals is preserved; 

– balaclava material demonstrates practically no noise-attenuating ability within the 
mentioned frequency range: spread of values in all the experiments is within the limits of 
statistic error being not more than ±2 Db. 
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Fig. 8.  Results of laboratory tests of NAE: 1 – balaclava; 2 – headphones ED1H Ear Defender 
(Sweden); 3 – test sample of NAE. 

Table 1. Generalized data on measurements of acoustic efficiency of NAE samples from the test 
batch. 

Frequency, Hz Control parameter 63 125 250 500 1000 2000 4000 8000 
Acoustic efficiency, 
dB 1.5±0.3 5.4±0.3 12.7±1.9 8.0±1.7 2.2±0.2 16.0±1.9 19.8±1.1 26.7±0.5 

Comparison of acoustic efficiency of noise-protective headphones ED1H Ear Defender 
(Fig. 8, curve 2) with the developed CIPD (Fig. 8, curve 3) performed under correlated 
conditions demonstrates that, in terms of noise-protective properties, it corresponds 
completely to the requirements for modern HPD. 

Fig. 9 represents dependence graphs Т = f(τ) for CIPD test sample. 

 
Fig. 9. Dynamics of temperature changes on a dummy-head: 1 – external surface; 2 – 4 – under CIPD 
in terms of frontal, parietal, and occipital parts respectively. 

Experiments have demonstrated the following. After placing a dummy-head with balaclava 
(with thermal protecting elements) into the heated thermal chamber (Fig. 9, curve 3), average 
heating rate (AHR) of the external dummy surface (within the considered section) is 
~ 9 – 11 ºС/min (Fig. 9, curve 1) while sensors set under CIPD within frontal, parietal, and 
occipital parts record slower temperature growth: AHR is not more than 1.5 – 2 ºС/min (Fig. 9, 
curves 2÷4) that is almost 80% less comparing to the values obtained without CIPD use.  

Results of approbation performed in the context of three mining, metallurgical, and 
coal-graphite branches have proved that CIPD tested under industrial conditions is 
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characterized by good ergonomic, protective, and operational properties; besides, the device 
protects facial skin and head hair-covering against dust and dirt, favours better head-
protective helmet contact being combined well with protective goggles of various design. 

Following factors have been also emphasized: handiness, possibility to communicate 
while wearing the device, sufficient level of external industrial-noise reduction in terms of 
preserved possibility to hear warning signals, and easy washing and replacing of aerosol, 
noise-protective, and thermal-accumulating elements.  

CIPD may be recommended to be used by engineering and technical staff of multi-field 
industrial enterprises as well as by the civilians in case of emergency situations and during 
disaster clean-up operations.  

6 Conclusions 
The studies have demonstrated that CIPD is rather efficient providing: 

– average values of suction coefficient is 1.5% being almost by 30% less than the 
indices of standard filtering respirators of similar protective class;  

– noise attenuation within the range of 4000 – 8000 Hz is from 19 to 26.7 dB; 
– in terms of verbal frequency range (0.5÷2.0 kHz), acoustic efficiency is up to 8÷16 dB; 

that helps preserve the possibility of communication and timely reaction to warning signals; 
– use of CIPD with thermal protecting elements makes it possible to reduce temperature 

of head heating by 80% comparing to the results obtained in case when protective devices 
are not used.  

The developed special-purpose balaclava with the built-in dust respirator and noise-
attenuating elements may be used in terms of corresponding class of filters up to 12 MAC 
as for the most hazardous aerosols when noise level is up to 14 dB within the frequency 
range of 2000 – 8000 Hz; it provides slow temperature growth up to 2 ºС per minute.  

This work was conducted within the projects “Scientific basics to form unified system to preserve and 
generate power of the objects of fuel and energy complex of Ukraine” (State registration 
No. 0117U001127). 
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