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Abstract. The article presents the results of theoretical studies on water consumption by the internal spraying sys-
tem of coal mining combines, which provides protection against ignition (explosion) of dust-methane-air environment 
during the coal extraction.  

The evaluation of water consumption for preventing explosion due to heating of the mining combine cutter and cut-
ting trace is based on the assumption that all the drive energy is spent solely on heating the cutter and cutting trace. This 
method is applicable only when the cutter and the spraying nozzle are located coaxially. This evaluation method, pro-
posed herein for the first time, was previously published by the authors.  

The evaluation of water consumption required to prevent explosion caused by incandescent sparks during the min-
ing combine operation is based on the safe concentration of water vapor per cubic meter of air, which phlegmatizes the 
explosion from heated sparks. This value was determined in previous publications by standard regulatory methods of fire 
protection. The transition from a safe concentration of water vapor to a safe concentration of water droplets in a cubic 
meter of air was also described in previous publications. It is based on theoretical studies of the mass evaporation rate 
of a droplet during the induction period of the ignition delay. The resulting baseline value of the explosion-safe concen-
tration of water droplets is applicable for any mutual location of the nozzle and the cutter. Its main determining parameter 
is the temperature of the heated medium surrounding the spark. In practice, the temperature of the heated medium can-
not be determined theoretically with sufficient accuracy. Therefore, it is determined empirically. At this stage of the re-
search, a widely used estimate of the limits of methane combustion in open space within the range of 850–900 °С was 
used. These limits may be refined in further studies. 

The minute air flow rate for washing the longwall face in zone of operation of the combine drums is determined for 
the first time by the rate of methane release from the coal seam. This value is included in every project for comprehen-
sive gas removal from the excavation zone, which is developed individually for each longwall. It is assumed that all me-
thane is released only in zone of the drum operation. That is, the minute air flow rate in the zone of drum operation is 
calculated with a certain safety margin. 

The results of this study, which for the first time make it possible to calculate the parameters of explosion-
preventing spraying, are relevant for determining the water consumption for spraying layers with relatively low dust-
generation capacity, but with essential wet softening of floors and roofs (as in Pavlohrad mines, Ukraine). For them, the 
nominal water consumption used by spraying systems of imported combine is too high and can cause great complica-
tions in moving the roof support sections and the face conveyor.  

Keywords: explosion safety, dust-methane-air mixture, frictional sparking. 
 
1. Introduction 

During the recent years, the mining and technical conditions for developing coal 
deposits in Ukraine have undergone significant changes. The mining of highly dust-
generating seams and host rocks has ceased. At the same time, host rocks have be-
come more wetted. Wet softening of the seam floor leads to a noticeable decrease in 
their bearing capacity and causes heaving. This complicates the movement of sec-
tions of the longwall supports and the face conveyor, especially if the floor gets wet-
ted.  

There are two main reasons for the longwall floor wetting - natural water inflows 
and coal spraying during its extraction. 

The water consumption of the spraying system in modern combines is comparable 
to natural water inflows and significantly worsens the condition of the longwall floor, 
hence, complicating mechanized coal extraction. But to justify a reduction of the wa-
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ter consumption for spraying, its comprehensive substantiation is required, since its 
rate is specified in the current regulatory document. 

The requirements for the spraying parameters of mining machines were estab-
lished about half a century ago, during the Soviet Union times [1], and have not un-
dergone significant changes since then. In other coal-mining regions of the world, for 
example in the USA [2] and China, there are their own norms for specific water con-
sumption [3]. They are based on the same sanitary and hygienic principles as the So-
viet ones, and differ only in the values of dust generation of local seams. 

The currently valid Ukraine regulatory documents НПАОП 10.0-5.23-04 [4, 5] 
contain only two requirements for spraying systems of mining combines - water pres-
sure not lower than 1.2 MPa, and its specific consumption within  the range of 30–
40 liters of water per ton of extracted coal, which are the same as half a century ago. 
The M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of 
Sciences of Ukraine (IGTM, NASU) has recently substantiated [4, 6] the feasibility 
of reducing the specific consumption rate to the level of 20–27 liters of water per ton 
of broken coal without worsening the sanitary and hygienic working conditions for 
workers. 

