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Obijective. To determine peculiarities of macromolecule deformation behaviour under condi-
tions of a jet-shaping head that would allow to solve the issue related to the mechanism of incre-
asing water-jet cutting power with polymer additions.

Methods. This work is based on polarization-optical method, laser beam anemometry as
well as viscosimetry and rheometry.

Results. There have been studied experimentally velocity fields and their gradients as well
as the degree of macromolecule unrolling under pattern conditions of a jet-shaping head in PEO
solutions flow. In converging polymer solution flow macromolecules are forced by a hydrodynamic
field to rather strong (up to 60 per cent) stretching that causes the field restructuring. The deter-
mined regularities of macromolecules behavior in the flow with longitudinal velocity gradient and
manifested in this case effects of elastic deformations have paramount importance in understanding
the mechanism of “anomalously” high cutting power of water-polymer jet.

Scientific novelty. The work for the first time makes it possible to explain the nature of in-
creased water-jet cutting power with polymer additions when cutting foodstuffs.

Practical value. Understanding the nature of increased cutting power of water-polymer jet
will make it possible to develop recommendations on choosing regimes for water-polymer jet pro-
cessing of foodstuffs by cutting.

Key words: polymer solution, foodstuff, polyethyleneoxide, velocity, hydrodynamic field, ve-
locity gradient, deformation effects.

It is known that small polymer additions lead to a sharp increase of water-jet
cutting power when processing foodstuffs by cutting [1]. In connection with this, it is
important to know physical mechanism of the observed effect. Among the attempts to
explain the nature of the effect of water-polymer jet “anomalously” high cutting
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power a special place is held by an approach based on deformation impact of hydro-
dynamic field on macromolecules. To substantiate this approach it is necessary to
prove experimentally the presence of strong deformation impact of hydrodynamic
field under conditions of a jet-shaping head.

The research of converging currents has shown that it is possible to generate
flow with predominantly longitudinal velocity gradient, i.e. to simulate conditions
that appear in a jet-shaping head, with the help of a short capillary tube [2].

Data describing the influence of discharge velocity on effective viscosity of
water PEO solutions with different concentrations for molecular weights of 4-10° and
6:10%at 25°C are given on fig. 1.
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Figure 1 — Dependence of effective viscosity of water PEO solutions on average
discharge velocity

It can be seen, that the phenomena, unusual for purely viscous mediums are
characteristic of such currents. At certain critical (threshold) values of average ex-
haust velocity U the relative pressure differential begins sharply to increase, and it is
the sharper the more is the concentration of polymer in a solution. The marked cha-
racter of dependence &£ = f (U) testifies about high dissipation (sometimes, than is on
2 orders of magnitude more) of energy during the course of solutions of polymers
through an slot i.e. the increased hydrodynamic resistance on supercritical flow rates
Is observed. Transition to a mode of current with an increased dissipation of energy is
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accompanied by formation of the source flooded jet as “cord” enclosed by secondary
currents in the shape of a ring-shaped vortex. In case of supercritical mode of current
for area of the concentration lying between very diluted and moderately concentrated
solutions of polymers, there happens rather strong deformation effect of a hydrody-
namic field on molecular chains.

To interpret the data, the structure of the hydrodynamic field and degree of the
molecular shape distortions induced by the field should be evaluated. In this study,
velocity and velocity gradient fields as well as the degree of the coil-stretch transition
at the entrance of the capillary were investigated for various flow regimes.

A flow viscometer with an entrance angle of 180° was used. The instrument

contained a cell having a rectangular cross-section (10x17)-10°m and height of
8-102m and two short removable capillaries having the following diameter and
length, respectively: 0,5-10° and 0,21-10°m(capillary 1) and 0,37-10°m and
1,1-103m (capillary 11). The velocity field at the entrance of the capillaries was
measured using a laser Doppler anemometer according to the method. The average

flow rate G was measured volumetrically using a photo-electronic system; the flow
downstream the capillary inlet was submerged. PEO having the viscosity-average

molecular weight of M, =4-10° was used as a polymeric additive. The solutions

were prepared in the following manner. A previously (one week before) prepared
0,1% solution of PEO was diluted with distilled water. Additives of 0,05% potassium
iodide were introduced to exclude degradation of the polymer solutions upon storing
[1; 2].

