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Abstract-The mechanism for the enhancement of stagnation-point heat transfer was explored analyzing 
the large-scale turbulent structures of an impinging round jet by a statistical technique with conditional 
sampling. It has been found that large-scale eddies impinging on the heat transfer surfaces produce a 
turbulent surface-renewal effect dominant for the enhancement of the jet impingement heat transfer. The 
effect of heat transfer enhancement can be described in terms of the turbulent Reynolds and Strouhal 
numbers based on the characteristic turbulence intensity and frequency of the large-scale eddies impinging 

on the stagnation-point boundary layer. 

INTRODUCTION 

IT IS WELL known that the so-called free stream 
turbulence augments significantly the rate of heat 
transfer in the impingement region as in the forward 
stagnation-point region of circular cylinders immersed 
in a uniform turbulent stream. It has also been 
revealed that heat and mass transfer is enhanced 
without a substantial increase in skin friction in that 
region. This might be attributable to the fact that as 
distinct from parallel flows along a solid wall, the 
Reynolds analogy between momentum and heat 
transfer does not hold in the stagnation-point region. 
There have been many experimental and analytical 
studies conducted to examine the free stream turbu- 
lence effects on heat transfer. The majority of these 
studies [l-7], however, deal with uniform flows past 
cylinders with artificially induced turbulence. 

This paper deals with convective heat transfer on 
the large flat plate a turbulent round jet strikes 
normally. Striking a turbulent jet against heat transfer 
surfaces is one of the most effective ways for the heat 
transfer augmentation because free jets can easily 
attain very high intensities of turbulence by virtue of 
large-scale eddies produced in the shear layer. How 
far a heat transfer surface should be positioned from 
a jet exit is a very important question. For the case 
of isothermal free jets issuing from a well-shaped 
convergent nozzle, maximal stagnation-point heat 
transfer can usually be attained when a flat plate is 
placed between six and eight nozzle diameters [S- 
151. It was found in the previous work [16] that this 
optimal nozzle-to-plate spacing corresponds to the 
length of the potential core region defined by refs. 
[17, IS]. 

To account for the effect of turbulence, in general, 

the following turbulence correction factor [19, 203 is 
introduced: 

NU 
-=U+E) j$ . 
Re"2 ( x F 

The turbulence correction factor E is a function of 
the free stream turbulence. A correlation parameter 
Tu,/Re was first proposed by Smith and Kuethe [3] 
in order to explain the enhancement effect of heat 
transfer from cylinders and several parabolic relations 
between Nu/JRe and TuJRe were reported by Kestin 
and Wood [4], Galloway [S] and Lowery and Vachon 
[6]. It can be interpreted that JRe comes from the 
reciprocal of the boundary layer thickness in the 
stagnation-point region. The effect of jet turbulence 
was successfully described using the same type of 
relationships as Donaldson et al. [19], Chia et al. 
[20] and Hoogendoorn [21]. 

However, the mechanism for the heat transfer 
enhancement in impinging jets is quite different from 
that of circular cylinders in the sense that much larger 
coherent structures exist in the approaching stream. 
Recently, large-scale coherent structures of turbulent 
free jets have vigorously been studied by modern 
statistical methods with conditional sampling [22- 
261. According to Yule’s paper [23], the development 
of free jets is accompanied by the transition of an 
axisymmetrically coherent vertical structure to a less- 
coherent, large-scale eddy structure in the shear layer. 
It can be expected that such large-scale eddies will 
hit the stagnation point if a flat plate for heat transfer 
is placed downstream of the potential core. 

There have been a few studies conducted to observe 
large-scale structures of impinging jets [27-301. 
Hirata et al. [27, 283 discovered the generation of 
unstable cellular structures over the stagnation line 
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NOMENCLATURE 

i 
contraction ratio of convergent nozzle [-I t time [s] 
nozzle exit diameter [m or mm] At time interval for conditional sampling [s] 

Fs F&sling number, Fs, = Nu/Re,“2 Pr’/3, u jet velocity (time averaged) [m s-r] 
Fs, = NufRe,“’ Prli3 UC convection velocity [m s- ‘1 

f. passing frequency of large-scale U jet velocity fluctuation [m s- ‘1 
structure [Hz] Z axial distance from jet exit [m]. 