However, in addition to dust suppression, spraying prevents ignition and explo-
sion of a mixture of air with methane and coal dust during the combine operation [7]. 
However, the regulatory documents do not specify the water consumption rate re-
quired for this purpose. In Ukraine, some recommendations on this issue are available 
[8], which are not officially approved, since they are based purely on the results of 
experiments for an irrational arrangement of spraying nozzles and do not take into 
account the conditions of specific coal mines and seams. Moreover, the current regu-
latory documents do not include any norms of spraying water consumption as regard 
to explosion safety factor. It may therefore turn out that the minimum specific water 
consumption [4–6] according to sanitary and hygienic requirements will not be 
enough to prevent explosion or ignition. 

Purpose of this work is to create scientifically substantiated criteria for evaluating 
water consumption by spraying systems in mining combines in order to prevent igni-
tion and explosion of a mixture of methane with air and coal dust. 

 
2. Methods 

There are two sources of ignition or explosion of the methane-dust-air mixture 
during the operation of mining machines [9–11] - heating of the cutter and cutting 
trace to a high temperature, and incandescent sparks from rocks. 

The methods for calculating water consumption to prevent ignition or explosion 
from these two factors are considered in detail in works [12–14] for roadheaders and 
can be taken as the basis for calculations for mining combines.  

In particular, the calculation of water consumption to prevent explosion due to 
heating of the cutter and cutting trace of the roadheader is based on the thermal bal-
ance model [12]. Drive energy of the actuator Еa is spent on the useful (work of rock 
destruction Еu and on heat losses – namely, heating of the cutter Qc, the cutting trace 
Qt and heating of the rock mass Qm around the cutting trace. The first and last factors 
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can be neglected, assuming that all the energy of the drive is spent only on heating 
the cutter and the cutting trace. 

Then, the water consumption for internal spraying per one drum of the mining 
combine qt (l/min) is determined by formula (11) from reference [12]. Taking into 
account the numerical values of general physical quantities, it can be expressed as 

 
0.093t o dq k N=                                            (1) 

 
where Nd – nominal power of the drive of one drum (kW); ko – coefficient of nozzle 
spray overlapping. 

With coaxial location of the nozzle and the cutter, as well as the maximum spray 
cone angle, ko = 3. If the nozzle axis is turned towards the leading furrow, and the 
spray cone angle is less than the maximum, but greater than the usual one, then 
ko = 2. In the case of a nozzle with a standard spraying cone, which is located coaxial-
ly with the cutter, then ko =1.  

Calculation of water consumption to prevent explosion from incandescent sparks 
during the operation of excavation machines is based on the basic parameter – the 
required concentration of water vapor in a cubic meter of heated air around the in-
candescent spark, which can phlegmatize (suppress) the explosion. This value was 
determined in work [13] according to the standard fire protection method for deter-
mining the phlegmatizing concentration of water vapor in a methane-air mixture [14]. 

The transition from the phlegmatizing concentration of water vapor in heated air 
to the concentration of water droplets in air with a normal temperature q was carried 
out in [15] by estimating the amount of vapor formed from droplets during the induc-
tion period of the ignition delay, according to the relation 

 
3 2

8 4

3
8 4

8.2222 2.08285714  0.176865873016   49.967619047635;    165
10 10

6.0741 1.48809524    0.121483862434   32.671587301609;       43 ,
10 10

q t t t d m

q t t d m

µ

µ

 = − + − =

 = − + − =


 (2) 

 
where t is the temperature of the heated medium, °С; d is the equivalent droplet di-
ameter, μm.  

The upper equation applies to conventional spraying nozzles, the lower one -to 
ejectors.  

The required mass evaporation rate was calculated not according to the classical 
Sreznevsky formula [16], but according to modern data in [17].  

