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Investigation of the effect of electro-hydraulic pulses
on the combustion process of phosphorus sludge

The article considers the influence of electro-hydraulic pulses on the combustion of phosphorus sludge. Elec-
tric discharges in the environment of phosphorus sludge are sources of shock waves, which destroying the
structure of phosphorus sludge and contribute to the intensification of the combustion process. A distinctive
feature of the electro-hydraulic effect is the ability to control the parameters of pressure waves over a fairly
wide range using the characteristics of the electric discharge circuit. For determine the optimal productivity
and purity of the final product of the electric discharge unit’s operation mode, experiments were conducted on
the effect of the discharge energy on the efficiency of the electric discharge method for extracting phosphorus
from phosphorus sludge. The efficiency of the electric discharge process was estimated by the amount of
phosphorus that was released after settling and expressed as a percentage of the total amount of phosphorus in
a phosphorus sludge’s portion. The experiments were conducted out for sludges of different structures, with
different phosphorus content and were conditionally divided into three groups: “rich” with phosphorus con-
tent — 70 %, “medium” — 50 % and “poor” — phosphorus content — 30 %.

Keywords: electro-hydraulic pulses, combustion, phosphorus, phosphorus sludge, electro-hydraulic effect,
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Introduction

Sludge containing elemental phosphorus should not be disposed of not only for economic reasons, but
also for environmental reasons. As a result, at factories producing phosphorus, there is an acute question of
developing effective methods and means for processing sludge in order to eliminate the loss of a valuable
product. The most perspective method is to burning them in furnaces with a special design, thus obtaining
slime phosphoric acid in one stage of processing, which quality depends on the structure of burned phosphor-
ic sludge.

The combustion reaction is a chemical reaction in which atoms from molecules of substances (fuel) are
combined with an oxidizer (usually air oxygen) toformcombustion products. An example of a combustion
reaction is the interaction of phosphorus with oxygen, which is provided by the equation:

4P + 30, — 2P,05 (P4O6)  (when a lack of oxygen);
4P + 50, — 2P,05 (P4Oy0) (with an excess of oxygen).

Here are the stoichiometric coefficients 4, 3, 2, 5 that denote the number of moles oxygen and phospho-
rus that participate in the combustion reaction of one mole of propane. Similar equations are used to describe
molecular transformations, which are elementary stages (reactions) of a chemical process [1].

Elementary reactions correspond to real molecular events.
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Phosphorus, which is a part of combustible substances of organic and mineral origin, oxidizes during
combustion and forms phosphoric anhydride (P,Os). Phosphorus anhydride P,Os (tetraphosphordecaoxide) is
produced from the combustion of phosphorus under conditions of free access of air.

Experimental

The combustion process of phosphorus and phosphoric sludge is considered in a number of works
[2, 3]. However, in these works, the electrophysical aspects of the combustion process of phosphorus and
phosphorus sludge were not affected, and not in all works examined the effect of the concentration of impu-
rities on the intensity of the combustion process.

Combustion is usually understood as a rapid physical and chemical redox process with the release of a
large amount of heat, which is capable of self-propagation and often accompanied by a glow and the for-
mation of a flame. A specific feature of combustion is the presence of electrophysical phenomena observed
during the occurrence and development of the flame, associated with the appearance of a spatial distribution
of charges in the flame. The consequence of this distribution is the existence of its own electric field, which
is absent in ordinary plasma.

The effect of an earlier appearance of charged particles in comparison with a significant increase in
temperature caused by non-equilibrium chemical reactions occurring during the period of self-ignition was
found in the works. This effect was detected by using the probe method. The essence of this method is that a
metal probe is introduced into the investigated point of the flame and the current-voltage characteristic is
taken [4].

Results and Discussion

To study the thermophysical and electrophysical aspects of combustion, phosphorus sludge in the form
of tablets with a diameter of 5 mm was placed in a cylindrical quartz glass reactor. For the manufacture of
phosphorus sludge samples, were used several types of initial products. The first is pure phosphorus, the se-
cond is a sludge with a high phosphorus content (about 80 %), which is an emulsion of water in phosphorus,
the third sludge with an average phosphorus content (about 50 %), which is an emulsification suspension of
phosphorus in water, and the fourth sludge with a low phosphorus content (approx. 30 %) which is also an
emulsification suspension of phosphorus in water. The temperature was measured through a chromel-copel
thermocouple. The measurement procedure was consisted of heating and self-igniting sample in the reactor,
recording the temperature and emerging electric potential.

