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Abstract

A new method of foam concrete production by use of vortex jet apparatus (VJA) is studied.
The foam produced by VJA exhibits high stability and narrow size distribution of the bub-
bles’ diameter and the latter correlates well with diameters of foam concrete pores. VJA is
a compact device allowing to generate foam without compressor, inhausting the air from the
ambience resulting from vacuum in the center of vortex flow. Owing to additional opportu-
nities (compared e.g. with usual axial ejector) like ability to suck the air, longer residence
time and higher kinetic energy transformed further into dispersion of the bubbles new device
lets to control the parameters of the foam and the density of the foam concrete, thus allowing
to create foam with smaller diameter of the bubbles and higher stability. A mechanism of
large pores isolation during water absorption tests was proposed. Main properties of foam
concrete produced in this study: real and apparent densities, open and total porosities, ther-
mal conductivity and thermal capacity, water absorption, compressive and flexural strengths
have been measured; their values fully meet the requirements of Russian and French stand-
ards. The main part of pores was attributed to the open porosity because of very close values
of total and open porosities. Equations characterizing relative mass of water absorbed by
the foam concrete and the fraction of open porosity filled with the water were found as
functions of apparent density. It was found that foam concrete production with wide range
of densities (from approx. 480 till 1640 kg/m”) is easily attainable by means of VJA. Hence,
the VJA could be used as an effective tool for foam generation and foam concrete production.
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1 Introduction

Foam concrete (to be more exact - auto-
claved aerated concrete (AAC), also known
as autoclaved cellular concrete (ACC)) pro-
duction method was proposed and patented
by a Czechoslovakian, Mr. E. Hoffman for
the first time in 1889. The aeration was pro-
duced by carbon dioxide generated in the re-
action between hydrochloric acid and lime-
stone. Powdered aluminium and calcium hy-
droxide were used as aeration agents in ce-
menting mixtures by Aylsworth & Dyer in
the USA in 1914. Later it was perfected in
the mid-1920s by the Swedish architect and
inventor Dr. Johan Axel Eriksson, working
with Professor Henrik Kreiiger at the Royal
Institute of Technology [1].

Both generation of stable foams and out-
looks of foam concrete production are exten-
sively studied in several works. In the recent
review of Amran et al. [2] an extended view
on the foam (or 'foamed') concrete has been
done. Foamed concrete is defined in their
work as a light cellular concrete which can be
classified as a lightweight concrete (density
of 400-1850 kg/m’) with random air-voids
created from the mixture of foaming agents
in mortar. Some citation from Amran et al.
review [2|: "Historically, the Romans first re-
alized that by adding animal blood into a mix
of small gravel and coarse sand with hot lime
and water and agitating it, small air bubbles
were formed making the mix more workable
and durable. Over the past 20 years, substan-
tial improvements in production equipment
and better superplasticizers, foaming agents
have permitted the use of foamed concrete in
a larger scale and many efforts have been
made to study the characteristics and behav-
ior of foamed concrete comprehensively in or-
der to simplify its usage in structural appli-
cations."

Foam concrete possesses following supe-
rior properties: 1) low density which allows
to the raw materials,

to save spends

transportation and operations costs; 2) ther-
mal conductivity; 3) fire resistance; 4) acous-
tic impedance; 5) easier operations like drill-
ing, sawing etc.

There are two different technologies of
foam concrete production in general. First
one is known as AAC (autoclaved aerated
concrete) or ACC (autoclaved cellular con-
crete) and produced with the use of gas (hy-
drogen) generated during any reaction be-
tween reactants added into the cement mor-
tar (the most popular are limestone and Alu-
minum powder for the further reaction be-
tween CaO, Al and water). The reactions are
known:

2A1 4+ 6H20 = 2A1(OH)3 +3Ho;

2A1 + 3Ca(OH)2 = Cas(AlO3)2 + 3Ha;

2A1(OH)3 + Ca(OH)2 = Ca[Al(OH)4]o.
For the production of autoclaved aerated
concrete not only Aluminum, but special
equipment — autoclave and additional energy
is needed.

The second kind of foam concrete tech-
nology uses the mixture of cement, sand and
water (cement mortar) with foam prepared
beforehand. For this method a foaming agent
is only compulsory component. Gas is usually
an air blowing with the compressor. In this
paper we will show opportunity to avoid the
use of compressor and therefore to decrease
the total costs of foam concrete production.
Autoclave could be also used but for acceler-
ation of foam concrete hardening some spe-
cial additions could be used.

In this paper we will discuss the fact that
not only foaming agents, but the method of
foam production, as well as the cement mor-
tar to the foam ratio control the concrete
density through a size and distribution of air
bubbles created in the cement paste mixture.
Foam bubbles are defined in [2] as enclosed
air-voids formed due to the addition of foam-
ing agent. The foaming agents are commonly
synthetic, protein-based, detergents, glue res-

ins, hydrolyzed protein, resin soap, and
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saponin [2], often the waste of food produc-
tion or farm waste. An extended review of
foam concrete preparation was performed in
[2]. Some references of [2] are used hereinafter
for the analysis the state of art.

The influence of foaming agent on the
properties of foam concrete has been studied
in [3-6]. The content of the foaming agent
has a considerable effect on properties of both
fresh and the hardened concrete. It is re-
ported that the excessive foam volume results
in a drop in flow |7, 8|. However, the flow is
significantly affected by mixing time and
therefore with the energy introduced into the
flow. As reported, the greater the mixing
time, the more is the amount of the entrained
air, albeit, prolonged mixing may cause the
loss of entrained air by dropping the air con-
tent and by destruction of the foam walls di-
viding the bubbles [9, 10].

As indicated in [2], the stability of foam-
ing agent should be confirmed according
ASTM C 869-91 and ASTM C 796-97 test
procedures [11-13|. Typical values of the air
voids range in most foamed concrete applica-
tions is between 6% and 35% of the total vol-
ume of final mix [14]. As introduced by ACI
523.3R-93 [15] the foam is produced by
blending the foaming agent, water and com-
pressed air (generated by an air-compressor)
in pre-calculated proportion ratios in a foam
generator calibrated for a discharge rate. An-
other production process was also introduced
by Valore Jr. and by Taylor [16-18|. In their
approach, the foam quality was influenced by
the dilution ratio of the foaming agent, the
process of forming, the compressed air den-
sity and pressure, and the adding and blend-
ing process with the mortar. In the presented
paper we will discuss among the other issues
the modified foam generation process, where
the air is not to be compressed due to ability
of foam generator to suck in the air from the
ambient atmosphere.

The foam quality was of great im-
portance because it represented the stability
of foamed concrete and also it affected the
strength and stiffness of the resultant foamed
concrete [19]. In foamed concreting, the com-
pressive strength is mostly affected by the
foam content rather than its reliance upon
the water/cement ratio [20]. Particularly, the
compressive strength of foamed concrete is
highly influenced by the type of foaming
agent such as by protein based foaming agent
more than synthetic foaming agent [4].

Wee et al. [21]
through both experimental and numerical

However, reported
studies, that the inclusion of air bubbles in
foamed concrete is more influential on com-
pressive strength than on modulus of elastic-
ity. It was recommended in general to add
the foam immediately after its production in
a viscous state to guarantee the stability of
the foam. Stability can be further achieved
by addition of foam stabilizing fluorinated
surfactant into the foamed concrete [22]. In
the presented work the foam with increased
stability was used, therefore this problem is
not so acute.

Not only foam content but water/cement
and sand/cement ratios as well as quality of
water [2] have strong influence on the prop-
erties of foam concrete. A water requirement
in foamed concrete depends upon the constit-
uents and the use of admixtures. Water con-
tent is also governed by the uniformity, con-
sistency and stability of the desired
mix [23, 24].