If the indicator of the phlegmatizing concentration of water droplets in a cubic 
meter of air q is multiplied by the minute air flow rate V (m3) for washing the drum of 
the mining combine, we obtain the water consumption for anti-spark spraying by one 
drum 

.sq qV=                                                 (3) 
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That is, the problem reduces to determining the maximum air flow rate V in zone 
of operation of the mining combine drum, which is dangerous in terms of the explo-
sion factor.  

For drivage faces, the dangerous air flow rate V used for washing zone destructed 
with the cutting head was determined in [18] on the basis of three given values – the 
total minute air flow rate for the zone ventilation Vv, the level of safe methane con-
centration in the outgoing stream Сs =1% and the explosively dangerous concentra-
tion of methane in the air in the destruction zone Сe.d. =4% . The methane flow rate 
into the destruction zone was not specified directly, it was determined from these 
three parameters. Such a calculated determination of the methane flow rate is possible 
due to two circumstances - firstly, the predominant localization of methane release 
near the face, and secondly, the absence of leaks and inflows into the outgoing air 
stream during drivage through the stable cross-section. 

Neither of these circumstances applies to mining combines operating in a 
longwall. A mining combine operates simultaneously with two drums, the distance 
between which exceeds the cross-sectional size of the gate road. In addition, one of 
the drums (the leading one) cuts the coal by the full seam thickness, while the second 
(the trailing one) – cuts only partially, because the seam thickness is less than the to-
tal diameter of both drums. 

Since the longwall has only one side wall, which is destroyed by the combine, and 
on the opposite side, a goaf is formed, the cross section of the air stream is neither 
stable nor constant along the longwall. Distribution of air velocity across the longwall 
cross-section is highly non-uniform. Part of the air moves outside the nominal cross 
section of the longwall through the goaf, that is, the actual cross section of the road-
way exceeds the nominal. But even greater deviations from the uniform distribution 
of the air velocity are observed in the area of the combine body, and especially near 
its cutting drums. In past studies, the Makiyivka Research Institute thoroughly stud-
ied this issue. In its summary work [8], it was noted that in the zone of twin cutting 
drums, the minimum values of the air velocity are 0.15–0.3 of its maximum value, if 
the combine moves against the ventilation stream, and when moving in the opposite 
direction, this ratio increases to 0.7–0.8. For separated cutting drums, when the com-
bine moves against the air flow, the minimum values of the air velocity near the lead-
ing drum are 0.2–0.3 of its maximum value, and for the trailing drum, they are 0.4–
0.5. And when moving in the opposite direction, this ratio increases to 0.3–0.5 for the 
leading drum. The information provided well illustrates the complexity of determin-
ing the air flow rate in the zones of operation of the cutting drums of mining com-
bines. 

These circumstances invalidate the method for determining the methane flow rate 
in zones of rock destruction by the cutting drums, which was used for the roadheading. 

Therefore, we adopted a different approach, which proposes to determine the 
maximum dangerous minute air flow rate for washing the longwall face in the drum 
operation zone by using the widely used indicator of methane release from the work-
ing face Iwf [19–22]. This value appears in every project of comprehensive gas re-
moval from the extraction area, which is developed for each longwall.  
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The indicator of methane release from the coal seam Iwf  consists of methane re-
lease in zone of the cutting drum operation and methane release from the rest of the 
seam surface and the goaf. Although not all the methane taken into account by the 
indicator wfI  is released in zone of the cutting drum operation, we neglect the me-
thane release from the rest of the seam surface and the goaf and assume that Iwf  is 
equal to the release of methane only in the drum operation zone. That is, with this 
approach, the indicator of the minute air flow rate in the drum operation zone will be 
calculated with a certain margin. 

The maximum air flow rate V in the cutting drum operation zone in terms of the 
explosion danger factor was determined by Iwf  using standard algebraic calculations. 

