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The object of this study is the properties of
compressed air foam with the use of modified
additives: its drainage time and expansion ratio.

The main properties of compressed air foam
that affect the effectiveness of fire extinguish-
ing are its drainage time and expansion ratio.
At the same time, a number of authors have con-
firmed that the introduction of chemically mod-
ified additives into the composition of water fire
extinguishing substances makes it possible to
increase the effectiveness of fire extinguishing.

The problem to be solved was to deter-
mine the influence of five modified additives
(NH,),HPO,, NH,H>PO,, (NH,),COs, K,COs
and KCl in the concentration range of 1-5 % by
mass on the expansion ratio and drainage time
of the compressed air foam. The results showed
that the content of additives (NH,),HPO,,
NH,H>P0,and (NH,),COj3 in the aqueous solu-
tion of the foaming agent does not affect its
expansion ratio within the given limits. On the
other hand, with K,CO3; and KCl additives, it
was not possible to obtain compressed air foam
with a expansion ratio of 5-20, that is, their
inefficiency in compressed air foam was noted.

The characteristic dependence of the effect
Of (NH4)2HPO4, NH4H2PO4 and (NH4)2€03
additives on drainage time has been deter-
mined. The greatest drainage time is char-
acteristic of the K=20 generation mode. The
highest recorded drainage time index was
established for NH,H,PO,, namely 5.45 min;
for (NH,);HPO, the drainage time was lower
by 8 %; for (NH,),COs the drainage time was
lower by 20 %. At the same time, with the use of
(NH4)2HP04, NH4H2PO4 and (NH4)2CO;, it is
characteristic to obtain a foam with lower drain-
age time compared to foam of a conventional
composition. Thus, for foam with a expansion
ratio of K=20, the drainage time of foam with
NH,H>P0,is lower by 17 %, with (NH,);HPO,
by 23 %, and with (NH,) ,COs by 33 %.

The effect of reducing the drainage time
of the foam can have a decisive role in reduc-
ing its effectiveness when used for extinguish-
ing flammable liquids due to the extinguishing
mechanism but is not decisive for extinguishing
solid substances. Therefore, the fire-extinguish-
ing effectiveness of compressed air foam with
modified additives during the extinguishing of
solid combustible materials in comparison with
the conventional CAF composition requires fur-
ther study
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1. Introduction

Today, water is the most common extinguishing agent
for extinguishing fires [1]. Its advantages are cheapness and
ease of use, but the main disadvantage is low fire-extinguish-
ing efficiency. Only 5-10 % of the total volume of water
supplied for extinguishing reaches the center of the fire [2].

|DOI: 10.15587/1729—406142024.310371|

INFLUENCE OF
MODIFIED ADDITIVES

ON THE PROPERTIES OF
COMPRESSED AIR FOAM

Stanislav Shakhov

Corresponding author

PhD*

E-mail: lophennss@gmail.com

Stanislav Vynohradov

PhD, Associate Professor*

Anatoly Kodryk

PhD, Senior Researcher***

Oleksandr Titenko

PhD, Senior Researcher®***

Andrii Melnychenko

PhD

Department of Logistics and Technical Support

of Rescue Operations**

Dmytry Hryschenko?*

Evgen Grinchenko

PhD, Associate Professor

Research Laboratory on the Problems of Information
Technologies and Combating Crime in Cyberspace
Kharkiv National University of Internal Affairs

L. Landau ave., 27, Kharkiv, Ukraine, 61080
Liudmyla Knaub

Doctor of Technical Sciences, Professor
Department of Engineering Mechanic

Odesa Military Academy

Fontanskaya str., 10, Odesa, Ukraine, 65009
*Department of Engineering and Rescue Machinery**
**National University of Civil Defence of Ukraine
Chernyshevska str., 94, Kharkiv, Ukraine, 61023
***Department of Fire Extinguishing and Liquidation
of Emergency Situations