It was reported that low water content
caused the mix to be too stiff and bubbles
broke during mixing which resulted in an in-
creased density [19, 25|. Similarly, at high
water content, the slurry was too thin to hold
the bubbles which caused segregation of the
foam from the mix and consequently the final
density was increased [19]. Hence, some opti-
mal water concentration in the slurry looks
as solution to retain bubbles. Valore Jr. [18]
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reported that whenever the water/cement ra-
tio was increased the sand proportion should
be increased as well. He also noted that the
addition of the proper amount of water in a
mix should be visualized by consistency ra-
ther than by a predetermined water/cement
ratio [16, 18].

It was recommended that the water to
cement ratio should be minimized because
the excessive volume of water causes segrega-
tion of foamed concrete during casting which
affects the workability performance [26].

In general, the water to cement ratio
range was suggested to be from 0.4 to 1.25 or
in a range from 6.5% to 14% of the target
density [27, 28|. The amount of water must
be appropriate to guarantee that the worka-
bility of the premixed paste or mortar was
acceptable for foamed concrete fresh design
mix. Otherwise, the cement would absorb
water from the foam and cause rapid degen-
eration of the foam [11, 28, 29|. As discussed
in [2], the optimum water/cement ratio
should be limited between 0.5 and 0.6 as sug-
gested by British Cement Association [29].

The role of plasticizers used to improve
workability and to stabilize the compatibility
of foamed concrete is also discussed in [2].
They are practically defined as water-reduc-
ers used to increase the performance of fresh
concrete by easing its mobility and plasticity;
however, no significant effects on concrete
segregation were observed [30, 31]. One of the
most popular plasticizers in the foamed con-
crete production is fluorosurfactant (FS1). As
mentioned in [2], the FS1 is generally used to
reduce the amount of mixing water and also
marginally accelerates the strength gain of
the produced foamed concrete. The plasticiz-
ers content is approximately between 0.45%
and 5% of foaming agent volume [32].

Fibers used in the foamed concrete are
either synthetic or natural fibers, namely: al-
kali resistant glass, kenaf, steel, oil palm fi-
ber, and polypropylene fiber [14, 33-35]. The

volumetric fraction of these types of fibers
range was lying between 0.25% and 0.4% of
the total volume of mix design constituents
[36]. Previously, it was reported that a signif-
icant improvement of mechanical and impact
properties was observed when the foamed
concrete was reinforced with polypropylene
fibers [37, 38]. It was later revealed that the
usage of fiber reinforcement could change the
typical behavior of foamed concrete from
brittle into ductile elastic—plastic [38].

In the review of Amran et al. [2] some
recommendations of foamed concrete mix
proportion are presented. There are no spe-
cific mix proportion methods to obtain tar-
geted properties in foamed concrete. How-
ever, some trial and error methods are uti-
lized to design the appropriate mix such as
net water content, content of foam by per-
centage, and binder content. These methods
are considered to be sufficient calculation
techniques to propose the desired strength
[33, 39]. Kearsley [40] proposed the system of
two equations in order to calculate the mix
proportions based on cement and the foam
contents.

There are two techniques that could be
used in the process of foam concreting; pre-
foaming method and mix-foaming method.
The pre-foaming method encompasses gener-
ating the base mix (mortar) and stabilizing
the preformed aqueous foam independently.
Then, the foam is completely blended into
the base mix. The pre-formed foam could be
produced by either so-called ‘dry’ or ‘wet’
method.

The ‘dry’ foam is generated by pushing
the foaming agent solution over sequences of
high density constraints and by pushing com-
pressed air concurrently inside a mixing
chamber. The dry foam is quite stable and
generates bubbles with sizes smaller than 1
mm. The small sized bubbles facilitate a sta-
ble and uniformly blend of foam with the
basic material in order to produce pumpable
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foamed concrete [6]. The ‘wet’ foam is gener-
ated by spraying the foaming agent solution
through a fine mesh, the ‘wet’ foam bubble
size is generally between 2 and 5 mm and the
foam produced is somehow less stable com-
pared to the dry foam [41]. In the presented
paper we will discuss the opportunity to pre-
pare ‘dry’ foam by means of other technique.

In the mixed foaming method, the sur-
face active agent is practically mixed along
with base-mix constituents specifically ce-
ment slurry during the mixing process and
the obtained foam results in a cellular struc-
ture in the foamed concrete [42].

For the discussion about properties of
foam concrete in fresh and matured condi-
tions and the analysis of the influencing fac-
tors we recommend to attend to the review
of Amran et al. [2] as well as the papers men-
tioned in their work. It is worth noting to
mention that an increase in water/cement ra-
tio and reduction of the foam content propor-
tionally increase the plastic density and re-
duces the consistency and rheology of foamed
concrete [7]. It was reported that the con-
sistency of foamed concrete was reduced
when the foam content was added due to a
higher volume of air content while addition
of superplasticizers increased the flow
rate [12].

An extended overview of foam formation
was the topic of Pugh’s paper [41]. High sta-
bility of foams prepared from detergents, pro-
teins, long-chain fatty acids was shown. As
stated in [41], lifetimes increase exponentially
with concentration of surfactant and a plot of
foam lifetime versus concentration, produces an
S-shaped profile. In these systems, the film
thinning times are relatively short (compared
to the total foam lifetimes) and the stability of
these systems is controlled by the balance of
interfacial forces which equilibrate, after drain-
age has been completed. The films are usually
fairly thin (within the range of the intermolec-
ular forces), and, in the absence of external dis-
turbances

(evaporation, vibrations,
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temperature gradients etc.) then the foams can
remain stable almost indefinitely.

The motivation of this paper is to
study the advantages of recently developed
vortex jet apparatus (VJA) [43 - 49] applied
for foam generation with following foam con-
crete production. In our previous research the
ability to obtain very stable foam with quite
small bubbles has been shown. It is worth
noting to mention that the stability of the
foam (time of half-decay of the foam in the
glass) was approximately 5 times higher
(3200-3800 sec) than it is necessary (720 sec)
according to Russian Standards (GOST) for
the foam used for fire extinguishing with first
used foaming agent (PO-6SP) and between
5200 and 8100 second for the foam prepared
with the second foaming agent (GreenFroth
frother, Ttaly).

The aims of the paper are to study
experimentally the properties of the foam
concrete obtained by the new method (first
aim) as well as to build up the cause-and-
effect relation between the process parame-
ters of the foam concrete production process
by means of new method and the main prop-
erties of foam concrete (second aim, see also
section Theory and calculation for details).
2 Materials and methods

Samples have been produced by means of
vortex jet apparatus (section 2.1) in the la-
boratory at the department of Optimization
of Chemical and Biotechnological Equipment
of Saint Petersburg State Institute of Tech-
nology and further experimental analysis
(section 2.2) was made in the Research center
of Material Science (‘C2MA’) of Ecole des
mines d'Alés (in 2017 renamed as IMT Mines
Ales).

2.1 Description of Vortex jet apparatus
(VJA) and its advantages concerning foam
preparation

The main feature of the vortex jet appa-
ratus (VJA) [44] (Figure 1) compared with
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conventional axial jet devices (ejectors) is
that a workflow is fed into tangential inlet 5,
whereby the flow is swirled. Moving from the
cylindrical zone 2 in the tapered region of a
confuser, adjacent to the neck 3, the radius
of rotation of the workflow is reduced result-
ing in increase of the angular velocity as well
as the increase of the tangential component
of velocity. In addition, due to the tapering
shape of the confuser 2 the axial component
of velocity at the neck 3 also reaches its max-

imum.
1
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Figure 1 — Schematic of vortex jet
apparatus [44]: 1 — nozzle; 2 — confuser;
3 — neck; 4 — diffuser; 5 — tangential inlet

Thus, in the entrance to the neck, axial
and circumferential components of the fluid
velocity have a maximum value. As a result,
the kinetic energy of the flow increases in
VJA more rapidly compared to the conven-
tional jet devices (ejectors). Indeed, the spe-
cific kinetic energy in a conventional jet de-
vices consists of only the axial velocity com-
ponent w, (see Figure 1) Ey gjece = pwi/2. In
a vortex jet apparatus, due to the tangential
feed of the active flow, in addition to the ax-
ial velocity component w, a tangential veloc-
ity component wy also acts, therefore the spe-
cific kinetic energy in the VJA contains both
translator and rotational terms as follows:

Exvja = p(WwZ +w2). Hence the higher is
tangential velocity, the larger is difference be-
tween specific kinetic energy for VJA, e.g. at
real VJA values
wa = 5.46 m/s, wy = 22.38 m/s and for usual

typical for water in
ejector with a straight active phase supply
(we = 5.46 m/s) we found

Exvja = 260.2kPa > Ey gject = 9.8kPa.