flJ2 frequency defined in equation (6) [Hz] 
H nozzle-to-plate spacing [m] Greek symbols 
h stagnation-point heat transfer E turbulence correction factor [-I 

coefficient [W me2 K-‘1 
I intermittency function [-I : 

thermal conductivity [W m - ’ K - ‘1 
integral length scale [m] 

Nu Nusselt number, hd/tc V kinematic viscosity [m2s - ‘1 
Pr Prandtl number r relative time delay [s]. 
R autocorrelation function defined by 

equation (3) Subscripts 
Re Reynolds number, Udfv, Re, = Uod/v, 0 at jet exit (z = 0) 

Re, = U,,,dfv m on jet centerline at z 

Re, turbulent Reynolds number, ,/(iif)d/v S at the entrance to the impingement region 
r radial distance from geometrical or at the stagnation point 

stagnation point [m] TF turbulence-free condition 
Sr surface-renewal parameter, Re, St, 

St, Strouhal number, f,d/U, Superscripts and overlines 
T integral time scale [s] * time-averaged value of fl and f2 at 
T+ time period of core fluctuation [s] z/d = 6 
Tu turbulence intensity, ,fU’/U, Tuo = - time average 

,/U,fJU,, Tu, = $i~iJ, conditional average. 

of an impinging plane jet. However, such a cellular 
structure has not been found yet in impinging round 
jets. Only a structural image of the impingement 
region was statistically derived by analyzing the 
surface-pressure fluctuations in the previous work 
[13]. The flow structure near the stagnation point 
has not come out clear yet, especially in the case of 
round jets. 

The objective of the present work is to derive 
experimentally a physical model about the enhance- 
ment mechanism by observation of the large-scale 
structures of impinging round jets. The interest of 
research is focused on the role of large-scale eddies 
in the enhancement of stagnation-point heat transfer. 

EXPERIMENT . 

Figure 1 shows the experimental setup. The main 
part is a large rectangular water tank that has a 
circular convergent nozzle at the bottom and a 
circular flat plate normal to the jet axis above the 
nozzle. 

Two convergent nozzles of different sizes are used 
in order to change the scale of vortex rings: one has 
a jet exit of diameter d = 28 mm with a contraction 
ratio c = l/59 and the other has d = 14mm and 
c = l/236. An isothermal water jet, issuing vertically 
upward from the convergent nozzle, impinges nor- 

FIG. 1. Experimental setup. Dimensions given are in mm. 
1, Thermocouple leads; 2, circular flat plate; 3, circular 
convergent nozzle; 4, screens; 5, overtlow weir; 6, calming 
section; 7, Fe-Ni alloy foil heater; and 8, hot-wire an- 

emometer. 

mally on the circular flat plate. The jet exit has a 
uniform velocity distribution with low initial turbu- 
lence ( < 2%). 
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315 mm dia. 

AC 

FIG. 2. Top view of circular flat plate. 

The detail of the flat plate is shown in Fig. 2. This 
consists of a 315 mm diameter PVC plastic plate that 
has three Fe-Ni alloy foil heaters in series stuck on 
it. The central heater serves as the test heater for 
heat transfer measurement. The length, width and 
thickness of the foil heaters are, respectively, 160 mm, 
20 mm and 50 pm. The heat transfer surface near the 
stagnation point is kept at a uniform heat flux 
electrically. Copper-constantan thermocouples 
(1OOpm diameter) have the hot junction on the back 
side of the central foil heater and the cold junction in 
the isothermal main stream in order to measure 
directly local temperature differences between the bulk 
fluid and the heat transfer surface. Local coefficients of 
heat transfer can be determined from the heat flux 
and temperature differences. 

A constant-temperature hot wire (I-probe: 20pm 
diameter Pt wire 5mm long) is positioned on the jet 
centerline to measure the axial component of velocity 
fluctuations in free jets. The approach velocity and 
its fluctuation are measured using another flat plate 
that has a similar I-probe at a position 5 mm upstream 
of the stagnation point. A statistical analysis is made 
by sampling time-dependent centerline velocities at 
intervals of 2ms for about 40s. 

