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Abstract-The effect that tight 180” bends have on locally enhancing the mass transfer, over the fully 
developed tube value, has been examined at Reynolds numbers up to 2.6 x 10’. The initial or smooth 
enhancement has been shown to be less than 1.8 : the final or rough enhancement was found to increase 
with Reynolds number--enhancement = 0.71 Re o 12, This is consistent with mass transfer from a rough 
surface being dependent on the Reynolds number directly and not on the Reynolds number raised to a 
fractional power. Various possible mass transfer peaks were identitied, pa~~l~ly surmising were those 
45” round the bend on its inside. The other position of mass transfer maxima at high Reynolds numbers 
was on the flanks between 90’ and 180” around the bend. It has been established elsewhere that there is a 
relationship between the mass transfer coefficient and the rate of erosion corrosion of carbon steels in a 
power plant. The implications of the findings of the present work in predicting the occurrence of erosion 

corrosion are discussed. 

INTRODUCTION 

EROSION corrosion of carbon steels in pure water has 
occurred in a number of nuclear boilers [l]. This has 
been encountered in both single and two-phase 
regimes. The problem is invariably associated with 
regions of flow disturbance, e.g. downstream of ori- 
fices or ferrules, or at bends. There is ample evidence 
to support the idea that there is a relationship between 
the mass transfer coefficient (K) and the rate of ero- 
sion corrosion. Unfortunately, the rate of metal loss 
does not show the simple expected linear relationship 
on the product of AK and AC where C is the con- 
centration driving force. Rather it appears [2, 31 that 
the corrosion rate depends on the mass transfer 
coefficient raised to a power between 1 and 3 depend- 
ing on the pH and temperature, i.e. the rate of metal 
loss varies as : K’AC, where 1 < n < 3. It has been 
suggested [2] that this unusual behaviour arises 
because the effective magnetite solubility increases 
with increasing corrosion rate. 

It is important in making predictions [4] that both 
K and n are known accurately. The value of n can be 
determined by performing an erosion corrosion test 
on a specimen with a known mass transfer dis- 
tribution-the region downstream of an orifice is well 
suited for this. Then, if the mass transfer of any other 
feature is known, it should prove possible to predict its 
erosion corrosion rate. Bends are the major geometric 
feature of boilers for which such predictions are 
needed. 

Coney and co-workers [5,6] have made an extensive 
review of both mass and heat transfer at bends ; this 
was limited to the single phase situation, since no 
information was available concerning two-phase flow. 

The only available mass transfer work [A utilized 
the sublimation of naphthalene in air (SC = 2.53) at 
Reynolds numbers of 9 x lo4 and 3.9 x 10’ in a 90” 
bend with a ratio of bend diameter to tube diameter 
of 3. It was found that mass transfer was suppressed 
at the inside of the bend, but enhanced by about 70% 
at the outside and flanks of the bend. 

There have been a number of heat transfer studies 
at bends which have produced conflicting results. In 
particular, in some heat transfer experiments involv- 
ing heated bends [22,23] enhancement factors as high 
as 4 were measured, whereas other heat transfer 
measurements suggested values below 2. Coney sug- 
gested that these discrepancies could be caused by 
irregular heating in electrically heated bends due to 
changes in wall thickness, and to density induced cen- 
trifuging, the effect of which would depend upon 
whether the bends were heated or cooled. Despite 
these problems Coney [5] tentatively suggested a cor- 
relation equation 

Sh outside of bend r 1.2 L 0,;s 

5% fully developed tube 
=1+2.2x 2 

0 0 

where R is the average bend radius, r the tube inside 
radius, and d its internal diameter. L is the length 
along the centre line of the curved section of pipe, Ljd 
has a maximum value of 30, R/r has a minimum value 
of 4 and the enhancement has a maximum value of 
1.7. This equation predicts that the enhancement is 
independent of Reynolds number. 