Because of the high fluid velocity in the
annular gap, in accordance with the energy
conservation law, the pressure becomes min-
imal in this zone. Namely, as shown by our
experiments, the local pressure sinks to the
value minus 98 kPa (vacuum, or 2 kPa of re-
sidual pressure), which leads to the “cold boil-
ing” of liquid (cavitation), and the gas bub-
bles form a rotating conical cord in the cen-
tral part of the apparatus.

One of the substantial advantages of
VJA is that this device combines two impacts
on the foam: so-called condensation method
(i. e. creation of the bubbles by means of
pressure drop lower that saturation pressure)
and dispersing method (by means of high
level of shear stresses, elongation of bubbles
and some types of instability).

Foam is a disperse system consisting of
cells — gas bubbles separated by liquid films.
Usually, gas is regarded as the discontinuous
phase and the liquid is a continuous phase.
Properties of foams are largely determined by
the conditions of their production, factors in-
fluencing their properties and destruction.
There are the following main properties char-
acterizing the foam system: foam-forming
ability of the solution; multiplicity; stability
(sustainability); dispersion.

Foam is widely used in many industries
and in everyday life: foam detergents; in fire-
fighting; for the production of hydro and
sound insulation, foam concrete; the use of
froth flotation for the beneficiation of mineral
resources; it is widely used for the manufac-
ture of heat- and sound-insulating materi-
als, etc.
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In [46] the application of vortex jet ap-
paratus as a foam generator was investigated.
For laboratory studies of VJA foam generat-
ing installation was assembled, including
glass model of VJA with diameter of the wid-
est part of diffuser and confuser of 50 mm
and neck diameter of 10 mm. A copper tube
with an inner diameter of 4 mm and outer
diameter of 6 mm was used as a nozzle, which
was furnished with the sealing unit allowing
adjustment of the axial position of the nozzle.
The VJA was fed with a 6% solution of foam-
ing agent PO-6SP (synthetic hydrocarbon bi-
odegradable frother). Foam from the VJA
was fed into a cylindrical organic glass collec-
tor with a diameter of 400 mm and a volume
of 30 liters. Foam stability was determined as
the time of the destruction of 50% of the vol-
ume of foam in the 1 liter laboratory gradu-
ated cylinder made of glass. The results of
the experiments are presented in Figure 2.

Two types of experiments have been per-
formed: 1) with an immersion of the outlet
pipe of the VJA under a layer of water;
2) without immersion. In the first case, a
swirling flow moving along the walls of the
diffuser in the VJA was formed, and there
were additional air suction through the outlet
of the VJA, i.e., through the diffuser. It also
led to some reduction in performance of lig-
uid (Figure 2).

Otoams
L/min
250

200
150

100
2

Ows m’/hour

50

0.8 1 12 1.4
Figure 2 — The dependence of the VJA foam
performance on the fluid flow rate:

1 — with immersion of VJA diffuser; 2 — without

immersion of VJA diffuser

Research at this stage has led to the fol-
lowing results:

1) Vacuum achieved in the VJA allows
injecting air into VJA without using com-
pressor, at least for low expansion foam.

2) The ratio of the foam, or expansion
ratio, or multiplicity (volume of the foam re-
lated to the volume of liquid used for foam
production) obtained in the VJA in the stud-
ied range of feed water flow rates (from 0.85
to 1.4 m’/h) ranged from 7 to 11 and was
weakly dependent on the location of the ex-
haust pipe (immersed under the liquid level
or above it).

3) It is possible to obtain quite fine foam
with high stability in VJA. The stability of
the foam obtained in the VJA was higher
than 3200 s (at the expansion ratio of the
foam of 7), and reaches 3800 s (at the expan-
sion ratio of 11-12). This makes it possible to
rely on the preservation of stability of the
foam during its transportation through pipe-
lines to process up to several tens of meters
that can be used both to extinguish the fire
[46], and in the production of foam con-
crete [49].

Pressure at the input of frother water so-
lution (active phase) was 1.375 bar and at
the entrance of air (induced phase) into the
nozzle it was in the range of —4 to —4.5 kPa
(vacuum). Frother water solution flow rate
was kept as high as 1.25 m3/ h in all cases.

The conditions of samples’ preparation
are presented in Tables 1 and 2. Table 3 rep-
resents foam concrete mix proportion during
GreenFroth frother (Italy,
made from the animal waste) was used for

experiments.

foam production in further experiments.
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Table 1 — Conditions of samples’ preparation (samples 1-16)

Sample

112131456

number

7

8 |9 10111213 |14 |15 |16

Grade of ce-

ment

CEM I 425N (M500 D0*)

CEM I 32,5N (M400*)

Raw weight
of the sam-

0.385
0.350
0.360
0.155
0.155
0.155

ple, kg

0.420

0.420
0.160
0.160
0.220
0.220
0.220
0.230
0.230
0.230

Raw appar-

605
605
605

ent density,
kg/m’

1500
1370
1400

1640

1640
625
625
860
860
860
900
900
900

*According to Russian State Standards (GOST)

Table 2 — Conditions of samples’ preparation (samples 17-28)

Sample

17 | 18 | 19 20 21

number

22 23 24

Grade of
cement

CEM II 42,5N (M500 D20

Raw weight
of the sample,
kg

0.130
0.130
0.130
0.170
0.170

0.170
0.370
0.370
0.370
0.240
0.240
0.240

Raw apparent
density,

507
507
507
664
664

kg/m3

664
1445
1445
1445

930

930

930

Table 3 — Foam concrete mix proportion for preparation in VJA

A t
Pparen 500
density, kg/m3

600

800 1000

Cement, kg 300

310

320 350

Sand, kg 100

210

400 560

Water, liter 150

160

160 180

Foam, liter 750

680

550 430

2.2 Apparent density

Apparent density was measured by two
methods: 1) geometrical method and 2) open
porosity method (according to the French
National Norms NF P18-459).

Geometrical measurements of the sam-
ples dimensions were performed by means of
sliding caliper with accuracy of 0.02 mm,
their cross-section has been measured at the

76

both ends of sample and then the mean value
has been found for each of them. Before
weighing and sizes’ measurements the sam-
ples have been cut by diamond saw with elec-
trical drive. The weight of the samples has
been defined by means of scales ‘Mettler PM
2000’ (maximum weighing capacity 2100
grams, readability 0.01 gram, reproducibility
0.005 gram). The scales were placed onto sta-
bilized table with stone tabletop. The air in
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the room was conditioned: temperature was
stabilized at 20.4-20.5 °C, relative humidity
was held at 50%. The balance was covered
with the carton box from four sides to avoid
impact of air flows to the readouts of the de-
vice.

The scales has been preloaded with the
piece of the concrete (574 grams) for im-
provement of the precision of measurement
(to work in the middle range of the scales).
The mass of samples lied between 112 grams
and 384 grams.

Open porosity measurements method is
described below in the corresponding section.

2.8 Real density

Real density of the bulk solid was meas-
ured by means of automatic pycnometer ‘mi-
cromeritics AccuPyc 1330’ of Micromeritics
Instrument Corporation, used with helium
gas after vacuumization.

The samples have been dried in a drying
cabinet at 105 °C within 72 hours, and then
milled in the laboratory scale vibrational mill
within 8 second till the maximum size of the
powder of 0.01 mm has been obtained. Scales
used for the mass measurements Sartorius
QUINTIX124-1S (maximum weighing capac-
ity 120 grams, readability 0.0001 gram).