A hydrogen bubble flow-visualization technique 
[30] is employed to observe time-dependent, large- 
scale structures in both the free- and impinging-jet 
regions. Hydrogen-bubble streaklines are produced 
by applying a 40-60V d.c. potential to a nickel 
zigzag-wire electrode (100 pm diameter; zigzag pitch 
= 1.73 mm). Hydrogen-bubble timelines are simul- 

taneously produced by applying a 140 V pulse poten- 
tial at a chosen frequency (30-50Hz) to a platinum 
straight-wire electrode (50 pm diameter). The flow 
pattern visualized is photographed successively by a 
strobo-drum camera (frame frequency = 40-50 Hz). 

0 

FIG. 3. Variations with jet development length of stagnation- 
point heat transfer coefficient, centerline velocity and its 

turbulence intensity. 

This technique is limited to the range of small Reyn- 
olds numbers (Re, -c 4000) owing to the turbulent 
dispersion of hydrogen bubbles. 

EXPERIMENTAL RESULTS AND ANALYSIS 

It has been ascertained that as reported by ref. 
[19], the enhancement effect remains almost constant 
independent of I over the radial distribution of 
the measured heat transfer coefficients and that as 
reported by refs. [8, 93, the secondary peak appears 
at r/d = 0.5 when H/d = 2 and 4 owing to the direct 
impingement of vortex rings on the boundary layer. 
This suggests the surface-renewal effect of vortex 
rings. 

The attention of the discussion is focused on the 
stagnation-point region in what follows. Figure 3 
shows the stagnation-point heat transfer in the form 
of the F&sling number in comparison with the axial 
velocity and its turbulence intensity measured on the 
jet axis. It can be ascertained from the figure that the 
F&sling number becomes maximal at H/d Y 6 for 
each Reynolds number. The optimal nozzle-to-plate 
spacing for the maxima1 Frossling number is coinci- 
dent with the axial position where free jets keep 
almost their initial value U,, in the centerline velocity 
but gain a fully large value in the turbulence intensity. 

For submerged liquid jets (Pr > l), the theoretical 
prediction of the F&sling number for the turbulence- 
free condition (Tu, = 0) can be obtained from the 
boundary layer solution of Kataoka and Mizushina 
c311; 

(F&r = ( Re.;Pr”3kr = 1.01. (2) 
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FIG. 4. NuJJRe, vs TuJRe,. 

As shown by Hoogendoorn [21], the F&sling num- 
bers can be correlated with the parameter Tu,,/Re, 

(Fig. 4). This correlation parameter has originally 
been suggested for cylinders in refs. [3-61. 

It is, however, necessary to observe the axial devel- 
opment of the turbulent structures so as to elucidate 
the mechanism for the heat transfer enhancement. 
Figure 5 is a photograph of the cross-sectional view 
of the free jet flow patterns visualized by the hydrogen 
bubble method. This shows well the process how a 
free jet undergoes the laminar to turbulent transition, 
as described in the paper of Yule [23]. 

Vortex rings are produced at z/d N 1 owing to the 
instability of the laminar shear layer [32] initiated 
from the nozzle edge and grow in scale and spacing 
between the neighboring vortices. As can be seen from 
the change in the intervals of timelines and streaklines, 
the potential core fluid is alternatively accelerated 
and decelerated due to the trains of growing vortex 
rings. This results in the periodical velocity fluctu- 
ations in the potential core region. A vortex ring is just 
being coalesced with the preceding one at z/d N 2.2 in 
the photograph. The vortex pairing causes a sudden 
decrease in the Strouhal number [24] based on 
the vortex-passing frequency in the late-transitional 
region 2 <z/d < 4. The potential core region covers 
an axial distance of 4.5 nozzle diameters in this 
case. After the distortion and entanglement of vortex 
filaments, the vortex rings finally break up into several 
large-scale eddies at the end of the potential core 
region [23]. The large-scale eddies often reach and 
pass over the jet axis downstream of the apex of the 
potential core. Therefore, when a flat plate is placed 
downstream of the potential core region, large-scale 
eddies must frequently hit the stagnation-point 
boundary layer. It can be conjectured that as in the 
case of vortex-ring impingement, large-scale eddies 
give rise to the surface-renewal effect by impinging 
on the thermal boundary layer at the stagnation 
point. 

The characteristic time scale T for large-scale eddies 
can be assumed to be the integral time scale calculated 
from the autocorrelation of the centerline velocity 
fluctuations: 

R(z, z) = 
th(z, t) u,(z, t + 7) 

u,oz 

m 
T(z) = R(z, 7) dr. 