 
4. Results and discussion  
The total diameter of the cutting drums over the cutters of the mining combine is 

greater than the thickness of the coal seam, so the leading cutting drum works with a 
full seam thickness, while the trailing one – only with a part of the seam thickness. 
Accordingly, the methane release from the leading cutting drum is greater than from 
the trailing one. We assume that methane release from the leading front cutting drum 
Ifd correlates with the methane release from the trailing rear cutting drum Ird as the 
thickness of the layers that are extracted by them. For the front cutting drum, the 
thickness of the layer being extracted is equal to its diameter over the cutters D, and 
for the rear drum, it equals the difference between the thickness of the seam and the 
thickness of the layer extracted by the front cutting drum H-D 
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                                                (4) 

 
and the sum of these values should be equal to the methane release from the coal 

seam 
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By solving the system of equations (4, 5), we obtain 
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The analysis (6) shows that in the zone of action of the front cutting drum, the re-

lease of methane is noticeably greater than in the zone of the rear cutting drum.  
For each cutting drums, we write an obvious equation for determining the minute 

air flow rate at the lower limit of the methane explosive concentration Ce.d. 
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The obtained system of equations (7) determines the maximum air flow rate in 

zone of the coal mass destruction by the front Vfd  and rear Vrd drums of the mining 
combine.  

The second rows of the systems of equations (6, 7) are relevant only if the com-
bine is equipped with drums of different diameters and with different numbers of 
spraying nozzles.  

Here, a fundamental remark should be made. The values of Vfd , Vrd in equations 
(6, 7) should not be considered as the actual air flow rates in the zone of combine 
drum operation. These are the maximum calculated values of possible air flow used 
solely for determining the required water consumption for the spraying system. The 
actual air flow rate may be greater than the calculated one, but in this case the me-
thane concentration will not reach the explosive level. Therein, it is not necessary to 
adhere to the content of water droplets in the air according to formulas (2), since nei-
ther an explosion nor an ignition will occur anyway. Conversely, if the actual air flow 
is less than the calculated one and the methane concentration reaches explosive lev-
els, then the content of water droplets specified by (2) must be strictly adhered to. 
However, according to formula (3), the water consumption for phlegmatization will 
be less, because the air flow is less than for Vfd , Vrd  in equations (6, 7). 

Thus, although the calculated values of Vfd , Vrd in equations (6, 7) are not identi-
cal to reality, they make possible to reliably determine the required water consump-
tion for explosion-preventing spraying of excavation machines (both mining and 
roadheading). 

Knowing the maximum calculated value of the possible air flow rate in the zone 
of destruction by the leading cutting drum, it is possible to determine the water flow 
rate qfd  for this drum using formula (3) and the first row of (7) 
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and substituting the value of Ifd from formula (1.6) into the last expression, we ob-

tain 
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The total water consumption for explosion-preventing spraying does not require 
the summing of the water consumption for spraying of the cutting trace qt according 
to formula (1) with the water consumption for phlegmatization of sparks for qfd ac-
cording to formula (9) because qfd contains already the portion of water evaporated on 
the cutting trace qt . This was substantiated in detail for roadheaders in the last year 
report on this topic. 

Taking into account the possibility of some nozzles failing during a continuous 
coal mining cycle - handled in the same manner as it was done for the roadheader in 
the previous report - and the assumed explosion-preventing concentration of methane 
Сe.d. = 4%, we obtain the final formula for the flow rate of internal anti-spark spraying 
of the leading cutting drum 

 

25 ,nom
fd wf

w

SDq qI
H S

=                                    (10) 

 
where q is the safe specific content of droplets in the air, l/m3, determined by formu-
las (2); Iwf  is the rate of methane release from the coal seam, m3/min; D is the drum 
diameter by cutters, m; H is the seam thicknes, m; Snom is the nominal number of noz-
zles on the auger; Sw  is number of nozzles remaining operational at the end of the 
excavation cycle. 

This formula determines the water consumption provided that all nozzles remain 
operational throughout the entire excavation cycle. In practice, this is not the case: 
during the excavation cycle, some of the nozzles become clogged. The minimum 
number of operational nozzles Sw, which still provides explosion protection, is deter-
mined by formula (10) by the nominal water consumption qnom for internal spraying 
of one drum 

 

25 .nom
w wf

nоm

SDS qI
H q

=                                   (11)       

 
As an example, let’s calculate the required water consumption for an explosion-

preventing standard internal spraying system for the МВ-630 combine using formula 
(10). The combine worked in the mines of the PJSC PJSC “Pokrovske Mine”. 