Institute of Public Administration and

Research in Civil Protection

Vyshhorodska str., 21, Kyiv, Ukraine, 04074

How to Cite: Shakhov, S., Vinogradov, S., Kodryk, A., Titenko, O., Melnychenko, A., Hryschenko, D., Grinchenko, E., Knaub, L. (2024).
Influence of modified additives on the properties of compressed air foam. Eastern-European Journal of
Enterprise Technologies, 4 (6 (130)), 38—48. https.//doi.org/10.15587/1729-4061.2024.310371

The rest remains excessively spilled and causes secondary
damage. Increasing the fire-extinguishing efficiency of wa-
ter is achieved by forming its solution with modified addi-
tives (hereinafter M As), which are inorganic compounds of
salts, foaming agents (hereinafter FAs), and flame inhibitors.

Compressed air foam (hereinafter CAF) has become
widespread in the form of industrial samples of fire extin-




guishing systems among the leading countries of the world, in
particular the USA, Germany, China, etc. It is used for extin-
guishing fires of both solid materials (class A) and flammable
liquids (class B). CAF has increased penetrating property and
drainage time, adhesion, high surface tension. It is character-
ized by greater fire-extinguishing efficiency compared to water,
which is achieved due to the technological process of generation
in special systems (Compressed air foam systems). Typically, in
terms of its content, CAF is formed from an aqueous solution
of FA (water+surface-active substances) and compressed air.
The main properties of CAF are expansion ratio and drain-
age time. They depend, among other things, on the composition
of the FA aqueous solution from which the foam is obtained [3].
The effectiveness of fire extinguishing depends on drainage
time and expansion ratio, therefore, studying the influence of
the composition of the aqueous solution of FA in CAF on its
properties is an urgent task in the field of fire extinguishing.

2. Literature review and problem statement

When examining the scientific results of research on the
properties of CAF, we have revealed the following.

In [4], the authors conducted a study on the analysis of the
distribution of foam bubbles by diameters, formed using CAFS
technology. The geometric dimensions of CAF were compared
with the dimensions of the foam formed by the air-mechanical
method. During the study, the parameters of the ratio of air/
aqueous solution of the foaming agent were changed. The au-
thors determined that with the help of CAFS technology, the
bubbles formed are more homogeneous, and the foam is highly
dispersed, compared to the parameters of air-mechanical foam
bubbles. At the same time, the study did not consider the in-
fluence of the parameters of the foaming agent solution on the
expansion ratio and drainage time of CAF.

In [5], the authors reported a study on varying the ratio
of FA aqueous solution/air, pressure in the system (CAFS),
and geometric parameters of 5 types of different nozzles for
supplying CAF on its drainage time and expansion ratio.
In it, the parameters of the geometric nozzles, their radius,
diameter, depth, and hole design varied. The expansion ratio
and drainage time of CAF with and without nozzles were
also compared. In turn, the authors claim that the ratio of
FA solution and compressed air has the primary influence on
the specified parameters. System pressure was a secondary
factor, and nozzle configuration had no significant effect. It
was determined that for “dry foam” with a expansion ratio
range of 10—20, the resistance is greater, relative to “wet”
and “moist” types of foam. In the study, the authors used a
class A foaming agent without extraneous impurities that
can significantly affect the properties of the foam.

The authors of [6] in part of the research revealed the
dependence of CAF drainage time on its expansion ratio from
the use of film-forming FA AFFF with a concentration of 3 %
in an aqueous solution. According to the results of research, it
was established that the CAF with a expansion ratio of 4 has a
drainage time of 1 min 50 s. A further increase in the expansion
ratio to 7 is accompanied by a 2.4-fold increase in drainage time
and is equal to 3 min 41 s. With an increase in the expansion
ratio to 10, there is no significant increase in drainage time, but
on the contrary, it decreases to 3 min 27 s. The reason for this
may be the quality composition of the aqueous solution of the
foaming agent from which this foam is obtained. However, this
effect was not investigated in the work.