Distribution of the flow rate along the flow axis for 0,05% PEO solution in di-
mensionless coordinates is depicted in Figure 2. It can be seen that, before the critical
flow regime is attained, the anti-thixotropic increase of the effective viscosity is not
exhibited and the axial distributions of velocity for the polymeric solution and pure
water are almost the same (curve 3) and filled circles on curve 3, respectively. After
passing through the critical flow regime, the curves exhibit a considerable deforma-
tion and development of the axial velocity profile (curves 1 and 2 in Figure 2). The
latter curves have at least two linear regions. It should be pointed out that after pas-
sing through the critical threshold, the flow velocities of the polymeric solutions ex-
hibit considerable fluctuations, exceeding one order of magnitude. The range of fluc-
tuations is dependent on the average flow rate, the diameter of the capillary, the mo-
lecular weight of the polymer, its concentration, its temperature, as well as its dis-
tance from the capillary inlet.

Step-by-step playback of a video recording of the flow demonstrated that the
fluctuations were associated with periodical formation and breakdown of the vortex
upstream of the capillary inlet; the breakdown may be partial or complete. The
changes with time in the hydrodynamic field correlate with the velocity changes;
thus, the maximal rate at the flow axis is attained when the maximal length of the
vortex is attained. The moment when the vortex has developed to its final shape
seems to be the most interesting, since the largest degree of the coil-stretch transition
of polymer can be expected in that state.
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Figure 2 — Velocity distribution for the polymer solution along the flow axis.
Flow through the capillary | at the average flow rate

u=25m-s (1), flow through the capillary Il at t=0,8m-s7(2)
and through the capillary 1l at T=0,5m-s1(3). Filled circles
represent the data for water when 0 =0,8m-s™

Hence, when studying the axial distributions of velocity, only the maximal
values arising at different average flow rates through the capillary were taken into ac-
count. A comparison of the velocity distributions along the flow axis with the corres-
ponding patterns of streamlines allows the conclusion to be drawn that the steep de-
crease in the velocity occurs at the entrance zone of the vortex.

Using the experimental velocity distributions along the flow axis, the respec-
tive rate gradient distributions were calculated (Figure 3).

It can be seen that the maximal rate gradient emax, occurs not at the entrance
of the capillary, but at some distance from that point equal to the length of the vortex
(Figure 3,3, curve 2). The &, at the entrance of the capillary for polymeric solution

Is considerably lower than.

It can be seen that the maximal rate gradient €., OCcurs not at the entrance of
the capillary, but at some distance from that point equal to the length of the vortex
(Figure 3,a, curve 2). The &, at the entrance of the capillary for polymeric solution

Is considerably lower that for water. Hence, the hydrodynamic field results in pertur-
bation of the macromolecules, which, in turn, affects the velocity field in such a way
that the longitudinal velocity gradients are decreased. Thus, the longitudinal velocity

gradient at the vortex axis does not exceed 30s™*. An increase in molecular weight

of the polymer and its concentration also results in decrease of the longitudinal gra-
dient at the vortex axis. Thus, the respective value for 0,2% PEO solution and capil-

lary | at the average flow rate 2m-s™ is equal to 1052,
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Figure 3 — (a) — Velocity gradient distribution along the flow axisat 1 =0,8m-s™

for water (1) and 0,05% PEO solution (2). Measurements were
performed with the capillary I; (b) — Dependence of the maximal
longitudinal velocity gradient on the average flow rate for water (1)
and 0,05% PEO solution (2) and:in the vortex for 0,05 % PEO
solution (3). Measurements were performed with the capillary |

Such low values were also confirmed by the streak photography method. The
photographs of the tracks of particles envisage that distances between the particles'
positions assumed between the equal time gaps are almost the same, which confirms
that the velocity gradient at the vortex axis is close to zero.