The combine with a drum diameter by the cutters D = 1.25 m and with a total 
number of internal spraying nozzles of 102 (Snom = 51 nozzles.) was used in the 13th 
southern longwall of block 10, seam d4 with an average thickness of 1.42 m and a 
minimum thickness of 1.3 m. The average methane release from the layer is 
Iwf =5.23 m3/min. The planned productivity Pk of the combine is 4500 t/day, or 
5 t/min. 

The safe specific content of droplets in the air determined at a temperature of the 
heated environment of 900 °C according to the above formula (2) for conventional 
nozzles is q = 0.43 l/m3. 
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The required water flow rate of the leading cutting drum qfd under the condition 
that no nozzle fails during the excavation cycle, Sw = Snom = 51 nozzles, is calculated 
by the formula (10) 

 
1.25 5125 0.43 5.23 54 /
1.3 51fdq l min= × × × × ≈                     (12) 

 
The obtained minimum explosion-preventing consumption qfd is lower than the 

nominal qnom = 63 l/min for one drum of the MB-630 combine, so not all nozzles 
need to remain operational throughout the excavation cycle. 

The maximum number of operating nozzles Sw, which still provides explosion 
protection, is determined by the formula (11) 

 
1.25 5125 0.43 5.23 43
1.3 63wS pieces= × × × × ≈                     (13) 

 
That is, the reserve of the combine МВ-630 for nonoperating nozzles is ≈ 18%. 
Let's check the water consumption for explosion-preventing spraying of the cut-

ting trace qt by formula (1). The drive power of the drum of the combine MB-630 is 
Nd = 280 kW, the characteristic of the nozzle spray will be considered normal with 
ko=1, so 

 
0.093 1 280   26  /tq l min= × × ≈                           (14) 

 
As we can see, qt is about twice lower than qfd. Therefore, qfd already contains qt, 

and the minimum explosion-preventing flow rate for one spraying drum is deter-
mined by formula (12) and not by formula (1). 

Thus, the nominal flow rate of the internal spraying system of the combine  
МВ-630 ensures explosion safety during coal mining with a margin of at least 16%. 

Finally, let's check whether the water consumption of the internal spraying system 
alone is sufficient to meet the sanitary and hygienic standards [3] by the dust factor. 
Total water consumption for internal spraying by both drums of the combine is 

 
2 2 63 126 /t nomQ q l min= = × =                         (15) 

 
And the specific nominal water consumption per ton of extracted coal for internal 

spraying system of the MB-630 combine is 
 

/ 126 / 5 25 /sc t кq Q P l t= = ≈                        (16) 
 
It is 5 l/min less than the minimum limit (30–40 l/t) specified by requirements of 

the current regulatory document of Ukraine [5], but it is in the middle of the refined 
IGTM  range (20–27 l/t) [6], as shown in figure 1. 
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Figure 1 – Required specific water consumption by the spraying system  
of the MB-630 mining combine in the conditions of PJSC “Pokrovske Mine” 

 
If the longwall where the combine was operating had a problem with the wet sof-

tening of the surrounding rocks, its external spraying system could be turned off. This 
would reduce the water inflow into the longwall from the spraying system by approx-
imately 30%, without deteriorating the explosion safety of coal extraction. 

It should be noted that the example of calculating the water consumption for ex-
plosion-preventing spraying system of the MB-630 combine is still approximate, be-
cause the actual temperature of the heated air near the incandescent spark is not pre-
cisely known. However, as equation (2) shows, this temperature strongly affects ex-
plosion-preventing water consumption. If it greatly exceeds the adopted value of 
900 °C, then the required water consumption may be greater than the calculated one. 
And, conversely, if the actual temperature of heated air near an incandescent spark is 
lower than 900 °C, the required water consumption will be less than the calculated 
one. 