However, it was clear that more work was needed 
to characterize mass transfer in bends. The work 
reported here was undertaken to examine single phase 
mass transfer in bends. Particular attention has been 
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FIG. I. Manufacture of AGR 2.5D bends and their geometry. 

given to the very tight 180 bends (Fig. I) used in 
boilers manufactured by NE1 Nuclear Systems Lim- 
ited for the British Advanced Gas Cooled Reactors 
(AGRs) at Hinkley, Hunterston, Heysham I1 and 
Torness, where the operating Reynolds number is of 
the order of 2 x 10’. The technique used is the newly 
developed and tested method [4,8] which relies on the 
corrosion of copper in acid ferric chloride solutions. 
The rate is controlled by the diffusion of ferric ions to 
the copper surface, where they are reduced to ferrous 
ions and the copper dissolves as a monovalent chlor- 
ide complex. Parallel to this work, Wilkin and co- 
workers [6, 91 have been using the chemical dis- 
solution of plaster of Paris in water, and Sprague et 
al. [lo, 1 l] have been using the limiting current density 
technique (LCDT) to examine mass transfer at bends. 

It must be indicated that some confusion can arise 
in describing the tightness of a bend. Manufacturers 

use the ratio of the diameter of the former used to 
make the bend to the tubes outer diameter. The rel- 
evant hydrodynamic description is the ratio of the 
average diameter of the bend to the inside diameter 
of the tube. The latter ratio is always the larger and 
is used throughout this report. 

EXPERIMENTAL 

Two kinds of bend were fabricated for the present 
experiments. 

(I) A fully soft copper tube 15 mm o.d. with either 
a 0.7 or I mm thick wall was bent into 7.30 bends 
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Ro. 2. Geometry of2.5D test bends. 

with a hand operated bender without the use of a 
SpFhg. 

(2) Half hard thicker walled (-2.7 mm) copper 
tubes 28 mm o.d. were stress relieved for 1 h at 450°C 
prior to being bent into 2.50 180” bends using a pFO- 

duction bender ; in boiler maker terminology this is a 
1D bend. Figure 2 shows the typical cross-sectional 
geometry of a 2SD copper bend after bending. The 
similarity between this and the productian bend (Fig. 
1) is apparent. 

It is clear that real bends are far from the uniform area 
circular cross-section ideal. However, it is difficult 
to quantitatively define a bend’s geometry. The 
reduction in cross-sectional area, the degree of inter- 
nal ellipticity and asymmetry, together with any sud- 
den changes in cross-section, appear the most relevant 
properties. The reduction in cross-sectional area of 
the copper bend (28%) was greater than the pro- 
duction bend (20%) examined, whereas the elliptic&y 
and asymmetry were very similar. 

Analysis of the copper used indicated 99.95% 
purity with Zn the only detectable impurity. The solu- 
tion used throughout this investigation was deoxy 
genated 0.1 N HCl containing4 g 1-r ferric ions, added 
as ferric chloride. This was made up using deionized 
water and reagent grade chemicals. 

The kinematic viscosity (7) of the: solution was 
taken to be that of water at 50°C (0.0055J4 cm-* s-‘) 
and the diffusion coefficient (D) of ferric ions has been 
estimated to be 0.975 x lo-’ cm-’ s-r; this gives a 
Schmidt number SC = D/r of 568. 

Most tests were carried out in a hydrod~i~ flow 

rig described in detail elsewhere [S, 12, 131. Briefly, it 
comprises a 20 f PVDF tank th~~ostat~~al~y con- 
trolled to 5O-t_025”C, a centrifugal pump and a 
bypass and test circuit including calibrated rotameters 
and thermometers. The highest Reynolds number 
tests on the 2.5D bends were carried out in a new 
much farger rig with a 130 1 tank a 7.5 kW pump and 
an impinging jet cell with facilities for monitoring the 
corrosion rate ultrasonically and hence obtaining the 
ferric ion concentration. For both bends a straight 
length of tubing 50 tube diameters long preceded the 
test bend to minimize the flow disturbance from pre- 
vious bends in the rig. 

The tube bore surfaces were degreased and the 28 
mm tube bends were cleaned using concentrated HCl ; 
the bend was then measured and weighed. Tests were 
carried out at fixed flow rates until failure occurred, 
a conductivity switch in a container beneath the bend 
terminating the test. The diameter of the specimen 
increased as dissolution proceeded and since the Bow 
rate was maintained constant this resulted in the 
Reynolds number increasing with time. A bend with 
a.n enhancement factor of 2 would cause the Reynolds 
number in the straight section to decrease by about 
‘lo% just prior to failure. The test solution was replen- 
ished at suitable intervals to avoid depletion of ferric 
ions or a build up of copper in the solution 

Corrosion rates were derived in a variety of ways. 