Figure 3,b illustrates that the longitudinal rate gradient at the axis of the vortex
(curve 3) and maximal value of the rate gradient at the entrance of the capillary
(curve 2) are only slightly dependent on the average flow rate through the capillary.

Hence, a novel method of controlling the flow of polymeric solutions has been
found. Indeed, the structure of hydrodynamic field of a Newtonian fluid at a given
value of the flow rate is strictly determined by the shape of the walls of the flow ele-
ment and the average flow rate, whereas in our case the polymeric solution itself “re-
gulates” the flow structure, which turns out to be absolutely independent (in classical
sense) of the configuration of the walls.

The observed changes in the structure of the hydrodynamic field can be asso-
ciated with large distortions of the macromolecular coils induced by hydrodynamic
field, leading to non-linear elasticity effects. The degree of the coil-stretch transition

may be estimated from the value of the deformational factor AATn’ where An is the
experimental flow birefringence value, while the An_, is the limiting value of the
flow birefringence calculated at the given concentration of polymer. The methods of
An_,, calculations and experimental procedure of An measurements are given else-
where [3].

Results of the studies of the influence of hydrodynamic field on the polymeric
solution are depicted in Figure 4. The value of deformational factor increases when
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approaching the entrance of the capillary for the average flow rate equal to the critical
value (curve 1) and reaches its maximum at rather high o values (curve 2). The max-

: .. ) An .
Imum position of the deformational factor A at the entrance of the capillary cor-
nOO

responds to the domain with maximal longitudinal velocity gradient (Figure 3,a,
curve 2).

As mentioned previously, the flow becomes rather unstable after passing
through the critical threshold, which can be seen from the plot of the laser beam in-
tensity vs. time in Figure 5,a (the laser beam crossed the flow axis above the capillary
entrance at the distance equal to the diameter of the capillary). The fluctuations are
accompanied by the flow birefringence at the capillary inlet. Hence, during the flow
birefringence measurements, only maximal An values at the given average flow rate
of polymeric solution have been taken into consideration, as in the case of the velo-
city measurements.

The obtained distribution of the deformational factor over the flow axis at the
entrance of the capillary (Figure 4) envisages the possibility of a high degree of coil-
stretch transition under the free-converging flow conditions. The flow birefringence
ratio attains the value of 0,33, which corresponds to ~60% coil-stretch transition de-
gree. Increasing the polymer concentration results in a decrease of the deformational
factor (curve 3). Thus, for a 0,1% PEO solution characterized by the

[7],-C.; =172, the AA_n ratio is equal to 0,1. Hence, in moderately concentrated
n

0

(semi-dilute) solutions, the coil-stretch transition degree attains 30%.
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Figure 4 — The distribution of the coil-stretch transition degree over distance
from the entrance of the capillary for aqueous PEO solution
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Figure 5 envisages deformational behavior of macromolecules at the different

flow rates. It can be seen that the (AATHJ , VS. average flow rate dependence may
max

be divided onto three domains. Domains 1 and 3 are characterized by a monotonic

increase of the coil size with growth of the flow rate, while in the intermediate do-

main 2 the transition is rather sharp. From a comparison of Figures 3 and 5, it can be

concluded that an increase of the @ in the domain | is accompanied by growth of the

longitudinal velocity gradient, which results in an increase of the size of the coils.
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Figure 5 — Fluctuations with time of the laser intensity (a) and dependence of
the coil-stretch transition degree on average flow rate (b).
Measurements were performed with the capillary |1 and 0,03% PEO
solution. The arrow marks the flow regime corresponding to the (a)
plot of the laser intensity fluctuations