In study [7], the authors evaluated the dependence
of the flow rate of an aqueous solution of FA in the range
of 0.1-31/min with a concentration of FA of 1 %, and the
influence of the flow rate of compressed air in the range of
12—141/min on the expansion ratio of CAF. The authors
found that an increase in the consumption of compressed
air and aqueous FA solution is accompanied by a decrease in
the expansion ratio of the foam. Thus, the lowest expansion
ratio of foam 4 was obtained with the consumption ratio
of FA aqueous solution and compressed air of 3/141/min.
A decrease in the flow rate of an aqueous FA solution to
1.51/min with a compressed air flow rate of 13 1/min is ac-
companied by an increase in the expansion ratio to 10. The
highest expansion ratio of 14 was recorded with a flow rate
of an aqueous FA solution below 0.51/min to ensure a com-
pressed air supply of 12 1/min. The authors also established
the relationship between expansion ratio and foam drainage
time. As a result of increasing the expansion ratio of foam
from 4 to 20, resistance increases from 100 to 950 seconds.
Such results are correlated with the studies of many authors,
but do not answer the question of the influence of modified
additives on the properties of compressed air foam.

The authors of [8] determined the interrelationship of
the influence of the ratio of consumption of an aqueous solu-
tion of FA/air on the expansion ratio of CAF with a further
assessment of its drainage time. It was determined that in-
creasing the expansion ratio of the foam from 20 to 26 leads
to a decrease in the drainage time of the foam by 1.6 times.
At the same time, it is not clear from the work whether the
composition of the aqueous solution of the foaming agent
affects the indicated indicators.

In work [9], the viscosity and drainage time of CAF with
FA AFFF were studied, adding chemical compounds to its
composition. Carboxymethylcellulose, xanthan copper, trieth-
anolamine and lauryl alcohol were added to the composition of
FA. The mass concentration in AFFF was varied in the range
of 0-2 %, 0-0.4 %, 0—4 %, and 0—3 %, respectively. As a result,
it was established that the drainage time of the foam increases
with the addition of carboxymethyl cellulose and xanthan but
decreases with the addition of triethanolamine and lauryl alco-
hol. The highest foam drainage time was established for AFFF
FA foam containing 0.4 % xanthan copper. It is worth noting
that the additives that were added to the aqueous FA solution
were chosen by the authors among organic compounds and do
not include inorganic modified additives that can have a differ-
ent effect on the properties of the CP.

The authors of [10] evaluated the properties of CAF, in
particular expansion ratio, drainage time and viscosity using
film-forming FA, with the addition of different concentra-
tions of xanthan copper in the range of 0.1-0.5 %. According
to the results, it was determined that the content of the addi-
tive has a slight effect on the surface tension of the solutions
but has an effect on the viscosity. Also, the additive did not
have a negative effect on the expansion ratio of the generated
foam but increased its drainage time. The optimal content of
xanthan copper, which was observed to increase the drain-
age time and decrease the viscosity of CAF, was 0.3 %.

In study [11], the influence of three sizes of nozzles of
the CAFS system for supplying CAF, 200 mm long with
holes with a diameter of 5mm, 10 mm, and 20 mm, was
studied on the size of the bubbles of the foam formed. Thus,
the average diameter of the foam bubbles for a nozzle with
an opening of 5 mm was 1.6 mm. An increase in the average
bubble diameter to 1.68 mm was observed when the nozzle



diameter increased to 10 mm. When using a nozzle with a
diameter of 20 mm, the largest diameter of the bubbles was
recorded, which is 1.78 mm. Thus, the authors claim a linear
correlation between the size of the nozzle and the size of the
bubble. It is also noted that when the diameter of the nozzle
is reduced, highly dispersed foam is generated, which is
characterized by increased drainage time. At the same time,
the work did not evaluate the composition of the aqueous
solution of the foaming agent on the properties of the foam.