(1) Measuring the weight loss of a section of 
tubing, after any inlet effects, but preceding any bend 
effects. This gave an average fully developed tube flow 
value. 
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(2) Metallographically determining the thickness 
and the extent of roughening. 

(3) Ultrasonic measurements using a Panasonic 
model 5223 wall thickness gauge with a resolution of 
I ilrn. 

The last IWO techniques give local corrosion rates, 
the ultrasonic technique being particularly useful for 
measurements round the bend and for monitoring the 
progress of a test. 

RESULTS 

HOW much the bend enhanced the mass transfer 

compared to the fully developed straight tube value 
was obtained as follows : 

corrosion rate at bend (pm h ‘) 

tube thickness at point of failure (,um) 

failure time (h) 

corrosion rate of straight tube (pm h ’ ) 

weight loss (g) x 10 000 

= area (cm’) x 8.96 x failure time (h) 

where 8.96 is the density of copper. By definition 

enhanccmcnt factor 

corrosion rate at bend 

= corrosion rate of straight tube. 

Substituting and eliminating this reduces to 

enhancement factor 

thickness at point of failure (pm) 

wt. loss/cm* x I 116 

This enhancement factor is an average value over the 
test period. For the thicker walled tubes, the tube is 
rough for most of the test, so the measurements pro- 
vide an estimate of the rough enhancement factor. 

Some initial experiments were performed on thin 

walled 7.30 180‘ bends. Because of the thinness of 
these bends, it was felt that the results obtained should 
be most closely comparable with previous work on 
smooth bends, In Fig. 3 the obtained enhancement 
factors are plotted against Reynolds number with the 
failure positions shown. Also shown is the correlation 

suggested by Coney [5] and the LCDT results of 
Sprague [I 11. The failures that occurred near the exit 
of the bend were associated with a slight expansion in 
the tube resulting from the bending process. 

The mass transfer enhancement of the 2.50 180 
bends was examined at Reynolds numbers between 
IO3 and 3 x 105. Attempts to measure enhancement 
factors as a function of time during the test were made 
using ultrasonic measurements. These were fraught 
with difficulties, particularly reproducibly positioning 
the probe in the region of highest mass transfer. Where 
measurements were made successfully during the early 
stages of a test. enhancement factors were 1.6 or less. 

The final or rough enhancement factors are plotted 
against Reynolds number in Fig. 4, together with the 
various failure locations, i.e. positions of maximum 
mass transfer. The correlation equation obtained was 

rough bend enhancement factor = 0.7 I RP” I.‘. 

The scatter of the results around this line, resulting 
in a correlation coefficient of 0.74, was greater than 
similar experiments with other geometries [8]. This 
probably results from the variability of nominally 
identical bends and the variation in failure location, 

After each test the bend was cut open to reveal the 
pattern of surface roughness. These visual inspections 
indicated the following results. 

(1) Extensive overall roughening of the bend region 
only developed at high Reynolds numbers and was 
consistent with a double helical flow path round the 
bend (Fig. 5(a)). This roughening did not occur on 
the straight sections of the tube. 

(2) Failures that occurred on the inside of the bend 
45‘ into the bend were associated with a change in 
surface features possibly indicative of flow separation 
(Fig. 5(b)). 

(3) At Reynolds numbers between 4000 and 10000, 
there wcrc symmetrical ridges commencing on the 
inside of the bend at 90 and finishing near the flanks 
at 180” (Fig. 5(b)). 

(4) At the lowest Reynolds number, failure again 
occurred in the line of sight position at the entry, i.e. 
where the axis of the straight tube intersects the bend. 

(5) Only one failure occurred on the inside of the 
bend beyond the exit (Fig. 5(c)) with an enhancement 
factor of 1.74 at a Reynolds number of4000. At higher 
Reynolds number, peaks in mass transfer occurred on 
the flanks of the bend beyond the exit (Fig. 5(d)) but 
failures always occurred elsewhere first. 

DISCUSSION 

From the practical viewpoint, it is the initial or 
smooth value of the mass transfer rate at bends which 
is the hydrodynamic parameter which will determine 
if erosion corrosion will occur ; if it does it will be the 
rough value of the mass transfer coefficient which 
will influence the maximum possible erosion corrosion 

rate. 