Two samples were taken from each pow-
der; the results (mean real density of solid
powder) were compared and have been very
close (the difference not exceeded 0.3%). For
each sample 3 measurements were made, av-
erage values and standard deviations were
calculated as mean for two sets of 3 measure-

ments.
2.4 Open porosity

Open porosity of the samples was meas-
ured according to the French National Norms
NF P18-459. Samples with dimensions 40
mm x 40 mm x L (L was in the range of 60-
70 mm) were dried within 36 hours in the
drying cabinet at 90°C. The samples have

been exposed in the vacuum chamber at
25 mbar within 4 hours, and then the water
at ambient temperature was fed into the
chamber. The samples have been immersed
into the water within 24 hours, first under
vacuum, and then the pressure was set to the
atmospheric level for the full saturation of
the pores in the foam concrete structure.

After saturation the samples of foam con-
crete have been weighed by means of scales
‘Mettler PM 2000 mentioned afore in section
2.2 by two different ways: 1) on the scalepan
immersed in water (so called hydrostatic
weighing) and 2) by usual way after wiping
with the wet cloth wringed out to prevent
excess wiping of the samples. The results of
weighing were calculated according to the NF
P18-459 recommendations.

2.5 Total porosity

Samples with dimensions
40 mm x 40 mm x L (L = 60-70 mm) were
dried within 36 hours at 90 °C and weighed
after cooling down the room temperature
(mass of sample Mary). The samples have
been exposed in the vacuum chamber at 25
mbar within 4 hours before the tap water was
fed into the chamber. The samples have been
submerged into the water within 24 hours. It
is worth noting to mention that even after
1819 hours of wetting of the samples some
of them were not drown in the vacuum con-
ditions in the chamber. They drowned just
when the tap on the vacuum chamber has
been opened, allowing the water to penetrate
into the pores at ambient (atmospheric) pres-
sure.

After full impregnation the samples have
been weighing by two methods: first sub-
merged (drawn) in the water (mass Muwater)
and then after short wiping by wet serviette
of extend water (but not the capillary water
in the pores) (mass Mai).

Scales used for the mass measurements
was ‘Mettler PM 2000’ (for further details of
the scales look at the section 2.2).
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Totally open porosity of 10 samples with
different density has been measured. For this
alms pycnovolumetrical tests by automatic
pycnometer ‘micromeritics AccuPyc 1330’
have been performed. Examples were milled
within 8 seconds in the vibrational mill till
the powder substance and dried within
72 hours at 105°C. For each powder sample 3
measurements of real density preal were made,
average value and standard deviation were
calculated at once. Two samples were taken
from each powder; the results were compared
for repeatability. Resulting average value and
standard deviation were calculated for 6
measurements set.

2.6 Thermal conductivity and thermal
capacity

Thermal diffusivity being measured first
by means of flash method by means of Linceis
XFA device (method of transient thermal dif-
fusivity of the heat impulse created by laser
beam). For this aim the discs of foam con-
crete and usual concrete with thickness of 3
mm and diameter of 25 mm has been cut.
Unfortunately, both for concrete and foam
concrete the method gave approximately 100
folds smaller values compared with the pub-
lished in the literature. This effect could be
probably attributed to the non-isotropic
properties of very thin samples, for which the
sizes of the pores are comparable with the
thickness of the samples. The other reasons
could also have some impact.

For further investigations we have cho-
sen method of transient thermal conductivity
measurements using a device ‘Neotim FP2C’
equipped with a combined thin film sensor
including small diameter V-type wire heater
(heat source) and a thermocouple. The film
sensor was located between two pieces of
foam concrete belonging to the same piece of
foam concrete (made in the same batch) and
therefore having identical properties. Sizes of
the pieces were 40x40x60 mm®. Additional
load (approx. 0.5 kg) to the upper piece has

been applied to improve the thermal contact
between thermocouple and foam concrete
pieces. The software supplied with the device
has been used for continuous detection of the
temperature at the surface between two
pieces. To control the stability of the temper-
ature before each measurement test the tem-
perature has been measured with the accu-
racy of 0.01°C; steady state was postulated if
the measured temperature was constant
(£0.01°C) within at least 1 minute. The
power of the heat source was adapted accord-
ing to the recommendations of the ‘Neotim’
producer concerning the expected thermal
conductivity of samples. Each measurement
was repeated 2—4 times to obtain acceptable
repeatability. Response curves were analyzed
in automatic mode by means of specialized
software provided with the device, which has
checked until the line in logarithmic scale
could be satisfactory described by linear low,
corresponding to the regular heating regime.

Totally the thermal conductivity of 14
samples (7 pairs) of different density was
measured.

Thermal capacity was measured by
means of Diamond DSC Perkin-Elmer device.
The samples have been milled to the fine
powder before measurements. Eight samples
with all the range of densities have been used
(numbers 2, 8, 11, 15, 19, 22, 25, 28, see Ta-
bles 1 and 2).

2.7 Compressive strength

Compressive strength was measured by
use of 40 x 40 x 40 mm” samples (24 samples
with all the range of densities were used) at
the testing device launched by oil pump
equipped with the QuantX 4 computer pro-
gram (ver. 4) which allowed to control the
instant values of oil pressure and the com-
pressive load. Surface of the load was 16 cm”
in all cases, the time of loading varied from
14 to 342 seconds (depending on the strength
of the samples), whereas speed of loading was
kept constant (0.1 MPa/s for three first
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samples and 0.05 MPa/s for all the others).
Preload of 0.15-0.20 kN was used before
starting of measurements to ensure the tight
contact between the samples’ surface and the
loading surfaces.

2.8 Flexural strength

Flexural strength test was performed at
the Zwick/Z010 testing device with the three-
point bending method (24 samples with all
the range of densities were used) at velocity
of loading pin of 0.002 mm/s to avoid any
shock-like type of loading. The testing device
was equipped with textXpert II computer
program (Zwick/Roell) which was used to set
the parameters of loading and to acquire the
instant results of tests, i.e. load, strain and
stresses. The sizes of middle cross-section of
each specimen at the flexure tests were meas-
ured with 0.01 mm accuracy by sliding cali-
per. The breadth of samples was between
35.9 mm and 39.6 mm and the height was in
the range of 35.3 mm and 41.28 mm. Maxi-
mal deformations by flexure (related to the
height of the middle cross-section) were in
the range of 0.534% to 2.390 %.

2.9 Water absorption

Examples with dimensions
40 mm x 40 mm x L (where L = 60-70 mm)
were dried within 36 hours in the oven at
90-105 °C by two steps: 16.5 hours at 90 °C,
continued 24 hours at 105 °C.

The same samples (number 1, 2, 7, 15)
have been used before for open porosity ex-
periments (see section 2.5). The new samples
(number 18, 20, 24, 27) are the pieces ob-
tained from the flexure experiments only as a
rest parts of samples after crushing (from the
side close to the bearing of test device, where
the stresses were minimal), i.e. their struc-
ture admittedly was not changed before.

It was interesting to compare these two
sets of samples to reveal the influence of pre-
liminary saturation of the porous structure of
the foam concrete with the water under

pressure difference on the fraction of the
pores open for the water absorption. Evi-
dently some of the walls could be destroyed
by the water both due to the impregnation
into the cement-sand structure and due to
the mechanical impact of pressure difference
between evacuated volume of pores and outer
atmospheric pressure.

Samples number 1, 2, 7 were submerged
in the water for 72 hours, whereas the sam-
ples number 15, 18, 20, 24, 27 were immersed
into the water for 221 hours (sample 15 used
for open porosity experiments was tested to-
gether with ‘new’ samples to compare the ef-
fect of porous structure changes during vac-
uum water saturation of the foam concrete).
The mass of dry samples (without paraffin
wax coating Mary and with coating Mparar) as
well as wet samples Myt were weighed by
‘Mettler PM 2000’ scales described above.
Paraffin wax coating has covered all the sides
of each sample excluding one square side with
the sizes approx. 40x40 mm’ (the real sizes
were measure with sliding caliper) allowing
one-dimensional penetration of water into the
pores of the samples.