One of the tasks in study [12] determined the relation-
ship between the expansion ratio and drainage time of the
foam using a 3 % concentration of FA AFFF. In the study,
foam expansion ratio 7, 10, 16, 24 were compared. The
shortest time was recorded for foam with expansion ratio 7,
which was 176 seconds. A further increase in the expansion
ratio to 10 was accompanied by an almost 2-fold increase in
drainage time and amounted to 316 s. When increasing the
expansion ratio to 16, no significant change in foam drain-
age time was recorded, the difference was 37 s. The highest
drainage time of the foam, namely 446 s, is characteristic
of the foam with a expansion ratio of 24. The authors em-
phasize that the drainage time of the foam increases as the
expansion ratio increases. The authors also did not evaluate
the influence of modified additives on the properties of
compressed air foam.

The authors of [13] investigated the influence of the geo-
metric parameters of static mixers in CAFS on the formation
of CAF with a conventional composition. The relationship be-
tween the ratio of the sides of the elements, the angle of tran-
sition and the number of elements on the expansion ratio of the
generated foam was established. In particular, the drainage
time of the generated foam was evaluated. The optimal struc-
ture, which ensures the formation of highly dispersed stable
foam, was substantiated. The influence of modified additives
on the properties of compressed air foam was not evaluated
by the authors, as well as the change of these properties when
adding modified additives in each static mixer.

According to the results of our review, it was found that in
the above studies on the properties of CAF, it is usually used
in the conventional composition (aqueous FA solution/com-
pressed air). However, research aimed at studying the proper-
ties of CAF by adding M A to its composition remained neglect-
ed by most authors. According to the results of the review [14],
it was found that the use of modified additives in aqueous
solutions significantly changes their properties, including those
that affect fire-extinguishing efficiency, which was confirmed
experimentally when extinguishing fires of various classes.

This allows us to state that it is appropriate to conduct
a study on the influence of MA in an aqueous solution of FA
CAF on its expansion ratio and drainage time.

3. The aim and objectives of the study

The purpose of our study is to identify the features of
the effect of modified additives on the properties of CAF.
From a practical point of view, the obtained dependences
make it possible to further determine the fire extinguishing
efficiency of compressed air foam with modified additives in
its composition.

To achieve the goal, the following tasks were set:

—to experimentally determine the properties of com-
pressed air foam with modified additives in its composition
and the expediency of their use;

— to compare the properties of compressed air foam with
modified additives with compressed air foam of conventional
composition.

4. The study materials and methods

The object of research is the properties of compressed air
foam with the use of modified additives: drainage time and
expansion ratio.

The main hypothesis assumes that the use of modified
additives in the composition of compressed air foam could
affect its drainage time and expansion ratio.

According to the DSTU EN 16327:2018 methodology,
we used the equipment shown in Fig. 1.

Fig. 1. Equipment for carrying out an experiment on
measuring the drainage time and expansion ratio of foam:
a — a foam collector: 1 — a foam collector with a draining

device; b — a photograph of the designed bench

The arrangement of the barrel for supplying foam to the
measuring bench (Fig. 2, @) met the requirements of DSTU EN
16327:20. During the research, an original designed sample of
the CAF generation and supply system was used (Fig. 2, b) [15].

a b

Fig. 2. Research equipment and conditions: @ — requirements

for placement of the barrel and bench according to DSTU EN

16327:20; b — photograph of placement of the experimental
sample and the bench; ¢ — a photograph of the system of
generation and supply of CAF of the original sample [15]

Evaluation of expansion ratio K and foam drainage
time S in accordance with the recommendations outlined in
DSTU EN 16327:2018. For each sample, the measurement of



S and K was repeated three times. The drainage time S was
determined by the time interval during which 50 % of the
liquid flows out of the generated foam by placing the foam
collector on a scale, while recording its mass loss.

Foam K was calculated according to the formula:

Vv

E=—\
Mz_M1

)

where Vis the volume of the foam collector, I;

M; — weight of the empty foam collector, kg;

M, is the mass of the foam collector filled with foam, kg.