For the 7.30 bends, since the final enhancement 
factor is never greater than 1.8 (if Re > 104) the initial 
or smooth value will be less than this ; possibly as low 
as 1.4, which is the value measured at low Reynolds 
numbers. It would appear that because these bends 
were made in relatively thin copper, limited roughness 
could develop. The roughness that developed in the 
bend region, of about 80 pm peak to peak, possibly 
caused the enhancement factor to increase from 1.4 
to about 1.8. However, the effect of roughness is prob- 
ably less than this because failures were associated 
with the tube expansion at the exit. Figure 3 shows 

there is reasonable agreement with Coney’s [5] pre- 
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FIG. 3. Results for 7.20 copper bends plus LCDT results for 5.44D 180” bends and Coney’s correlation. 

dieted correlation and the recent LCDT results of 
Sprague [ 1 I]. 

With the 2.5D bends, it seems very probable that 
the initial or smooth enhancement factors are less 
than 1.8. 

(a) Because values of 1.6 were measured during 
interrupted tests at Re = 7 x lo4 but it was difficult to 
measure the position of peak mass transfer. 

(b) Because at low Reynolds numbers, enhance- 
ment factors of 1.7 were measured. There is no known 
basis (other than surface roughening) for this to 
increase with Re, in fact Sprague’s results tend to show 
the opposite effect. 

All this is in agreement with Achenbach’s earlier work 

[7] on 30 90” bends, which suggested a smooth 
enhancement factor of 1.7. It must be indicated that 
a 2.50 bend is, to our knowledge, the tightest bend 
used in boilers or other pipework systems. As such, it 
should represent the worst case and it is en~oura~ng 
that the enhancement factor is not much higher than 
the 7.30 bend. 

With the thicker walled 2.50 180” bends, as dis- 
solution proceeded the bend area preferentially 
roughened, showing up the flow lines and leading to 
e~an~ment factors of up to nearly 4. This surface 
roughening was very dependent on Re only occurring 
at high Reynolds numbers, in agreement with Coney 
et d’s findings [6] for plaster bends. This appears 
to be the reason why enhancement factors at lower 
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Reynolds numbers were smaller, since, as discussed 
carlicr, there is no evidence to suggest that smooth 
enhancement factors should increase with Reynolds 
numbers. 

This is contrary to what simply might be expected, 
i.e. at high Rc, flow is so turbulent that additional 
‘contributions’ are not so important as at low Re. It 
is the effect expected if one considers that increasing 
the Reynolds number will produce a thinner con- 
centration boundary layer. This is exactly the effect 
found by Kappesser et ai. [I 51 using rotating cylinders 
of various initial roughnesses. This work convincingly 
showed that there was a critical Re value above which 
a given roughness enhanced mass transfer, that this 
critical value decreased with increasing roughness and 
finahy that above the critical Reynolds number, the 
mass transfer rate was proportional to Re not RF”,‘. 

An earlier classical paper by Dipprey and Sabersky 
12.51 found very similar effects during heat transfer 
experiments on sand roughened surfaces. Addition- 
ally, they showed the importance of the Schmidt num- 
ber in that the boundary layer thickness is thinner at 

higher Schmidt numbers and thus a smaller roughness 
height can disturb it. Because the Schmidt number in 
Dipprey and Saber&y’s work was less than 6 it was 
thought Iess relevant than Kappesser et ul.‘s study 
where the Schmidt number was approximated. 

Coney [5] using data of BXumberg and Curl [24] 
also suggested that mass transfer in a fully roughened 
tube was proportional to Rr. In the present work 
this would suggest that the mass transfer rate from a 
roughened bend should depend on RP and not the 
Rt “’ found for fully developed smooth tube flow. 
This would infer that the enhancement factor should 
be a function of Re” I“. This is very close to our actual 
findings 

Similar arguments can be apphed to the roughness 
that develops downstream of an orifice or a ferrule. 

If below a Reynolds number of IO4 no roughness 
develops then the maximum enhancement factor for 

a smooth orifice or ferrule can be obtained by dividing 
the Tag ef A {26] mass transfer corfelatiofi for a 
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ferrule, or the Krall and Sparrow [27] heat transfer 
correlation for an orifice, by the Berger and Hau [28] 
correlation for fully developed tubular flow. After 
simpli~~tion this becomes [13] 

enhancement factor smooth orifice 

= 16 36 d 
.o do 

o.67j&-o.19. 