 
4. Conclusions 

The results of the presented study, as well as those previously published [15], 
made it possible to create a theoretically justified method for calculating the explo-
sion-preventing water consumption for internal spraying systems of mining ma-
chines. 

The scientific value of this work lies in integration of quite diverse physicochemi-
cal, heat-technical and aerological aspects of phlegmatization of ignition and explo-
sion of dust-methane-air environment into a single parameter that determines the ex-
plosion-preventing water consumption for spraying a heated air near an incandescent 
spark at a given conditional temperature. 

The practical significance of this work consists in the opportunity provided to as-
sess the compliance of the spraying parameters of imported mining machines with the 
conditions of Ukrainian mines, which is particularly useful for specialists in the coal 
industry. 
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МЕТОД РОЗРАХУНКУ ВИТРАТИ ВОДИ НА АНТИ ІСКРОВЕ ЗРОШЕННЯ ВИДОБУВНОГО 
КОМБАЙНУ 
Мінєєв С., Усов О., Заіров Ш., Гайбназаров Б. 
 

Анотація. У статті наведені результати  теоретичних досліджень витрати води системою внутрішнього зро-
шення видобувних вугільних комбайнів, яка забезпечує захист від спалаху (вибуху) пил метан повітряного сере-
довища під час видобутку вугілля.  

Оцінка витрати води на запобігання вибуху внаслідок розігріву різця та сліду різання виїмкового комбайну 
базується на припущенні, що вся енергія приводу витрачається тільки на розігрів різця та сліду різання. Вона 
придатна тільки для співвісного розташування різця та зрошувальної форсунки. Цей метод оцінки, запропонова-
ний вперше, опублікований авторами раніше. 

Оцінка витрати води на запобігання вибуху від розпечених іскор при роботі видобувних комбайнів ґрунтуєть-
ся на безпечній концентрації водяної пари в кубометрі повітря, яка флегматизує вибух від розпечених іскор. Ця 
величина визначена в попередніх публікаціях стандартними нормативними методами пожежної справи. Перехід 
від безпечної концентрації водяної пари до безпечної концентрації водяних крапель в кубометрі повітря був та-
кож викладений в попередніх публікаціях. Він ґрунтується на теоретичних дослідженнях масової швидкості випа-
ровування краплини протягом індукційного періоду затримки спалаху. Отримана таким чином базова величина 
вибухобезпечної концентрації водяних крапель придатна для будь-якого взаємного розташування форсунки і 
різця. Головним її визначальним параметром є температура розігрітого середовища навколо іскри. Температуру 
нагрітого середовища практично не можливо визначити теоретичним шляхом з прийнятною для практики точніс-
тю. Тому, температуру нагрітого середовища визначається емпіричним шляхом. На даному етапі досліджень 
використана широко розповсюджена оцінка меж горіння метану у відкритому просторі в діапазоні 850–900 °С. В 
подальших дослідженнях ці межі можуть бути скориговані. 

Хвилинна витрата повітря на омивання вибою лави в зоні роботи шнеків вперше визначається за показником 
виділення метану із вугільного пласта. Ця величина фігурує в кожному проекті комплексної дегазації виїмкової 
дільниці, який розробляється на кожну лаву. Приймається, що весь  метан виділяється тільки в зоні роботи шне-
ків. Тобто показник хвилинної витрати повітря в зоні роботи шнеків обчислений з певним запасом.  

Результати досліджень, які вперше дозволяють розрахувати параметри вибухобезпечного зрошення, актуа-
льні для визначення витрати води на зрошення пластів з порівняно не великою пило утворюючою здатністю, але 
з підошвою та покрівлею, що розмокають (Павлоградські шахти України). Для них номінальні витрати води сис-
темами зрошення імпортних комбайнів є завеликими і можуть привести до великих ускладнень при пересувці 
секцій кріплення та вибійного конвеєру. 

Ключові слова: вибух безпека, пил метан повітряна суміш, іскріння від тертя. 
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