The values of the rate gradients arising at the entrance of the capillary for po-
lymeric solutions are somewhat lower than those for water at the same average flow
rate. When attaining some critical velocity gradient &, a sharp transformation of

the size of the coils occurs. The sharp jump of the deformational factor with an in-
crease of the average flow rate is an indication that the hydrodynamic field results in
conformational instability of the macromolecules and the occurring coil-stretch tran-
sition is the first order phase transition. The phase transition results in a considerable
readjustment of the velocity field leading to decrease of the longitudinal gradient
which takes on the value & 5; the latter, however, must remain greater than &g,

which is the rate gradient when the flow birefringence zone is arising at the entrance
of the capillary, i.e., the £,q < &g3 <&y, condition must hold. A further increase of

u only slightly affects the deformational factor and the value of longitudinal gradient,
see the domain 3. In that domain, considerable changes in velocity result in only
slight variations of the longitudinal gradient (Figure 3,b, curve 2); this fact proves the
non-linear dependence of the stretching degree on the rate gradient. According to Ni-
kolis and Prigozhin [4], at least, the cubic non-linearity must occur.
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The experimental data presented above clearly demonstrates that the water-po-
lymer system under appropriate conditions of the converging flow exhibits self-orga-
nization with the negative feedback coupling. Indeed, increase of the longitudinal rate
gradient results in the coil-stretch transition of the polymers, which, in turn, affects the
flow structure in such a way that the longitudinal gradients become smaller. The gra-
dients must remain greater than some critical value sufficient for the coil stretching,
which is related to the macromolecule relaxation time € by the following formula:
0, =05 [5]. Otherwise, the reverse stretch-coil transition occurs [6] and macro-

molecules decrease their influence on the velocity field, which, in turn, results in a
steep increase of the velocity gradient. This will lead to the coil-stretch transition and
all the above processes will happen once again. Hence, the stable state is characteri-
zed by the minimal value of the velocity gradient which is sufficient for a sharp coil-
stretch transition. Increase in the flow rate results in some additional growth of the
deformational factor due to nonlinear effects (Figure 5, domain 3) sufficient for sta-
bility of the rate gradient field of the chosen polymeric system (Figure 3,b, curve 2).

Hence, peculiarities of the free-converging flow of the polymeric solutions are
associated with a high degree (-60%) of reversible stretching of macromolecules
caused by the hydrodynamic field and with an influence of the stretched macromole-
cules on the structure of the field. The determined regularities of macromolecules be-
havior in the flow with longitudinal velocity gradient and manifested in this case ef-
fects of elastic deformations have paramount importance in understanding the me-
chanism of “anomalously” high cutting power of water-polymer jet processing of
foodstuffs by cutting.
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I[ens. Yecmanosums ocobennocmu 0e@hopmMayuoHH020 NO8eOeHUsI MAKPOMOAEKYL 8 YCI08U-
X cmpyegopmupyrowel 201068Ku, KOmopbsle N0360Jm NOOOUMU K PEUEHUI0 60NPOCA O MEXAHUME
V8enuueHUst pexcyueti CHoCOOHOCMU UOPOCMPYU C NOAUMEPHBIMU 00DABKAMU.

Memoosl. B pabome ucnonv306anvl: noaspu3ayuoOHHO-ONMUYECKULl Memoo, 1a3epHas aHe-
MOMempust, A MAKHCe BUCKOZUMEMPUSL U PEOMEMPUS.

Pezynbmamut. DxcnepumenmanbHO U3yyeHvl NOasi CKOPOCHel U UX 2paouenmos, a maxice
cmeneHb pazeopavusanus MaKpOMONeKyl 8 MOOENbHbIX YCI08UAX cmpyedopmupyioujell 20108KU
npu meyenuu pacmeopos I120. Ilpu cxodswemcss meueHuu pacmeopos noIUMepo8 MAKpPOMOIEK)-
JIbl N008EP2alomcs 6ecoMa CuibHomy (00 60%) pazeopauusanuio noo deticmeauem 2uOpPOOUHAMUY e-
CKO20 NOJIsl, WMo 8 pe3yibmane NPUGoOUm K nepecmpoiike Cmpykmypvl 9mo2o nojs. YcmanoenieH-
Hble 3aKOHOMEPHOCTU NOBEOEHUSL MAKPOMOLEK)Y NPU MeYeHUU C NPOOOIbHbIM SPAOUEHIMOM CKOPOC-
Mu U NPOAGIAIOWUECSE NPU IMOM I hexmpbl ynpyaux oehopmayuii umerom onpeoeisiroujee 3Haye-
HUe 8 NOHUMAHUU MEXAHUSMA «AHOMATIbHO» BbICOKOU pedxcyueli CnoCOOHOCMU 800HO-NOIUMEDPHOU
cmpyu.