MA for research was chosen according to [15]: ammoni-
um hydrogen phosphate (hereinafter (NH;),HPO,); ammo-
nium dihydrogen orthophosphate (hereinafter NH;H,POy);
ammonium carbonate (hereinafter (NH,)»,CO3); potassium
carbonate (hereinafter KyCOs3); potassium chloride (here-
inafter KCI). The concentration (hereinafter C) of MA in
the composition of CAF varied from 1% to 5%, taking
into account the analysis of the experience of predecessors
reported in [15].

In the study, the general-purpose FA “Bars S” was used,
with a concentration of P=6 % in an aqueous solution ac-
cording to the manufacturer’s recommendations.

5. Research results

3. 1. Results of experimental determination of proper-
ties of compressed air foam with modified additives

FA solution (94 % water and 6 % FA) from MA was pre-
pared for each experiment in a volume of 1 . According to the
proportions of MA D in the range of 1-5 %, their required mass
was determined, which was measured using electronic table
scales. The calculated masses of MA are given in Table 1.

Fig. 3. The process of preparing the solution:
a — control weighing of MA; b — preparation of FA solution
from MA in given proportions; ¢ — filling the capacity of the
system for the generation and supply of CAF

Fig. 4. Photograph of the research process: a — feeding CAF
to the bench; b — measurements of K and S of CAF

Table 2

Table 1 Effect of ammonium phosphates on Kand S of CAF
Calculated mass of MAs MA (NH,),HPO, | NH,H,PO,
MA MA mass m, g M 1)
concentration, % | NHH,PO, | (NH,),HPO | (NH,),COs | KoCOs [ KCI | |G | 1 ]2 |3 | 4] 5 [ 1123 ]4]5
1 10 10 10 10 10 K 6 4 5 6 4 51615 4 6
9 20 20 20 20 20 S, min [2.33| 2.3 [2.26]2.08| 1.9 |2.08|2.02|1.98|1.94[1.88
3 30 30 30 30 | 30 M 2(10)
7 0 0 0 0 |40 K |9 tt[tolo]to]tt]to]r0]11]10
5 =0 =0 =0 =0 150 | S min|284]267]258]2.81|2.98]2.18]2.33]2.47|259]2.75
M 3(15)
The process of preparing the working solution from MA K [ 141516 [14] 16 [ 15] 16| 14 | 15 | 16
is shown in Fig. 3. S, min|3.49]3.26]3.17[3.41| 3.66 |2.68|2.86]3.03] 3.223.38
The Guide for the Use of Class A standard provides for M 4(20)
three types of CAF according to K: “wet” with K from 1 to 5; K [21][19]21]20] 19 |21 20|21 |19 |20
“fluid”, K from 5 to 10; “dry or stiff” from 10 to 20. CAF K is S, min |5.20(4.90|4.72|5.11|5.45|3.99(4.23|4.51|4.78 | 5.03

regulated by the ratio of the consumption of the water solution
of FA and air and the pressure in the system. Taking into ac-
count the above, the pressure in the system was constant and
equal to 6 bar. The valves of the barrel of the CAF generation
and supply system were adjusted in such a way as to provide
4 modes (M1-M4) of the FA aqueous solution/air ratio, cor-
responding to K=5 for M1, K=10 for M2, K=15 for M3, and
K=20 for M4 for compressed air foam without additives.

Fig. 4 shows a photograph of the research process.

Table 2 gives the summarized results (average calculated
values) from studying the influence of ammonium phosphates
with Cin the range of 1-5 % on the properties of CAF.

Fig. 5 shows the dependence of the influence of ammoni-
um phosphates in the range of C 1+5 % in an aqueous solu-
tion of FA on the properties of CAF.

Fig. 6 shows the surface of the dependence of CAF prop-
erties on C of ammonium phosphates 1+5 %.

Equations (1), (2) for planes reflecting the dependence
of CAF properties on C (NH;),HPO, and equations (3), (4)
for planes reflecting the dependence of CAF properties on C
NH;H,PO are given below:

K=0.05-0.05-C+1.004-M, (1)



§=3.2637-0.6402-C—0.0903-K+0.081-C>+

+0.0143-C-K+0.0091-K?, )
K=0.525-0,075-C+0.996-M, (3)
5=2.5393-0.0533-C-0.1571-K—

-0.0169-C?+0.0241-C-K+0.0097-K>. 4)

Table 3 gives the summarized results (average calculated
values) from studying the influence of ammonium carbon-
ates, potassium, and potassium chloride with C in the range
of 1-5 % on the properties of CAF.