3 Theory and calculation

As mentioned afore, the main general
goal of this work was to investigate the me-
chanical and thermophysical properties of
foam concrete linked with such ‘basic’ prop-
erty like apparent density. Further step of re-
search will be aimed to build up the logical
structure and mathematical model allowing
to predict the properties of foam concrete
(output parameters) by the control of the
flow regime, concentrations and nature of
surfactants etc. (input parameters).

The principal particular aim of this paper
is to investigate the main properties of the
foam concrete produced with the use of new
device for foam generator — vortex jet appa-
ratus. Besides, impact of the foam to cement
ratio on the main properties (hereinafter

ITpomwviwaenmvie npoyeccor u mexnoaozuu. 2022. T. 3. N 1(8) 79



R. Sh. Abiev

called as ‘outer properties’) of foam con-
crete (density, strength by compressive and
bending tests, thermal conductivity, water
absorption, open porosity etc.) and influence
of the pore structure on the outer properties
are the other important questions of this
work.

Hence, our ‘dream’ concept is to build a
chain of Controlled parameters: Flow re-
gime — Flow rates ratio (Liquid/Gas) —
Shear stresses — Properties of the foam:
Bubble’s size distribution in the foam etc. —

Concentration of components Inner
properties of the foam concrete: Distri-
bution of the pores sizes/Fraction of open
pores/ Thickness of the walls between pores —

Outer properties of the foam concrete:

(though it is pointed out as one of the outer
properties) is a particular task of this paper.

Figure 3 represents a ‘black box ap-
proach’ — a look to an impact of input pa-
rameters (preparation of foam) and process
parameters on the properties of foam con-
crete, whereas Figure 4 depictures more de-
tailed approach — a chain of the impact of
input parameters (preparation of foam) and
process parameters (transformation of foam)
on the properties of foam concrete. It would
be expedient in the nearest future to study
also impact of Water/Cement ratio, fraction
of cement, fraction of surfactant etc. at the
outer properties of foam concrete, too.

Process parameters (mixing conditions and duration, concentration
of sand, conditions of transport and pouring etc.)

Density /Strength ~ (compression,  bend- Tnput S I?;;pmu;ters:
ing)/Absorption of water/Frost durability e
(number of cycles)/Permeability by the Gt - > >
gas/Thermal conductivity.

In this paper the background to achieve
this ‘dream’ concept was created by experi-
mental investigation of outer properties of
the foam as a function of controlled parame-
ters. Dependence of mechanical and thermo-
physical properties of foam concrete on its
property

apparent density as a ‘basic’

Process

Figure 3 — General concept: scheme of the
impact of Input parameters (preparation of
foam) and Process parameters (transformation of
foam) on the properties of foam concrete (black
box approach)

The calculations have been performed as
described in each of the following sections.

parameters

Foam to cement ratio,

Temperature,
residence time,
level of shear rate

mixing conditions and
duration, time of retention
of foam, concentration of

Conditions of
hardening,
accelerators,

etc. sand, conditions of transport ~ vibrations etc.
and underpourinj/etc.
Vi Y
—> Foam | Foam and cement —>  Propertiesof —>
Input properties: mortar mixture hardened foam Output
parameters: sizes of D> properties: —>| concrete (iinner‘ —> ga;ar;letcers.
oL Ve > pubbles, [ density,sizeof > Properties: ©—> T Ty
S - ickness of the ater
o —>| stability L 5 bé‘?’fkf’lesletc- > wall,void > absorption
of foam (difficult to fraction of
etc. measure) connected pores).

Figure 4 — Detailed concept: chain of the impact of Input parameters (preparation of foam) and

Process parameters (transformation of foam) on the properties of foam concrete
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3.1 Vortex jet apparatus and foam pa-
rameters

Additionally to the information pre-
sented in section 2 following parameters of
foam to be discussed as necessary for further
analysis.

For the flow rate of liquid V = 1.25 m®/h
and diameter of the inlet pipe din = 9 mm the
mean velocity is

Wein = 4V/ndi” = 5.458 m/s. (1)

Specific kinetic energy at the inlet pipe
could be estimated as

Erin = p wpin /2 = 14.89 kPa. 2)

Specific angular momentum at the inlet
pipe at the radius R = 50/2 - 9/2 = 20.5 mm

Min = p R wg.in = 111.9 kg/(m s). (3)

Tangential velocity in the neck assuming
the radius of the vortex is close to the radius
of the neck itself Rueck = dneck/2 = 5 mm  is:

Wg.neck — Min/p Rueck = 22.38 m/S. (4)
The axial velocity in the neck:
Wa.neck — 4V/7Tdneck2 = 4.42 Hl/S. (5)

Specific kinetic energy in the neck is a
sum of the tangential and axial kinetic ener-
gies:

Ekneck = p(wqmin2 + wa.ncck2)/2 = (6)

= 260.2 kPa.

Then, the increase of specific kinetic en-
ergy in VJA

should be recovered by reversible pressure
drop in the neck as well as by irreversible en-
ergy losses by viscous dissipation.

As it was recently shown in [50], high
level of shear stresses is an attribute of VJA
hydrodynamics which allows to de-agglomer-
ate even carbon nanotubes. It was shown par-
ticularly that the maximal level of energy dis-
sipation rate could be as high as 12000 W /kg
(at the entrance to the neck) whereas the

mean level in the neck is 3000 W /kg. At these
conditions the level of shear stresses in the
neck is in average about 10 Pa and the max-
imal is approx. 39 Pa.

To estimate the size d of minimal bubble
forming in the VJA due to turbulent shear
stresses let us consider that during the disin-
tegration of bubbles dynamic balance of in-
terphase tension and shear stresses takes
place [51]

p:40/dzt7 (8)

and the surface tension for the water with
frother is o = 0.04 N/m. Then, the size of
the bubbles formed in the VJA are

d=~ 4o/t = 4x0.04/39 = 4.1 mm. 9)

This rough estimation correlates overes-
timates the real size distribution of the bub-
bles in the foam generated in VJA (mean di-
ameter for the foam close to 1 mm) showing
there are other mechanisms of bubble disin-
tegration in VJA [47, 51]. Hence, some other
types of impact like Kelvin-Helmholtz insta-
bility, shear stresses in the boundary layer,
dynamic effects etc. could play more im-
portant role. See results of the comparative
analysis in our paper [47].

3.2 Apparent density

Apparent density was calculated in all
cases as follows (geometrical method)

Papp.geo = M/ (LxBxH), (10)

where M is a mass of the sample, kg; L, B, H
are length, breadth and height of the sample,
respectively, m. Studied foam concrete sam-
ples have had apparent density in the range
from 492 till 1547 kg/m”.

It was possible to calculate the apparent
density from the open porosity measurements
for five samples (see section 3.4 below).

Papp.por = Mdry pwatcr/ (Mair - Mwatcr), (11)

where Mary is a mass of dry sample, kg; Mair
is a mass of the sample with the water in the
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pores in the air, kg; and Myater iS & mass of
the water displaced by the sample impreg-
nated with water, kg:; pwater is a density of the
water.

Index ‘por’ corresponds to the open po-
rosity method and index ‘geo’ attributed to
the geometrical method.

3.8 Real density

Mean value of real density of samples as
well as standard deviation from 3 tests for
each sample were calculated automatically
by automatic pycnometer ‘micromeritics Ac-
cuPyc 1330°.

Standard deviation of real density for
two sets of 3 measurements was not higher
than 3.2 kg/ms, maximal value 2585 kg/m3,
minimal 2474 kg/ m®, i.e. the mean real den-
sity for all samples could be roughly specified
as preal = 2553 kg/m”.