Above a Reynolds number of lo4 roughness develops 
downstream of the orifice with a Reynolds number 
dependency of unity ; the Reynolds number depen- 
dency of the enhancement is obtained by dividing this 
by the Berger and Hau value for the fully developed 
tube flow of Rcz’.‘~, i.e. Re0.14. The constant relating 
the e~an~ment to the Reynolds number is obtained 
by assuming the rough and smooth enhancement fac- 
tors are equal at a Reynolds number of 104, which 
gives 

enhancement factor rough orifice 

= * 8 d o.67 0 . do 

&O. 14 

As shown in Fig. 6, this would have important effects 
on predictions. It is currently being examined, but 
earlier indications [8] were that isolated scallops 
formed rather than the general overall roughening 
observed in the region of the bends. These effects 
could also be important in tubing that is inherently 
rough. Rifled bore tubing might come into this cate- 
gory, in which case the enhancement in mass transfer 
would be 0.275&~~.‘~ but this does not allow for swirl 
effects. 

It is clearly difficult to define when a surface is 
smooth, so that no mass transfer enhancement will 
occur, or when it is so rough further increases have 
no effect. Both these roughness values will depend on 
both the Reynolds and Schmidt numbers. The critical 
height (Htil) of backward facing steps, above which 

mass transfer is enhanced, can be obtained from a 
value suggested by Coney [S] 

H,, = 60dRe-‘.=“. 

For the present tests at the highest Reynolds number 
(2.6 x 10’) this would suggest that above a roughness 
height of 25 pm mass transfer would start being 
enhanced. 

The enhancements obtained at higher Reynolds 
numbers are less than the values from plaster of Paris 
experiments on a less severe bend (5.4D). It is prob- 
able that this is due to some erosion [ 16, 171 occurring 
in the latter tests. In principal this can be examined 
by observing the effect of the concentration driving 
force; however, if attack is synergistic this might not 
be conclusive [ 181. 

Both the 2.5D and 7.2D bends failed in a number 
of positions which varied with Reynolds number. Sur- 
prisingly, many of the 2.50 bends failed near the inside 
of the bend 50” into the bend. This is consistent with 
a double helical flow path round the bend [19, 201 
producing a peak in mass transfer at 530” to the 
inside. However, the change in surface features near 
the failure, which possibly indicated flow separation, 
might well be important. This needs to be clarified by 
flow visualization studies. 

Perhaps it is significant that Staddon [21] showed 
an increase in bend tightness caused a significant 
increase of heat transfer on the inside of the bend, 
although it remained lower than that measured on the 
outside of the bend and it occurred near the exit of 
the bend. There was no evidence of the 7.20 bends 
failing on the inside near the entry, so the tightness 
might be an important parameter which needs further 
m~hanisti~ study. Other potential failure sites at 
bends include: the flanks between 90” and 180” or 
beyond ; a region beyond the exit on the inner wall, 
probably associated with the expansion of the flow 
path and the fluid being thrown towards that wall by 
the bend, and finally, at very low flow rates, the so- 
called line of sight position at the entry. 
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CONCLUSIONS 

(1) The mass transfer enhancement at 7.20 180’ 
thin walled bends was examined at Reynolds numbers 
between 10’ and lo5 and found to be consistent with 
smooth surface data. 

8 

(2) The mass transfer enhancement at 2.50 180 
9 

thick walled bends was examined at Reynolds num- 
bers up to 3 x 105. The initial or smooth enhancement 
is less than 1.8 : the final or rough value is a function IO. 

of Reynolds number 

enhancement factor = 0.71 Re” ’ *. II. 
(3) Various positions of mass transfer maxima 

have been identified in the 2.5D 180” bends, par- 12. 
titularly surprising were the symmetrical maxima on 
the inside near the entry to the bend. These were 
possibly the result of flow separation. The other pos- 

ition of mass transfer maxima at high Reynolds num- 13. 
bers was on the flanks between 90” and 180” around 
the bend. 14. 
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ACCROISSEMENT LOCAL DU TRANSFERT DE MASSE POUR DES COUDES A 180” 