Hayunas nosusna. Paboma enepgvie nosgonsiem o00vACHUmMb NpUpooy YEeIUYeHUs. Pextcy-
wetl cnocoOHOCmU 2UOPOCIPYU C NOJUMEPHBIMU 000asKaAMU Npu 0Opabomke NUUEebIX NPOOYKMO8
pe3anuem.

Ilpakmuueckaa 3nauumocms. [lonumanue npupoosl ygenudeHus pexcyuei. CnocooHocmu
B0OHO-NONUMEPHOU 2UOPOCMPYU NO3BOIUM PA3PAOOMamMsb PEKOMEHOAyuu no blOOPY DPeNCUMO8
2UOPOCMPYIHOL 800HO-NOIUMEPHOU 0OPAOOMKU NUYEBBIX NPOOYKINOE PEe3AHUEM.

Knrwouesvie cnosa: nonumepnviii pacmeop, nuwyevle NPOOYKmbvl, NOIUIMULEHOKCUO, CKO-
pocmu, 2uOpOOUHaAMuUYecKoe noje, 2paduenm cKopocmu, degopmayuonHule d¢hghexkmol.

Mema. Busnauenns ocobaueocmeti degopmayitinoi no8eodinku MaKpOMONEKyl 8 YMOBAX
CMPYMEeHOpOPMYBANLHOI 20106KU, AKI 00360JI51Mb BUPIUUMU NUMAHHA NPO MEXAHI3M 3011bUIeHHS
PpizanbHOi 30amuocmi 2iopocmpymeHs 3 NOTIMEPHUMU OOMIUKAMU.

Memoou. Y pobomi ukopucmaui: noaapizayitiHo-onmudHull Memoo, id3epHa aHemomen-
Pisl, a maxkooic 8iCKO3UMempisl i peoMempisi.

Pezynomamu. Excnepumenmanvho eusueni nois wieuokocmel i ix epadienmis, a makoic
CMYNiHb PO320PMAHHA MAKPOMOLEKYNL Y MOOEIbHUX YMOBAX CMPYMEHOPOPMYBATbHOI 20108KU 3d
ymosu meuii posuunie [IEO. Axwo meuis, po3uunie nonimepie € 30ik4CHOI0, MO MAKPOMOAEKVIU
niooaromuvcs oocums cuivHomy (0o 60%) poseopmannio nio dicto 2i0POOUHAMIYHO20 NOS, WO 8
pe3yremami npuzeooums 00 nepedyoosu CmpyKmypu ybo2o nois. Becmanoeneni 3akonomipnocmi
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NOBEOIHKU MAKPOMOEKY]L 3d YMOGU meyii 3 N03008HCHIM 2pAdIEHMOM WEUOKoCmi ma egexmu
NPYHCHUX Oehopmayiil, wo NposAeIAMbCa NPU YbOMY, MAIOMb BUSHAYATbHE 3HAYEHHSA OISl pO3Y-
MIHHA MEXAHIZMY «AHOMAIbHOY» 8UCOKOI PI3aibHOI 30amMHOCME 00HO-NOJIIMEPHO20 CIPYMEHSI.

Haykoea nosusna. Poboma enepuie 0036015€ nosicHumu npupooy 30i1bueHHs Pi3aibHOoi 30am-
HOCmI 2I0pOCmMpyMeHtsl 3 NOAIMEPHUMU OOMIUKAMU 3a 0OPOOKU XAPHOBUX NPOOVKMIG PI3AHHAM.

Ilpakmuuna 3nauywiicmo. Po3yminnsa npupoou 36invuients pizaibHoi 30amHOCMI 600HO-
NONIMEPHO20 2I0pOCMPYMeHs. 00380UMb PO3POOUMU PEKOMEHOaYii Woo0 8uOOPY pedcumis 2iopo-
CMPYMUHHOI B00OHO-NOTIIMEPHOI 0OPOOKU XAPHUOBUX NPOOYKMIB PI3AHHSM.