3.4 Open porosity

The open porosity €open 0of each sample
was calculated as follows:

Eopen — (Mair - Mdry)/(Mair - Mwatcr)- (12)

3.5 Total porosity

Total porosity € total Of the samples was

calculated as:
Etotal = 1 — papp/preal- (13)

3.6 Thermal conductivity and thermal
capacity

Thermal
W/ (mrK))
compared with theoretical prediction [52]

conductivity — values  (in

obtained experimentally were

A= 1.163\/0.0196 +0.22p2,, — 0.14. (14)

Thermal capacity of bulk concrete was
measured, no additional calculation was

used.
3.7 Compressive strength

Compressive strength c. was calculated

automatically by QuantX 4 computer

program during each test and was checked
according to the well-known equation

e = F/(LxB), (15)

where F' is a compressive load by fracture, N;
L and B are length and breadth of the sam-
ple, respectively, m.

3.8 Flexural strength

Flexural strength of was also calculated
automatically by textXpert II computer pro-
gram and results were checked by equation
(15) for three-point flexural tests:

or = 3F; Ly/(BxH?), (16)

where Ft is a load at the middle of sample by
fracture, N; Lg is a support span, m; B, H are
breadth and height of the sample, respec-
tively, m.

3.9 Water absorption

Relative mass of water absorbed by the
foam concrete (%) was calculated as the ratio

WA = (Mwet - Mparaf)xloo/Mdry. (17)

The fraction of open porosity filled with
the water was determined as

cht/gopcn - WAXpapr100/(801)0n><pwat0r)7 (18)
where pyater is water density, kg/ m®.
4 Results and discussion

4.1 Results of experimental investiga-
tions of Outer properties of the foam concrete

4.1.1 Apparent density

Apparent density values of the samples
calculated by Eq. (10) (geometrical method)
and from the open porosity by Eq. (11) are
presented in Table 4 (samples 1-16); values
determined only by first method are listed in
Table 5 (samples 17-28). Relative error of ap-
parent density was calculated by

Errpapp =
=(Papp.por — Papp.geo) X100/ Papp.por-

The derivation between each pair values

(19)

of densities measured by different methods in

82 IIpomwvrwnenivie npoveccor u mexnonozuu. 2023. T. 8. €M 1(8)



Fabrication of foam concrete by use of novel foam generator

vortex jet apparatus: study of foam concrete properties

most cases was not higher than 4.14 %. Ap-
parent density values were taken as a base
values due to higher precision of measure-
ments.

Mean value of apparent density (for each
set of samples produced by identical condi-
tions) was calculated either as an arithmetic
mean from papp.por (samples 1-10, 14-16) or
from papp.por (samples 11-13, 17-28) values.

It is important to mention, that the sam-
ples were prepared by following sets (letters
A-J are assigned to them in Tables 1 and 2)
and therefore have very similar properties
within one group, hence, the properties of
each sample could be attributed to the whole
set.

Table 4 — Apparent density of the samples (samples 1-16)

M lue of
Apparent density Apparent density* Relative error can vae o
. apparent den-
Sample | Papp.geo (geometrical | Papp.por (Open poros- of apparent it Name of
Sity Papps
number | method), Eq. (11), ity method), Eq. density ky /F;nrgp the set
kg/m’ (11), kg/m® EXrpapp, % &
1 1427.9 1483.4 3.74
2 1339.1 1357.3 1.34 1420.4 A
3 1362.1 1401.5 2.81
4 605.6 ND ND
5 593.3 637.5 6.94 634.5 B
6 621.9 631.5 1.52
7 1554.2 1600.6 2.90
1583.0 C
8 1538.9 1565.4 1.69
9 569.8 ND ND
573.0 D
10 576.3 599.4 3.86
11 833.4 ND ND
12 821.5 857.0 4.14 827.4 E
13 831.2 ND ND
14 852.8 ND ND
15 840.7 870.5 3.43 877.2 F
16 856.1 883.9 3.14

*ND - the density was not measured by open porosity method

Table 5 — Apparent density of the samples (samples 17-28)

Sample Apparent density pappgeo (geomet- | Mean value of apparent | Name of the set
number rical method), Eq. (11), kg/m’ density papp, kg/m®
17 501.7
18 487.4 494.6 G
19 485.7
20 636.3
21 636.7 636.5 H
22 638.0
23 1376.4
24 1370.9 1373.6 I
25 1390.2
26 932.1
27 922.3 927.2 J
28 932.7
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4.1.2 Real density

Results of real density measurements are
presented in Table 6.

All the values are in the narrow range of
2474 kg/m® (min.) and 2585 kg/m’ (max)
with mean value 2553 kg/m” (the estimations
of standard deviation values are shown in Ta-
ble 6). Hence, as expected, the real density of
the bulk concrete weakly depends on the type
of cement used for samples preparation as
well as on the porosity of foam concrete.
Table 6 — Real density of the foam concrete

samples
Sam- | Real den- | Standard | Mean value of
ple Sity preal, | deviation | real  density
num- | kg/m’ of real | pres = 3StD
ber density kg/m”
StD,
kg m’
la 2566.6 1.8
2565.9+£9.0
1b 2565.2 4.4
2a 2563.3 4.2 9569.040.0
2b 2562.5 2.1 T
5a 2581.5 4.3
2585.31£9.0
5b 2589.1 2.0
8a 2581.7 1.4
2581.9+£3.9
8b 2582.0 1.5
11a 2551.6 3.4
2551.31£9.0
11b 2550.9 3.4
15a 2568.2 2.2
2567.6+4.8
15b 2567.0 1.2
19a 2472.7 3.1 9473.040.6
19b 2475.0 4.0 T
22a 2514.2 3.5
2514.249.0
22b 2514.2 3.2
25a 2559.9 2.6
2559.446.3
25b 2558.9 2.0
28a 2569.2 2.0
2568.9+4.5
28b 2568.5 1.4

4.1.3 Thermal conductivity and thermal
capacity

Comparison of measured thermal con-
ductivity (Aexp) with calculated by Eq. (14)
(Atheor) and standard values according to Rus-

Standard (GOST 25485-89)
(AcosT, two points at apparent density 2400

sian State

and 2500 kg/ m® belong to the bulk concrete
according to Russian Rules for Building
SNiP 23-02) are shown in Figure 5. Evidently
in general thermal conductivity values of
foam concrete produced by VJA comply with
requirements of GOST 25485-89 and for sev-
eral cases are even a bit smaller. Hence, foam
concrete produced by means of VJA fully
meets thermal insulation demands.

It is also clear that Eq. (14) overesti-
mates both standard and measured results
and should be corrected for further use.

Thermal capacity of eight samples with
all the range of densities have been measured,
showing quite close values (955447 J/kg K).

10

A, W/(m K)
*®
3 1510°
i % e =1 p_app. kg/m3
2 .
a0t
Le 000
0.5 * .[il \_exp

. oag
_theor
AA
A_GOST
LYY}

0.0r

Figure 5 — Thermal conductivity of the foam

concrete samples

4.1.4 Compressive and flexural strengths

The results of compressive and flexural
tests are presented on Figures 6-8. Except
several samples with duration of hardening
exactly within 28 days all the other were ma-
tured within 3 months. As can be seen from
the plots, there are a few visible differences
between long term and short term matured
samples. The durability of cement has an ef-
fect on the resulting strength parameters.
Nonetheless, analyzing Figures 6 and 7 one
can postulate that all obtained results belong
to the same quite narrow ‘corridor’ of data.
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Figure 6 — Compressive strength of the foam
concrete samples made with different cement
types
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Figure 7 — Flexural strength of the foam
concrete samples made with different cements
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Figure 8 — Compressive to flexural strengths
ratio of the foam concrete samples with different
cements (the points are the same like on
Fig. 6 and 7)

Concerning compressive to flexural

strengths ratio of the foam concrete samples

(Figure 8) omne can conclude that the
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overwhelming majority of points lying in the
range between 2.0 and 5.5, at that for each
set of samples there are results very close to
3.0 in average obtained (samples hardened
within 28 days). For the samples made from
less durable cement CEM I 325N this ratio
is close to 2.0 in average.