Fig. 7 shows the dependence of the effect of ammonium
carbonate in the range of C 1+5 % in an aqueous solution of
FA on the properties of CAF.

Fig. 8 shows the surface of the dependence of CAF prop-
erties on C of ammonium carbonate 1+5 %.

Equations (5), (6) for the planes, which reflect the depen-
dence of CAF properties on (NH4),COj3 C, are given below:

K=0.1-0.2-C+1.02-M, 6))
5=1.6505-0.1468-C+0.0333-K+
+0.0206*C?>-0.0002-C-K+0.0056-K>. (6)

Thus, it was possible to obtain stable compressed air foam
only with (NH),HPO,4 NH;H;PO, and (NH,),CO3 additives.

The next step was to determine the dependence of CAF
S on its K, without adding MA in order to further compare
the properties of the foam.
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Fig. 5. The effect of ammonium phosphates C in an aqueous solution of FA on the properties of CAF:
a — Kunder modes M1—M4 with (NH,4),HPO4 and NH4H,POy;
b — Staking into account K obtained under the M1—M4 regimes with (NH4),HPO4 and NH4H,PO4
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Fig. 6. Dependences of CAF properties for: a — K taking into account modes M1—M4 with (NH,),HPO4 and NH4H,POy;
b — Staking into account K obtained under the M1—M4 regimes with (NH4),HPO,4 and NH4H,PO4

Table 3
Effect of potassium, ammonium carbonates and potassium chloride on CAF Kand S
MA (NH{)»CO; | K»CO3; KCL
M 1(5)
C,% 1 2 3 4 5 | 3 | 4 5
K 6 > 1 1 > Foam does not form
S, min 1.78 1.71 1.63 1.58 1.55
M 2(10)
K 10 10 8 9 10 Foam does not form
S, min 2.57 2.44 2.31 2.36 2.4
M 3(15)
K 16 14 15 15 14 Foam does not form
S, min 3.16 297 2.84 2.91 2.95
M 4(20)
K 20 20 A 19 20 Foam does not form
S, min 4.71 4.49 4.23 4.33 4.39
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5. 2. Results of comparing the properties of com-
pressed air foam with modified additives and compressed
air foam of conventional composition

In order to compare the influence of types and C of MA
and CAF of conventional composition, the relationship be-
tween S and K of CAF for regimes M1—-M4 was determined.
Table 4 gives the results of determining K and S of the gen-
erated CAF without adding MA.

Comparison of the properties of CAF foam with MA was
carried out separately for each C (1; 2; 3; 4; 5). The resulting
graphical dependences are shown in Fig. 9.

R?=0.9377

S, min
[\S) W N (9, N B
, min
— N w N [0, N BN

K o (NH4)2HPO4, 1 %
(NH4)2C03, 1 %

CAF

R?=0.9377
R?=0.8012

4 8 12 16 20

b

24 4 8

Table 4
K and S of generated foam without adding MA
M K S, min
1 5 2.68
2 10 3.55
3 15 4.36
4 20 6.5

The plots in Fig. 9 clearly demonstrate that the drainage
time of the compressed air foam is reduced when modified
additives are used in compar-

ison with the conventional

compressed air foam.
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monium carbonate (NH,),COs3
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pressed air foam does not have
a negative effect on its expan-
sion ratio within 1-5% (Ta-
bles 2,3, Fig.5-8,a). During
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Fig. 9. Comparison of the properties of CAF with MA and with CAF of conventional
composition: @ — CAF without MA; b— CMA 1 %; c—CMA 2 %; d— CMA 3 %;
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solution, thus adsorbing ions
on the surface of the foam
bubbles, increases the viscos-
ity of the solution, and lowers



the surface tension, positively affecting the drainage time of
the foam. At the same time, potassium cations are metal cat-
ions that do not form hydrogen bonds and do not significant-
ly affect surface tension. In addition, carbonate (CO?) and
chloride (CI") anions also do not have foaming properties.