Figure 1 shows the characteristic signals from the thermocouple and probe received by combustion the
sludge tablet. The following main stages of burning are clearly visible on the graph: combustion; 1 — drop
heating, water evaporation; 2 — pre-ignition stage; 3 — separation of volatile components of the mineral
part of the sludge, as well as particles of the armor shell of phosphorus drops (in the sludge); 4 — the stage
of stable combustion.
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Figure 1. Characteristic signals from the thermocouple and probe

In the process of heating and combustion tablets of phosphorus sludge in the reactor volume is observed
the so-called intra-furnace crushing of phosphorus droplets. This phenomenon was named microexplosion.
The microexplosion is explained by the difference in the boiling points of water (t, = 100 °C) located inside
the samples and phosphorus (t,,= 280 C). The intra-furnace crushing of drops of phosphorus sludge emul-
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sion not only increases the combustion surface, but also improves the mixture formation of phosphorus va-
pors with air. This in turn reduces the combustion time.

The effect of an earlier appearance of charged particles in comparison with a significant increase in
temperature was detected, due to nonequilibrium chemical reactions occurring during the self-ignition period
(stage 2 in Figure 1). This effect is expressed by recording the peak of the signal from the probe in the pre-
ignition stage, which makes it possible to accurately record the moment of the beginning of the phosphorus
combustion process in phosphorus sludge, and therefore, with a sufficient degree of accuracy, measure the
combustion time of a certain sample of the burnt substance

The combustion of dispersed fuel systems (suspensions and emulsions) sprayed in a gaseous oxidizer
stream in terms of basic characteristics significantly differs from the combustion of natural fuels (solid or
liquid). Dispersed fuel systems based on widely used natural fuels are essentially new energy fuels, which in
some cases are characterized by higher combustion rates than the initial. In the process of combustion a drop
of phosphorus sludge when sprayed with nozzles during the evaporation of water and the emission of volatile
(phosphorus vapors) in the droplet of the emulsion or emulsification, the intra-volume surface strongly de-
velops. As a result, there is intra-porous oxidation of the sludge with explosive evolution and combustion of
phosphorus vapor. The internal volume of the reaction surface is determined by the degree of dispersion of
phosphorus particles in the emulsification suspension, as well as by the presence of an “armor” shell of
phosphorus droplets [5].

Electric discharges in the environment of phosphorus sludge are sources of shock waves, which de-
stroying the structure of phosphorus sludge and contribute to the intensification of the combustion process.
During the passage of shock waves and compression waves, happens the destroying of the shell of the phos-
phorus droplets, the particles of the solid stabilizer break off from the phosphorus-water interface, but along
with this, since phosphorus droplets are relatively easily deformable, due to the high pressure at the front of
the shock wave, a dispersion process of phosphorus particles is possible. A distinctive feature of the electro-
hydraulic effect is the ability to control the parameters of pressure waves over a fairly wide range (hydrody-
namic characteristics of the discharge) using the characteristics of the electric discharge circuit (such as ca-
pacitance of capacitor banks, discharge voltage). In turn, the parameters of the shock wave, which is the
main tool for influencing the structure of phosphorus sludge, make it possible to control the dispersion of
phosphorus particles, thereby affecting the combustion process of atomized drops of phosphorus sludge [6].

Electro-hydraulic pulses, by destroying the structure of phosphorus sludge, contribute to the formation
of “centers” with a higher content of phosphorus, free from the shell of mineral and organic impurities. The
formation of “centers” with a high concentration of phosphorus can be effectively used in the burning of
sludge to obtain thermal phosphoric acid. The aforementioned “centers” in this case can play the role of
combustion centers. The intensification of combustion also contributes to the dispersion of phosphorus parti-
cles in the phosphorus sludge.

Next, experiments were carried out to measure the combustion time of samples of phosphorus sludge
with different phosphorus contents: “rich” — 70 %, “medium” — 50 %, “poor” — 30 % phosphorus after
processing electric discharges of various capacities. The discharge energy was regulated by the value of the
initial voltage U, the capacitance of capacitor banks C, and the value of the working interelectrode gap /.
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Figure 2. Dependence of the phosphorus combustion time on the capacity of the discharge circuit capacitor banks
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Figure 2 shows the results of measurements of the combustion time of sludge tablets with different con-
tents of P4 depending on the capacitance of capacitor banks C. The initial voltage Uy, was 30 kV, and the
interelectrode gap was /,,= 12 mm.