4.1.5 Water absorption

As mentioned afore, two sets of tests
were performed: 1) the same samples (num-
ber 1, 2, 7, 15) have been used as for open
porosity experiments before water absorption
experiments, i.e. their structure could have
been damaged; 2) the new samples (number
18, 20, 24, 27) have been used for open po-
rosity experiments. The results for sample 15
were put together with second set to let eas-
ier comparison with sample 27 having similar
density but tested for water absorption with-
out being preloaded. Figures 9 and 10 repre-
sent results of the tests for samples 1, 2, 7
and 15, 18, 20, 24, 27 respectively.

The influence of density on the maximal
values of relative mass of water absorbed by
the foam concrete (diamond points and
line 1) and the fraction of open porosity filled
with the water (square points and line 2) for
samples 15, 18, 20, 24, 27 is depicted on Fig-
ure 11.

The approximation of relative water
mass absorbed by samples max(WA) accord-
ing to Eq. (17) and max(&wet/€open) as a func-
tions of apparent density were approximated
by least-squares method by following func-
tions (see also Fig. 11):

max(WA) = 1789papp 7, R = 0.919;  (20)
max(Ewet/€open) = 1.7854 + 0.0249papp,
R? = 0.9545.

The first line (Eq. (20)) shows that the
amount of the absorbed water is lower for

(21)

heavier samples of foam concrete, the reason
is that the own weight of the dry concrete is
them. But the

higher for second line
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(Eq. (21)) reveals that the open porosity of
the foam concrete is better ‘used’ (impreg-
nated) by water namely for heavier samples,
this could be attributed to the smaller sizes
of the pores for the foam concrete with higher
apparent density.

The analysis of absorption kinetics allows
to conclude that samples number 18, 20 and
27 have been saturated within first 24-48
hours. These three samples having densities
487, 636 and 922 kg/m3 respectively are the
lightest among second set. In the sample 27
(1371 kg/m®) the steady state is not reached
even within 96 hours (see Fig. 10 a). This ef-
fect could be attributed to three following
reasons: 1) more developed capillary micro-
structure in the samples with higher density,
where the bubbles do not interrupt the flow
in the capillary channels; 2) higher capacity
of micro porous space in high density sam-
ples; 3) in the samples with lower density the
diffusion of water is hindered due to lesser
volume of solid body having small capillaries
whereas porous structure has sizes of pores
close to 1-2 mm which possess with very low
capillary pressure.

According to our vision it seems that the
bubbles are surrounded by the bulk concrete
structure having micro pores which are im-
pregnated with the water, i.e. the pores with
gas bubbles inside are isolated one from the
other, and their ability to absorb water is
limited by the dissolution of air in the water
(Fig. 12). The pressure in these pores is grow-
ing during impregnation process, slowly in-
creasing the dissolution process. We have ex-
cluded samples 1, 2 and 7 from the final anal-
ysis, because they have densities in the range
of 1350-1600 kg/m®, which are rarely used in
light concretes. Besides, the structure of
these samples could have been partly demol-
ished during previous test at vacuum impreg-
nation (see discussion in the next paragraph.

It is interesting to observe that the be-
haviour of the absorption kinetics for samples

15 and 27 Thaving similar densities
(870.5 kg/m® and 922.3 kg/m” respectively)
looks quite identical (Figure 10 a), though
there are some deviations at the first stages
of impregnation (Figure 10 b): in the loga-
rithmic coordinates the rate of impregnation
for sample 15 is lower than that for sample
27. This latter effect could be attributed to
some rupture of structure of sample 15 during
previous tests. It seems very apparent that at
saturation in vacuum some part of the mate-
rial could have crumbled inside of the spher-
ical pores of the foam concrete. This assump-
tion is corroborated by the observed crum-
bling of light samples of foam concrete by
sawing and open porosity test exposed previ-
ously by vacuum impregnation during total
porosity measurements.

100,00

Mwater/Mdry, %
v v
|
n ¢ 10,00
mn e
u e
*
ot
]
a
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W Sample 2
Sample 7
r T 0,10
0:00 0:01 0:14 2:24 24:00 240:00
Time, hour:min
(a)
100,00
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]
[ ]
a
"
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[ ]
*
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]
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] Sample 7
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0:00 0:01 0:14 2:24 24:00 240:00

Time, hour:min
(b)

Figure 9 —Relative mass of water absorbed by

the foam concrete (a) and the fraction of open

porosity filled with the water (b)
for samples 1, 2 and 7
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Figure 10 — The fraction of open porosity
filled with the water in natural (a) and
logarithmic (b) coordinates for samples 15, 18,
20, 24 and 27
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Figure 11 — The influence of density on the
maximal values of relative mass of water
absorbed by the foam concrete (blue diamonds
and line 1) and the fraction of open porosity
filled with the water (red squares and line 2) for
samples 15, 18, 20, 24 and 27

Figure 12 — Proposed mechanism of large
pores isolation during water absorption tests.

1 — foam concrete body with capillary-porous
walls; 2 — pores blocked around with the water;
3 — walls of concrete saturated with water;

4 — interconnected pores; 5 — walls of concrete
in the dry or partly wetted part of the sample;
6 — front of impregnation

4.2 Results of experimental investiga-
tions of Inner properties of the foam concrete

4.2.1 Open, total and closed porosity

Results of open and total porosity meas-
urements are presented in Table 7. Each set
of samples has been tested at least once for
total porosity and all the range of apparent
densities was covered for open porosity. It is
clear from the Table 7 and Figure 13 that
values of open and total porosities are very
close one to the other (within experimental
error). Hence, the closed porosity as a differ-
ence between total and open porosity

Eclosed — &total — €open (22)

is negligible compared to total porosity and
could not be defined with high accuracy by
the methods used in this work.

Approximation of total porosity data by
least-squares method gave the coefficients of
Eq. (13) with determination coefficient
R” = 0.9978

Etotal — 1 - 0.0004 papp, (133/)

where coefficient 0.0004 is very close to the
value found by mean value of real density:
1/preal = 0.395x10° m? /kg.
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Table 7 — Open porosity of the foam con-
crete samples

Sam- Appar- Open Total
Name
ple ent den- | poros- | poros-
of the ) . .
num- Sity Papp, ity 1ty &to-
set 3
ber kg m Eopen tal
1 1483.4 0.448 0.422
2 A 1357.3 0.501 0.470
3 1401.5 0.479 ND
5 B 637.5 0.743 0.753
6 631.5 0.765 ND
7 1600.6 0.399 ND
8 1565.4 0.413 0.394
10 D 599.4 0.780 ND
11 E 833.4 ND 0.673
12 857.0 0.679 ND
15 F 870.5 0.673 0.661
16 883.9 0.668 ND
19 G 485.7 ND 0.804
22 H 638.0 ND 0.746
25 1 1390.2 ND 0.457
28 J 932.7 ND 0.637
0,900 1 Open porosity
Total porosity
0,800 -
0,700 -
0,600 -
0,500 - *
0,400 -
0,300
# Open
0,200 | porosity
0,100 -
0,000 -+ T T T |
0 500 1000 1500 2000

Apparent density, kg/m3
Figure 13 — Open porosity and total porosity

as functions of the apparent density

This is not surprising, just confirms very
small scattering of the results obtained for
total porosity. Some difference between total
and open porosity (the highest values of rel-
ative error 5.0-6.5% were obtained for sam-
ples 1, 2 and 8 with quite high density having

therefore smallest absolute values of total po-
rosity, for the other samples relative error
was not larger than 1.8%) is attributed to the
experimental procedure used in this work.

Properties of foam concrete produced by
use of VJA fully meet the requirements of
Russian and French standards.