(3) 

(4) 

As shown in Fig. 6, the autocorrelation curves for 
z/d 5 4 indicate the existence of periodical velocity 
fluctuations in the potential core. In the potential 
core region 0 < z/d 5 4.5, therefore, the time period 
T+ is adopted as the characteristic time scale. It has 
been confirmed that as described by Petersen [24], 
the vortex rings in this region are convected in the 
mixing layer at a constant velocity UC = 0.62U,. 
Assuming a ‘frozen pattern’ (Taylor’s hypothesis) with 
convection velocity U,, the length scale of large-scale 
eddies can be considered as 

A = TU,. (5) 

The spacing between neighboring vortices is about 
0.81 d. This is in agreement with that determined by 
the flow-visualization method. 

The reciprocal of the time scale can be regarded as 
the passing frequency f, of the large-scale structures. 
In the potential core region, it implies the passing 
frequency of axially-travelling waves due to the con- 
vected trains of vortex rings. In the fully turbulent 
region, it indicates the passing frequency of large- 
scale eddies. 

The Strouhal number based on the characteristic 
frequency f, and centerline velocity Cl,,, is shown in 
Fig. 7. It can be seen that the Strouhal number St, is 
almost independent of the jet exit Reynolds number 
Re,. A sudden decrease in the range 2 I z/d 5 4.5 
suggests the coalescence of vortex rings. This non- 
turbulent region should be distinguished from the 
intermittent and fully turbulent regions z/d > 4.5 
because l/T+ is adopted asf, in the definition of St,. 
The Strouhal number becomes maximal at z/d = 6 
and then decreases rapidly in the range z/d > 6. This 
suggests that the frequency of the turbulent surface 
renewal due to large-scale eddies becomes maximal 
at the optimal nozzle-to-plate spacing H/d N 6. 

It is well known that coherent structures in the late- 
transitional region are usually formed intermittently 
[23] or quasi-periodically [30]. The conventional 
statistical analysis is blurred by the presence of 
the background turbulence. Kovasznay et al. [33] 
successfully applied conditional analysis in the investi- 
gation of turbulent bulges at the outer intermittent 
edge of a turbulent boundary layer. The present work 
applies a statistical method with conditional sampling 
in order to extract the large-scale structures effective 
for surface renewal. For that purpose, the turbulent 
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FIG. 5. Cross-sectional view of the free jet flow patterns visualized by the hydrogen bubble method. 

structures are grouped into the following two cat- 
egories: 

(1) strong turbulent structure containing large-scale 
energetic eddies; 

(2) weak turbulent structure containing large-scale 
decaying eddies or non-turbulent structure with 
periodical core fluctuations. 

It can be considered that the strong turbulent 
structure has not only a large intensity of turbulence 
but also a wide- and high-frequency range of energy- 
containing eddies. Many investigators adopted 
different detection quantities [33-353. One of the 
typical quantities different in the two structures is the 
turbulent vorticity. The present work, however, has 
a restriction owing to the fact that only one I- 
probe was used. The following two frequencies are 
introduced as the characteristic quantities that dis- 
tinguish a strong-turbulent from a weak-turbulent or 
non-turbulent structure: 

1, iffy 2 0.71: andf, 2 0.7fl 

I (z, t) = (strong turbulent) 
0, otherwise (6) 

(weak turbulent or nonturbulent) 

In this case, the intermittency function I(z, t) indi- 
cates whether the measuring point (i.e. the hot wire) 
is in the strong turbulent region. Here f2 denotes the 
frequency calculated from how often the instan- 
taneous centerline velocity fluctuation u, crosses a 
threshold value during a small time interval At. The 
threshold value is taken to be 0.7 times + J&,‘) 
obtained at z/d = 6 for the same Reynolds number. 
In the second condition, fi denotes the frequency 
calculated from how often u, crosses the u, = 0 line. 
The asterisk denotes the corresponding time-averaged 
values estimated at z/d = 6. The first condition can 
pick up the flow portions that have large amplitudes 
and frequencies of the velocity fluctuations. But this 
condition has a disadvantage of counting fine struc- 
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Reo = 20.000 

FIG. 6. Autocorrelation curves of centerline velocity fluctu- 
ations. 
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FIG. 7. Axial variation of Strouhal number. 

tures with high frequencies. The second condition is 
a backup condition making up for the disadvantage. 
The numerical constant 0.7 is chosen as the optimal 
value for the conditional sampling. Actually, for 
example, the number of crossings is counted during 
At = 0.2s when Re, = 10,000. 