Next, Figure 3 shows the dependence of the combustion time on the initial voltage U, of the generator
at the capacitance of the capacitors C = 0.25 pF, the interelectrode distance /,, = 12 mm.
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Figure 3. Dependence of the combustion time on the initial voltage of the generator

The third series of experiments on measuring the combustion time was carried out at the initial voltage
Uy= 30 kV, the capacity C = 0.25 uF, the interelectrode distance /,, varied from 5 mm to 30 mm. The results
are shown in Figure 4.
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Figure 4. Dependence of the combustion time on the value of the interelectrode gap

In order to determine the optimal productivity and purity of the final product of the electric discharge
unit’s operation mode (to intensify the mass transfer of phosphorus), experiments were conducted on the ef-
fect of the discharge energy on the efficiency of the electric discharge method for extracting phosphorus
from phosphorus sludge. The efficiency of the ED process was estimated by the amount of phosphorus that
was released after settling and expressed as a percentage of the total amount of phosphorus in a phosphorus
sludge’s portion, previously determined by the results of iodometric chemical analysis.

The experiments were conducted out for sludgesof different structures, with different phosphorus con-
tent and were conditionally divided into 3 groups: “rich” with phosphorus content — 70 %, “medium” —
50 % and “poor” — phosphorus content — 30 %.

In Figure 5 shows the experimental results of the study of the ED treatment efficiency for various
sludges depending on the capacity of capacitor banks.
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Figure 5. Dependence of the degree of phosphorus extraction on the capacity of capacitor banks

With a constant charging voltage of the ED pulse generator of 30 kV and the value of the interelectrode
gap of 10 mm, the capacity varied within C = 0.1-0.5 pF. The dependence is extreme and the maximum val-
ue of the amount of phosphorus released is observed when the capacity of the capacitor bank is 0.25 puF.
¢—70%P,;m—50%P,; A —30% P,

Further, Figure 6 shows the results of similar experiments for the case of variation of the initial voltage
Uy in the range of 10-50 kV, while the capacity C = 0.3 pF, the value of the interelectrode distance /, is
10 mm. The maximum effect is observed at Uy= 30 kV.
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Figure 6. Dependence of the degree of phosphorus extraction on the charging voltage
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Figure 7. Dependence of the degree of phosphorus extraction on the value of the interelectrode distance
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The third series of experiments was conducted with the following parameters of the discharge circuit
Uy=30 kV, C=0.25 puF. The value of the interelectrode gap varied within the range of /,,=5-25 mm. The
results are shown in Figure 7 the maximum efficiency of the process was observed at /;,,= 12 mm.

Conclusions

We note that according to the results of laboratory experiments, the intensification of burning of phos-
phoric sludge is observed at the following parameters of an electric discharge installation — the initial volt-
age Uy= 35 kV, the capacitance of capacitors C = 0,4 uF, the interelectrode distance /;,,= 12 mm. These re-
sults were used further in determining the parameters of the discharge circuit of a pilot plant for processing
phosphoric sludge into phosphoric acid.

Based on the results of laboratory technological experiments, we can make the following conclusion.
The maximum effect of using electric discharges to extract phosphorus from phosphorous sludge is observed
at the following parameters of the discharge circuit of the high-voltage pulse generator: Uy=30kV,
C=0.3pF, [;;=12 mm.

The presence of maxima on the above dependencies is explained by the fact that when the pulse energy
determined by the charging voltage, the capacitance of the capacitors, and the value of the interelectrode gap
is less than the threshold, the extraction effect is not observed, since the pulse energy insufficient to destroy
the structure of the emulsion. In addition, at a very high pulse energy, the effect of dispersion of phosphorus
particles in the emulsion is observed and it becomes sedimentally and aggregatively stable.
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A K. Xacenos, Y.b. Hycynb6ekos, JI.2K. Kapabekosa,
C.C. KaceimoB, M.M. BonaroekoBa, M. CtoeB

DJIEKTPOTrHAPABIHKAIBIK HMITYJIbCTAPABIH (ocdop MIaMbIHBIH
JKaHy MpoueciHe dcepiH 3epTTey