Kntouoei cnoea: nonimepnuili po3duur, xapuosi npooyKmu, NOJiemuieHOKCUO, WeUOKICmb,
2I0poouHamiute nose, 2padienm weuokocmi, depopmayitini egpexmu.

Pexomenoosano 0o nybaikayii 0-pom mexH. HAyK,
npog. Heoonvoxinum @.B.
Hama naoxoocenns pykonucy 18.10.2013 p.

YK 664.3.032
Koporaesa €.0., XapKiBCbKUI JiepKaBHUIN YHIBEPCUTET Xap4yyBaHHS
Hexuneca O.I1., kaHja. TexH. HAYK, Ta TOPTiBIi, M. XapKiB, YKpaiHa,

IMuBoBapos ILIL., 1-p TexH. HayK, npod. e-mail: Korotayeva@yandex.ua

NEPCHEKTUBU BUKOPUCTAHHS KAINICYJIBOBAHOI
KUPOBOI MPOJYKIII B TEXHOJIOITYHUX ITPOIIECAX

Korotayeva E.O., Kharkiv State University of Food Technology and
Neklesa O.P., Cand. Sc. (Tech.), Trade, Kharkiv, Ukraine
Pyvovarov P.P., Dr. Sc. (Tech.), Prof. e-mail: Korotayeva@yandex.ua

PROSPECTS OF APPLYING ENCAPSULATED FAT PRODUCTS
IN TECHNOLOGICAL PROCESSES

Mema. Memoto cmammi € po3pobnenHs npUHYUNOBoi MexHoN02IYHOI cxemu UpOOHUYMBA
Kancynb08aH020 HCUPOBO2O cepedosulyd, 00IPYHMYBanuHs (YHKYIOHANbHOIL POl peyenmypHux Kom-
NOHEeHmi8, iX PYHKYIOHANbHOT 83AEMOOII 8 MEXHONIO02IUHUX NPOYeCax.

Memoouka. Y npoyeci 0ocnioxcensb GUKOPUCAHO MEMOOU CUCMEMHO20 AHATI3Y.

Pezynomamu. Ha niocmasi npogedenux 00cniodiceHb po3podieHo NPUHYUNos8y mexHono2iu-
HY cXemy KancylbOBAHUX HCUPOBUX NPOOVKMIB, 30a2aueHux MHCUpOPOIYUHHUMU KOMNOHEHMAMU,
wsaxom oocnioxcenus mooeneu «Cmpykmypa cucmemuy ma « Cknao cucmemuy. Ha ocnosi npun-
YUNOBOI MEXHONIO2IYHOI cXxeMuU pPO3POOIEHO MEXHONO02II0 BUPOOHUYMEBA KANCYIbOBAHUX HCUPOBUX
NPOOYKMI8 i BUHAUEHO (YYHKYIOHALHY PONb peYenmypHUxX KOMHOHEHMI8, a MAaKodic ix eqhekmusHy
DYHKYIOHATbHY 63AEMOOII0 8 MEXHONO02IUHUX NPOYECaX.

Haykoea noeusna. Ynepuwie pospodieHo mepmocmitikuil Hanisgabpuxkam Kancyib08aHux
POCTUHHUX ONill HA OCHOBI IOHOMPONHO20 NONICaAxapudy, AKULL MA€ Ne6Hi CMPYKMYPHO-MEXAHIUHI,
Qi3uKo-XiMiyHi, MiKpOOIONOCIYHI 81ACMUBOCTII.

Ilpakmuuna 3nauywiicme. [Iposedeni 00CHIONCEHHS OAIU MONCIUBICMb PO3POOUMU HOD-
MamusHy ookymenmayiro: mexuiuni ymosu TV Vipainu «Hanigghabpuxam xancyibo8anux pociuH-
HUX OJ1U, Jcupie ma ix cymiwienu» i mexHol02iYHy THCMPYKYIl0. 3anponoHO8aHO WIIAXU BUKOPUC-
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