5 Conclusions and outlook

A new method of foam concrete produc-
tion by use of vortex jet apparatus (VJA) is
described and studied. Foam produced by
means of VJA is very stable and possess abil-
ity to save its properties during mixing with
cement and sand. VJA is a compact device
allowing to generate foam without any blow-
ing machine, sucking the air from the ambi-
ence resulting from vacuum in the center of
vortex flow, hence decreasing the both capi-
tal and operational costs of the plant. It was
found that foam concrete production with
wide range of densities (from approx. 480 till
1640 kg/ m?’) is possible by use of VJA.

Main properties of foam concrete pro-
duced in this work: real and apparent densi-
ties, open and total porosities, thermal con-
ductivity and thermal capacity, water ab-
sorption, compressive and flexural strengths
have been measured; their values fully meet
the requirements of Russian and French
standards. Therefore, the VJA could be used
as an effective tool for foam generation and
foam concrete production.

Equations characterizing relative mass of
water absorbed by the foam concrete were
found as functions of apparent density.

The equations describing the total poros-
ity (13a), maximal water absorption (20) and
the fraction of open porosity filled with the
water (21) are found; they have high coinci-
dence with experimental data.

An idea to connect ‘outer’ properties of
the foam concrete with its ‘inner’ properties
as well as with controlled process parameters
is described. A mechanism of large pores
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isolation during water absorption tests was
proposed.

Deeper discussions of relation between
Controlled parameters, Properties of the
foam, Inner properties of the foam concrete
and Outer properties of the foam concrete
will be performed in our next work (which is
now under preparation). It is intended to
build up correlations between inner and outer
properties of the foam concrete in the next
study.
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I/ICCJIG,ZLOBaHI/Ie CBOIICTB HeHO6eTOHa, IIOJIY9I€HHOI'O C HCIIOJIb3OBaAHUEM

IIeHOoreepaTropa HOBOI'O THIIa — BHUXPEBOI'O CprfIHOFO allllapaTa

P. III. AGues = *

* Canxm-Ilemepbypecruii 2ocydapecmeennviti Texnorozuneckuts uncrmumym (Ternuueckud
yrnusepcumem,), Cankm-Ilemepbype, Poccus

** Unemumym zumuu cusukamos um. WM. B. I'pebernwurxosa Poccutickoti axademuu nayx
(UXC PAH), Canxm-Ilemepbype, Poccus

AnboTanus

WcenemoBan HOBBIN MeTO, TOJIyYeHNs TIEHOOETOHA C MCIIOJIb30BAHIEM BUXPEBOTO CTPYHHOIO ar-
napara (BCA). Ilena, nmony4ennast npu nomon BCA, orimyaercss BbICOKOi CTaOMIBHOCTBIO 1
Y3KHAM PACIPEJIeIeHHEM TUAMETPOB Iy3bIPHKOB, KOTOPBIA XOPOIIO KOPPEIUPYET C AUaMEeTPAMU
mop neroberona. BCA - KOMIIaKTHOE yCTPONCTBO, TMO3BOJISAOIIEE MPOU3BOJIUTh MEHY 0e3 KOM-
mpeccopa, 3acachiBasg BO3IyX u3 aTMocdep Ojarojapsi pa3pexKeHuro, CO3JaBaeMOMY B IEHTDe
BUXPEBOIO TIOTOKA. Biraroapsi JIOMOTHATELHBIM BO3MOXKHOCTSAM (110 CPABHEHWIO, HAIIPUMED, C
OOBIYHBIM OCEBBIM KEKTOPOM ), TAKUM KaK CIIOCOOHOCTH BCACBIBATH BO3JLYX, 0OJI€e JJINTEIbHOe
BpeMsl TipebbIBaHus 1 OOJiee BBICOKAsI KMHETHYECKAsl SHEPTUsi, IpeobpasyeMasl jiajiee B JUCIep-
TUPOBAHUE MY3bIPHKOB, HOBOE YCTPONCTBO MO3BOJISIET KOHTPOJIUPOBATH MTapaMeTPhl TIeHbI U ILJIOT-
HOCTb TEHODETOHA, YTO MO3BOJISIET TEHEPUPOBATH MEHY C MEHBIIUM JHAMETPOM ITy3bIPHKOB U
6oJiee BBICOKOU CTaOUIBLHOCTBIO. [IpeioyKeH MeXaHU3M U30JIAIUU KPYIHBIX 0P MPU UCIBITa-
HUSIX HA BOJOMNOIJIOIIEHNE. BhLIN U3MEpPEHBl OCHOBHBIE CBOMCTBA MEHOOETOHA, MOJIyYEeHHOI'O B
JIAHHOM WCCJIEIOBAHUM: PeajibHas M KAaXKYIIAsICs ILIOTHOCTH, OTKPBITAsI U ITOJIHASI TOPUCTOCTb,
TEIJIOMPOBOIHOCTD W TEIJIOEMKOCTh, BOJIOMOTJIOIIEHNE, IPOYHOCTD HA CXKATHUE W M3rH0; WX 3Ha-
YEHMs MMOJIHOCTHIO COOTBETCTBYIOT TPEOOBAHUSIM POCCHUCKHUX U (ppaHIy3ckux craszapToB. Oc-
HOBHAsl YaCTh MOP OTHECEHA K OTKPBITON MOPUCTOCTH M3-3a OYeHb OJIM3KUX 3HAYEHUI ObIei u
OTKPBITO TOPUCTOCTH. Y DABHEHUS, XapPaKTEPU3YIOIIHe OTHOCUTETHHYI0 MACCY BOJIbI, MOTJIOMIA~
eMoit TIeHOOETOH U JI0JI OTKPBITON ITOPUCTOCTH, 3AITOTHEHHOM BOION, HAXOMMINCH KAaK (DYHKIIAN
KaXKyIefcst MIOTHOCTH. Y CTAHOBJIEHO, YTO MPOU3BOJCTBO MEHOOETOHA C IIUPOKUM CIIEKTPOM
wiorHoctu (npumepno or 480 no 1640 kr/m3) serko pocruraercs ¢ nomorbio BCA. Crenosa-
tesibHo, BCA MokeT ObITh MCIIO/IB30BaH KaK I(MMOEKTUBHBIA MHCTPYMEHT [JIs T€HEPUPOBAHUS
[IEHBI ¥ TTPOM3BOJICTBA MEHODETOHA.

KaroueBsbie ciioBa

ITenoberoH, reHepupoBaHUe TEHbI, CTAOUIBHOCTD MEHBI, TPOYHOCTb TIEHODETOHA, TEILIOPOBO/I-

HOCTB, BO/IOIIOTJIONIEHNE, OTKPHITAA IIOPUCTOCTD, IIOPHUCTas CTPYKTyPa

Paboma evinoarena 6 pamxax 20cydapcmeenozo 3a0aHus
HUnemumyma zumuu cuauramos um. I'pebenwurosa PAH npu noddeporcke Munucmepcemea 06-
pasosarus u wayku Poccutickot @edepavuu (mema N AAAA-A19-119022290091-8)

! Zlaa nepenucku
Email: abiev.rufat@gmail.com
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Ab6ueB Pydar IIloBkeToBuY — 1-p TeXH. HayK, Ipodeccop, 3aBemyroimii Kademapoi
OTNITUMUBAINNA XUMHUYECKOW ¥ OmoTexHosjgormvdeckoit ammapatrypbl, Canrr-lIleTepbyprekumit
rocynapcrBenusiii Texuomormaeckuit nactutyT (Texunmvecknit yuusepcurer) (Poccuiickas
Denepanus, 190013, Cankr-Ilerepbypr, MockoBckuii mpocmekr, . 24-26/49 jmrepa A),
3aBeIyIONuil J1a00paTOpreil NHTEHCUMUKAIUY IIPOIECCOB CUHTE3a OKCUJIHBIX MAaTEpPUAJIOB,
Mucturyr xumum cuiaukatoB uMm. W.B. I'pebenmukoBa Poccuiickoii akameMun HAYK
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