Regarding the drainage time of the foam, it was deter-
mined that with the use of NH;H,POy:

— under mode M1, there is a decrease in foam drainage
time by 19 % when the concentration of the additive is in-
creased from 1 % to 5 % (Table 2, Fig. 5, b, 6, b);

— under modes M2—M4 with an increase in additive con-
centration from 1 % to 3 %, there is a characteristic decrease
in foam drainage time by 10 %, with a further increase in
additive concentration to 4—5 %, an increase in drainage
time is observed. With the use of a concentration of 5 %, the
drainage time of the foam is 5 % higher relative to the drain-
age time with a concentration of the additive of 1 % (Table 2,
Fig. 5, b, 6, b).

Regarding the drainage time of the foam, it was deter-
mined that with the use of (NH,),HPOy:

— under mode M1, a decrease in foam drainage time by
10 % is observed when the concentration of the additive is
increased from 1 % to 5 % (Table 2, Fig. 5, b, 6, b);

— under modes M2—-M4, increasing the additive concen-
tration from 1 % to 5 % results in a characteristic increase in
foam drainage time by 26 % (Table 2, Fig. 5, b, 6, b).

For both additives, the increase in foam drainage time
with increasing additive concentration can be explained by
an increase in the amount of phosphate anions that can form
complexes with metals and other ions that may be present in
the foaming agent solution, thereby stabilizing the foam. The
difference in the change in foam drainage time under mode
M1 and modes M2-M4 requires additional theoretical and
experimental research.

Regarding foam drainage time, it was determined that
with the use of (NH4),COs:

— under mode M1, there is a decrease in foam drainage
time by 13 % when the concentration of the additive is in-
creased from 1 % to 5 % (Table 3, Fig. 7, b, 8, b);

— under modes M2—M4 with an increase in additive con-
centration from 1 % to 5 %, there is a characteristic decrease
in foam drainage time by 7 % (Table 3, Fig. 7, b, 8, b).

The decrease in foam drainage time when adding
((NH4)2CO3 compared to NH;H,PO,; and (NH,),HPO4
can be explained by the presence of carbonate anions, which
are less effective in foaming compared to phosphates.

When comparing the properties (Fig. 8, b—/f) of com-
pressed air foam with modified additives and compressed
air foam of conventional composition, the following was
established:

— when comparing the modified additives NH;H,POy,
(NH,),HPO,, (NH,),COs3, a characteristic dependence was
revealed regarding the effect on the expansion ratio of foam,
namely, the presence of a concentration from 1 % to 5 % has
the same character. Under modes M1-M4, it is possible to
provide the necessary foam expansion ratio in the range from
1 to 20. This also correlates with previous assumptions about
the positive effect of ammonium cations on foam formation
and the absence of destructive action of other ions;

— when comparing the modified additives NH;H,POy,
(NH4)2HPOy4, (NHy4),COs, the peculiarities of the influence
of the concentration and type of the modified additive in
the compressed air foam on its drainage time were revealed.
Thus, the greatest drainage time is characteristic of three types

of additives using the M4 generation mode (K 20). The highest
recorded drainage time index was established for NH;H,POy,
namely 5.45 min, for (NH;),HPOj the drainage time is lower
by 8 %, for (NH4),CO4 the drainage time is lower by 20 %. This
is explained by the stronger effect on foaming of the amount of
phosphate anions that stabilize the foam and, on the other hand,
the less significant effect of carbonate anions;