Makanaza 91eKTPOTHIPABINKANBIK HMITYJIbCTapAblH  (ocdop IUIAMBIHBIH JKaHy INpolLieciHe —ocepi
KapacTeipbuirad. PochopibIK MITaMIbl OPTafarbl MIEKTPIIK pazpsaarap Gpocdop MIIaMbIHBIH KYPbIIBIMBIH
Oy3aThlH JKOHE >KAaHy MPOLECIHIH KYIICIOiHE BIKIAT ETeTiH COKKbl TOJKBIHAAPBIHBIH KO3i. JJIeKTpo-
THJPABIHMKAIBIK OCEPAIH EepEeKIIeNiri MIEKTPIiK pa3psy Ti30eriHiH cHUmaTTamManapblH KOJJaHA OTHIPHII,
KbICBIM TOJIKBIHIAPHIHBIH IapaMeTpIIepiH JKeTKUIKTI KeH ayKpIMAa perrey MyMKiHairi. COHFBI ©HIMHIH
OHIMALIIrE MEH Ta3aJbIFbl OOMBIHIIA OHTAMIIBI HICKTPOPA3PSATHl KOHIBIPFBIHBIH KYMBIC PEIKHMIH aHBIKTAY
YUIH pa3psa  SHeprusachHBIH  (ochop mulaMeiHaH (ochOpasl  alyAbIH IJIEKTPOPa3pAATHl  AICIHIH
THiMALTIriHe acepi GoiibIHIIa TOXIpuOenep Kyprizinai. DaekTpopas3psiy MPOLECIHIH THIMALTIM TYHIBIPYIaH
keitin OeminreH ¢ocdop memmepimen GaramaHabl xoHE (ochOop HLIAMBIHBIH KypaMbiHAAFs! (Gochopabiy
JKaJIMbl MOJILEpiHiH Maibi3bIiMeH KepceTiani. Toxipubenep ap TYpii KYpbUIBIMIAAFbI, KypambiHaa ¢Gochop
MeJIIIepi dp TYpJi KSHE IMIApTThl TYpAe YLI TOMKa OeNiHreH yJriiep YIIiH Kypri3ingi: 6ap KypambiHIa
docdop «mom» —70 %, «opratman — 50 % xone KypambiHza Gpocdop «az» —30 %.

Kinm ce30ep: »neKTpOruIpaBIUKaNbIK HMITYJIbCTap, KaHy, ¢ocdop, docdop IIIambl, EKTPOTUAPABIHU-
KaJbIK ocep, SJIEKTP pa3psiIbl, 3apsATay KepHeyi, ISKTPO apajblK KaIIBIKTHIK, KOHICHCATOPIIBIK OaTapesuiap.
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A K. Xacenos, ¥Y.b. Hycyn6exkos, /I.K. Kapa6ekona,
C.C. KaceimoB, M. M. BonarbekoBa, M. CtoeB

HccienoBanne BJUMSAHUA JIEKTPOrHAPABIHYECKUX UMITY1bCOB
Ha npouecc ropesus pocpopHoro uiamMa

B crarbe paccMOTPEHO BIMSHHE JIEKTPOIMAPABIMYECKHX HMMITYJIBCOB Ha mpouecc roperus docdoproro
niaMa. DJIEKTPUYECKHe pa3pssl B cpene (ochOpHOro murama SBISIOTCS HCTOYHHKAMHU yIapHBIX BOJH, KO-
TOpBIE Pa3pyHIAlOT CTPYKTYPY (HochOpHOTro mulamMa M CIocoOCTBYIOT MHTEHCH(HKAIMH MPOIIecca TOPECHHS.
OTaM4nTeNnEHO 0COOCHHOCTBIO 3IEKTPOTHAPABINIECKOT0 d(pPeKTa SIBIIETCS BO3MOXKHOCTD C IIOMOIIBIO Xa-
PaKTEPHCTHK JIEKTPOPA3PSITHOTO KOHTYpa PErYJIHPOBATh ITapaMeTPhl BOJH JAaBICHUS B JOBOJIHHO IITUPOKUX
npenenax. Jias onpeneneHus: ONTUMAIBHOTO MO MPOU3BOAUTENFHOCTH M YHCTOTE KOHEYHOTO NMPOAYKTa pe-
JKMMa pabOoThl NMEKTPOPA3PSAHON YCTAHOBKU OBLIM NMPOBEIEHBI ONBITH MO BIMSHHUIO SHEPTHM paspsja Ha
3¢ PEeKTHBHOCTH 3JeKTpopaspsaHoro crocoba ussnedenus (ochopa u3 dochopHoro nuiama. IphekTus-
HOCTb 3JIEKTPOPa3psITHOTO Mpoliecca OLeHNBAIAch KOMMYECTBOM BhlAenuBIIerocs ochopa nocie oTcranba-
HHS ¥ BBIpaXKaJlach B MPOLEHTAaX OT obuiero komudectBa Gocdopa B HaBecke pocopHoro muiama. OmbIThI
TIPOBOAMIINCH IJISI IIUIAMOB PA3JIMYHOI CTPYKTYpHI, C Pa3iIMIHBIM coJiepKaHueM (Gocdopa U yCIOBHO pasjie-
JICHHOW Ha TPH TPYHIBL «Oorathlity ¢ copepxanueM docpopa — 70 %, «cpemuuity — 50 n «OemHbII» —
coxepxanue pochopa — 30 %.

Kniouesvie cnosa: 3MeKTpOrHAPaBINIECKHE UMITYJIbCH, ropeHne, dpocdop, GochopHsIil mam, 3JIeKTporu-
paBiyeckuit 3QdeKT, MEKTPUUYECKUil paspsi, 3apsAiHOe HANPSHKEHUE, MEXIICKTPOIHBIH 3a30p, KOHJEH-
caTopHble OaTapen.
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