One of the results obtained by conditional sampling 
is shown in Fig. 8. The intermittency function is a 
random square wave. For small distances from a jet 
exit z/d < 4, I(z, t) hardly becomes 1 because the jet is 
not yet fully turbulent in the central portion. For 
large distances z/d > 8, I(z, t) does not often become 
1 since not only large-scale eddies are decaying but 
the eddy-passing frequency also becomes small owing 
to the decrease in the centerline velocity. The strong 
intermittency appearing for 4 < z/d < 6 is attributable 
to the quasi-periodic, ahernate change of a strong 
turbulent stream from the shear layer and a non- 
turbulent stream from the core region. It has been 
found that the jet stream at z/d = 6 consists of only 
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FIG. 9. Axial variation of intermittency factor. 

the strong turbulent structures carrying large-scale, 
energy-containing eddies with large convection vel- 
ocity. This suggests that the effect of the turbulent 
surface renewal becomes maximal at the optimal 
nozzle-to-plate spacing H/d = 6. 

The intermittency factor is calculated by time 
averaging I(z, t): 

I +L3 

l(z, t) dt. (7) 

Figure 9 shows the axial variation of the intermittency 
factor. This figure also indicates that the holding time 
fraction of strong turbulent streams becomes maximal 
around zfd = 6 irrespective of Reo. A similar tendency 
has been ascertained in the measurements obtained 
in the axial position 5 mm upstream of the geometrical 
stagnation point. 

The concept of the turbulent surface renewal 
described in this paper is different from those for 
turbulent boundary layer flows [36] in the sense 
that the turbulent surface renewal is caused by the 
impingement of large-scale, energy-containing eddies 
on the thermal boundary layer where the Reynolds 
analogy is not valid. 

The dominant parameters for the enhancement of 
the stagnation-point heat transfer can be assumed to 
take the following dimensionless form 

,/(&‘) andf,d2/v. 

Here ,/(I&~) is the r.m.s. value of the velocity fluctu- 
ations measured in the impingement region (5mm 
upstream of the stagnation point) andf, is the passing 
frequency of the large-scale structure. In the case 
of heat transfer from circular cylinders, Gorla and 
Nemeth [7] also introduced a parameter consisting 
of the intensity and integral length scale of turbulence 
for the eddy diffusivity model. Further elucidation of 
the enhancement mechanism, however, is not pro- 
vided by their numerical solution. As a result, the 
correlation parameter characteristic for the effect of 
the surface renewal can be assumed to be of the form 

Sr _ Jt$2)f.d2. 
m v 

It can be interpreted that the surface-renewal par- 
ameter Sr is the product of the turbulent Reynolds 
number Re, = ,/(iis2)d/v and the Strouhal number 
St, = fed/U,,,. That is 

Sr = Re, St,. 

As the conclusion of the foregoing discussion, the 
stagnation-point Frossling numbers are plotted 
against the surface-renewal parameter in Fig. 10. It 
seems that a single straight line could be drawn as a 
best-fit line over the whole range of the surface.- 
renewal parameter. However, it should be kept in 
mind that the definition of the time scale T = f,- ' is 
different between the non-turbulent periodical region 
z/d I 4.5 and the intermittent and fully-turbulent 
regions zfd > 4.5. 

The ordinate Fs, can also be considered as the 
enhancement ratio Fs,/(Fs),, since (F&r is nearly 
equal to unity according to equation (2). It has, 
therefore, been confirmed from this figure that the 
enhancement of stagnation-point heat transfer is 
mainly controlled by the turbulent surface renewal 

11- ‘I’ , I I 111111 I 1 1 

50 100 500 1000 5000 

Sr l-J 
FIG. 10. Correlation of stagnation-point F&sling numbers with surface-renewal parameter. The broken 

line is (F&r = 1.01 (theoretical prediction for turbulence-free condition). 
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due to large-scale eddies impinging on the stagnation- 
point boundary layer. Still much remains to be done 
for the study of the flow structure in the vicinity of 
the stagnation point. 