— when comparing the effect of NH;H,POy, (NHy),H-
POy, (NH4)2CO3 in the composition of compressed air foam
with foam without the content of modified additives, it was
found that the required expansion ratio range (K=5-20)
can be provided. As for the drainage time of the foam, it
is characteristic of the specified additives to obtain a foam
with lower drainage time, relative to the foam of a conven-
tional composition. Thus, for mode M4, the drainage time of
foam with NH4;H,POy is lower by 17 %, with (NH4),HPO4
by 23 %, and with NH,),CO3 by 33 %. Although usually
ammonium salts increase the stabilization of the foam and its
drainage time, our results can be explained by an excessive
effect on the viscosity, a significant increase of which leads
to the formation of a non-uniform foam that quickly col-
lapses. In addition, ammonium salts can interact with other
components in the general-purpose foaming agent “Bars S”,
thereby inhibiting their action and reducing the efficiency of
foaming. Therefore, it will be appropriate to conduct similar
experiments with other foaming agents in the future.

A comparison of the properties of foam with K,CO3 and
KCL was not carried out since the generation of compressed
air foam is not possible, which is due to the negative effect
of the specified additives on the foaming agent solution and
foaming ability. It is not advisable to use them as part of
compressed air foam.

Owing to our experimental results (Table 5, Fig. 7), in
contrast to [5—14], the influence of modified additives in
the aqueous solution of FA CAF on its expansion ratio and
drainage time was revealed.

As a limitation of the conducted research, it should
be taken into account that the influence of the types and
concentrations of modified additives on the dispersion and
homogeneity of compressed air foam bubbles was not deter-
mined. The specified properties also affect its fire-fighting
effectiveness, in particular, durability.

The shortcomings of this study include the fact that the
results of studying the influence of types and concentrations
of modified additives were conducted using one type of
foaming agent “Bars-S”. In the case of using other types of
foaming agents, the effect of these modified additives may
have a different effect.

Despite the negative effect of modified additives on foam
drainage time, this property is dominant during the extin-
guishing of flammable liquids, as it depends on the ability to
isolate the surface of the combustible liquid from the access
of oxygen for a certain time. In turn, during the application
of compressed air foam for extinguishing solid combustible
substances and materials, cooling is the dominant property.
In addition, modified additives have the ability to inhibit
the combustion reaction and create a protective film on the
surface of the material.

Therefore, the development of our research in the future
is to determine the fire-extinguishing efficiency of com-
pressed air foam with modified additives during the extin-
guishing of laboratory cells of solid combustible materials in
comparison with the conventional composition of CAF.



7. Conclusions

1. The properties of the compressed air foam (drain-
age time and expansion ratio) with modified additives
(NH,),HPO,, NH,H,PO,, (NH,),CO;3, K»CO3, KCl in
the composition of the aqueous solution of the foaming
agent with a concentration ranging from 1 % to 5 % have
been determined experimentally. It was established that
the presence of additives ((NH4)2HPOy), (NH;H,POy),
((NH4)2CO3) within the specified limits do not have a
negative effect on the expansion ratio of the compressed
air foam. When using (K,CO3) (KCI) with a concentra-
tion ranging from 1 % to 5 %, it was not possible to obtain
foam. Quantitative indicators of the drainage time of the
compressed air foam with (NHy),HPO4, NH;H,PO,4 and
(NH,),CO3 additives in the aqueous solution of the foam-
ing agent were determined.

2. The properties of the compressed air foam with mod-
ified additives (NH,),HPO,, (NHsH,POy), (NH,)2CO3)
with their concentration in the aqueous solution of the
foaming agent in the range from 1 % to 5% were com-
pared with each other and with the compressed air foam
of the conventional composition. It was determined that
the presence of these additives in the compressed air
foam does not affect its expansion ratio. For foam drain-
age time, NH4;H,PO, foam has the highest drainage
time recorded (5.45 min), (NH4)oHPO, foam has 8 %
lower drainage time, and (NH4),CO3 foam has 20 %
lower drainage time. Comparing the drainage time of
foam with modified additives with foam of convention-

al composition, it was established that the presence
of modified additives NH4H,POy4, (NH;)sHPO, and
(NH4)2COs3 in the composition of compressed air foam
reduces its drainage time index by 13 %, 23 %, and 33 %,
respectively.
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