I&m&--L’effet des coudes a 180” sur l’accroissement Iocal du transfer3 de masse, par rapport au cas btabli 
rectiligne, est examine a des nombres de Reynolds allant jusqu’a 2,6x 10’. L’accroissement initial pour la 
surface lime est un peu inferieur B I,8 ; I’accroissement final pour la surface rugueuse augmente avec le 
nombre de Reynolds et il est &gal a 0,7 1Re OT’~, Ceci est coh&ent avec le transfert de masse, a partir dune 
surface rugueuse, d&pendant directement du nombre de Reynolds et pas du nombre de Reynofds port& ii. 
une puissance fractionnaire. De nombreux pits de transfert de masse sent identifies qui sont particulierement 
surprenants, comme ceux & 45” autour du coude. Une autre position des maxima, aux grands nombres de 
Reynolds, se trouve sur les flancs entre 90” et 180” autour du coude. 11 a Bte Btabli ailleurs qu’il y a une 
relation entre le coefficient de transfert massique et la vitesse d’brosion+zorrosion des aciers au carbone 
dam les centrales thermiques. On discute les implications de ces observations pour la p&i&on de 

t’apparition de l%rosiun-corrosion. 

ORTLICHE ERHOHUNCEN ms STOFFUBERCANGS IN 180W%3~~ 

Z~~m~a~~r~icke Erhiikungen des Sto~~~rgan~ in starren 180”-B&en gegenGber der 
ungest6rten Rokrs~6mung werden Fur Reynolds-Zahlen his zu 2,6 * 10’ untersuckt. Es wird gezeigt, 
da13 die Erhiihung am Eintritt kleiner als 18 ist ; am Austritt steigt die Erkokung mit der Reynolds-Zakl 
gem&B 0,71Re0,‘2 an. Dies entsp&ht dem Stoffiibergang an einer rauhen Oberflliche, der jedoch direkt 
von der Reynolds-Zahl abhlngt und nicht tiber eine Potenzfunktion. Verschiedene Stoffiibergangsspitzen 
werden festgestellt. Besonders iiberraschend sind diejenigen bei 45” an der Bogeninnenseite. Die anderen 
Stofftibergangs-Maxima bei hohen Reynolds-Zahlen liegen an den Flanken bei 90’ und 180”. An 
anderer Stelle ist bereits nachge~~en worden, daD es eine Beziehung zwiscken dem Stofftibergangs- 
koeliizientcn und dem Fortschreiten der erosiven Korrosion kok~ensto~aItig~r St&kle in &em Kraftwerk 
gibt. Die Anwendung der Ergebnisse der vorhegenden Arbeit fiir die Voraussage des Vorkommens 

erosiver Korrosion wird diskutiert. 

A~~TPQEII-3 miana3oHe wcen PeiiHonbmt ano 2,6 . 10’ swcne~osatto mmme MO-rp~cxbtx mm- 
60~~~~OK~bHO~y~~~H~~M~OO6M~~~~OOTHO~CHHH)ICX~p~TepHOii~~OBe~~HH~~~~O~~~~ 

mo ~~~BHTO~O Teqemw n TpyBe. llouasiulo, y’ro Haw.nbHoe mm nnamoe ysemwe~e He npeemuaer 

I,8 prtsa, a xotiewoe m.w pewoe yeemrveme aospamaer c YHCJIOM PemfonWca x8X 0,71Re0*i2. 3ro 
COXI~~TBBMMO c hiaccOnepeHOcDM OT UrepoxosaToE nowpimmq KOTO~E& npaBna, ~~BHCHT merm- 

~.LlCTeeiurO OT YHCJIK %%&iHOjE.EC& a EC oT 4H&IEi Pei&HOZbAiX B AwHO& CT$iEe&Ii.@%~~~eHa $303- 

MOXHocrb tiecaoJIfrEBx Ma~e~~~o3 Ma~~~H~;~~o ~eo~~H~6~ ~~~ B 

palorre OKO~O 45" no xony si3rdia c exiy-rpeexiefi erocrop0md.~pyr0e nonoxemie hfaxcczihi~oii Mac- 

conepwoca Ha6nEonmocb II~H BLXOKAX wcnax PefiHonwca MGUJI~ 90" H 180“ no xony naru6a HB 
6OKORbIX II0 OTIiOUICHBHl K HCM)’ CTCHKBX, ~WAHOBJICHO, ST0 Cyll.WCTB)‘CT 3aBHCHMWTb MelKAj’ KO3@H- 

wienmMMaCconepemm4 ~~Te~~~~~~b~3p03~oH~oIKop~o?IH~~ne~~~bIxCTaneiiBs~epreT~- 

'ECKHX yCTaHOBKaX.O&yWnaCTCS 803MOlKNOCTb ilpHMCHf%Sil~3j’JIbTKTOBJWlHOrO HCCJIe~OBaHHR Q&i 