CONCLUDING REMARKS 

The large-scale structures of impinging round jets 
have successfully been analyzed by the statistical 
technique with conditional sampling for the study of 
the mechanism of jet impingement heat transfer. The 
stagnation-point heat transfer is enhanced by the 
impingement of large-scale, energy-containing eddies 
on the boundary layer. The effect of the turbulent 
surface renewal becomes maximal when a jet impinges 
on the stagnation-point boundary layer in the state 
of strong turbulent structure carrying many large- 
scale eddies with large convection velocity. The effect 
of heat transfer enhancement has been well correlated 
with the proposed surface-renewal parameter. This 
parameter consists of the product of the turbulent 
Reynolds and Strouhal numbers based on the charac- 
teristic turbulence intensity and frequency of large- 
scale eddies impinging on the stagnation-point bound- 
ary layer. 
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L’EFFET SUR LE TRANSFERT THERMIQUE D’UN JET IMPACTANT DU 
RENOUVELLEMENT DE SURFACE DU A DES TOURBILLONS DE GRANDE ECHELLE 

R&nn&Le mecanisme de l‘accroissement du transfert thermique au point d’arret est etudie en analysant 
les structures turbulentes i grande trhelle dun jet circulaire impactant, a I’aide d’une technique statistique 
conditionne~~e. On trouve que fes tourbil~ons a grande echeile frappant Ies surfaces produisent un effet de 
renouvellement de surface dominant I’accroissement du transfert thermique du jet incident. Cet accro- 
issement peut itre dicrit en fonction des nombres de Reynolds turbulent et de Strouhal bases sur I’intensite 

de turbulence et la frequence des gros tourbillons arrivent sur la couche limite au point d’arret. 

DER EINFLUSS DER OBERFL~CHENERNEUERUNG AUFGRUND GROSSER 
WIRBEL AUF DEN W~RME~BER~ANG BEI PRALLSTRAHLEN 

Zusammenfassung-Der Mechanismus fiir die Erhohung des Warmeiibergangs am Staupunkt wurde durch 
statistische Analyse der grol3en Turbulenzstrukturen eines runden Prallstrahls entdeckt. Es wurde heraus- 
gefunden. da8 grol3e Wirbel. die auf die warmeiibertragende Flache auftreffen, einen turbulenten Ober- 
fllchenerneuerungs-Effekt erzeugen, der fur die Verbesserung des Warmeiibergangs von Prallstrahlen 
bestimmend ist. Der Effekt der Verbesserung des Warmelbergangs kann in Abhangigkeit der turbulenten 
Reynolds- und Strouhal-Zahlen beschrieben werden, welche mit der charakteristischen Turbu~enzintensi~t 

und der Auftreff-Frequenz der grot3en Wirbel auf die Grenzschicht im Staupunkt zu bilden sind. 

BJIMIlHME 06HOBIIEHMfl IIOBEPXHOCTM 3A CYET KPYIIHOMACIBTA6HbIX BMXPEH 
HA TEH.JIOO6MEH B HATEKAIOIIIEH HA I-IPEFPAAY CTPYE 

Atmo~aqiia-C noMowbk3 Mefonmm ycn0~~0r0 ocpeniiemn smneAyeTcn MexaHsi3M ~HTeHc~~~Kau~~ 

TennOO6MeHa B6JW38 TOSKH TOpMO~eHHK,CB~3aHH~~C KpyuHOMaC~Ta6H~MH Typ6yneHTHblM~~~yK- 

Typam, B HaTeKarouieii Kpyrnoii crpye. HakeHo, qT0 KpynHoMacuITa6Hbre esxptr, nanammsfe Ha 

IIOBepXHOCTb, C03AaH)T 3@jEKT 06HoaneHm IlOBepXHOCTW, KOTOpbIii IiBJlReTCR npeo6nanasomnM npri 
ycenenmi Tennoo6Mena Mexo.ty uarexaiomel crpyeli w nperpanoii. 3@e1c~ mTew+iKaum Tennoo6- 

MeHa MOxeT 6bITb OIlHCaH C y'IeTOM Typ6yneHTHbIX YHCeJI Pei-iHOnbACa H cTpyXa~~n, IlOCTpOeHHbIX no 

IIHTeHCHBHOCTH Typ6yJIeHTHOCTH H YaCTOTe KpyIlHOMEWIlTa6HbIX BHXpeii, HaTeKaK)U&iX B 3aCTOiiHyEO 

06naCTbnorpaHSiWioro cnoa. 


