
hf. J. Hcot Maw Traqfer. Vol. 13, pi. 1133-1152. Pqmon Rem 1910. Printed in that Britain 

AXIAL STABILITY OF THE DRY PATCH FORMED IN 

DRYOUT OF A TWO-PHASE ANNULAR FLOW 
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Abstract- In cooling nuclear fuel by two-phase water-steam mixtures, the formation ofa dry patch (dryout) 
on the fuel can lead to unacceptably high sheath and fuel temperatures. Dryout is initiated by nucleation or 
thermocapillary forces in the liquid film which normally flows over the heated surface or by film starvation. 
Depending on the force balance at the upstream vertex or stagnation point of the dry patch, the patch may 
be quasi-stable or transient, growing upstream or rewetting. 

The forces considered are : 
-- thrust of the vapour leaving the film surface 
- stagnation or deceleration force on the film upstream of the stagnation point 
- surface tension in the neighbourhood of the stagnation point 
-- vapour shear at the film-vapour interface 
- hydrostatic head from the liquid film 
- drag at the small step in the film. 
The distance upstream of the dry patch boundary over which these forces are effective is divided into 

that distance over which the film is being decelerated and diverted with no change in thickness, and that 
distance over which evaporation reduces the thickness to zero. The following details are taken into 
account in the analysis : 

- film velocity profile 
- reduction in the stagnation force due to the evaporative flow 
_- temperature and heat flux distributions over the heater surface and across the film 
-- film shape. 

The forces are evaluated for typical dryout conditions. Interpretations of the results suggests that for 
dry patch stability, the shear force must equal the surface force. Mechanisms are proposed whereby 
these forces can maintain a quasi-stable balance. Comparisons are made with a similar approach by Zuber 

and some important differences are noted. 
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NOMENCLATURE 

constants relating heat flux and liquid 

film thickness ; 
equivalent diameter of the wetted 
perimeter used in calculation of FD [ft] ; 
resultant axial force per ft width on 
liquid film at vertex of dry patch [lb/ft] ; 
axial body force per ft width on liquid 
film at vertex of dry patch [lb/ft] ; 
axial drag force per ft width on liquid 
film at vertex of dry patch [lb/ft] ; 
axial vapour thrust force per ft width 
on liquid film at vertex of dry patch 
[lb/ftl ; 

F Mq 

FS 

F,, 

m, 

axial stagnation force per ft width on 
liquid film at vertex of dry patch 

Wftl ; 
axial shear force per ft width on liquid 
film at vertex of dry patch [lb/ft] ; 
axial surface force per ft width on 
liquid film at vertex of dry patch [lb/ft] ; 

acceleration due to gravity [ft/h’] ; 

conversion factor [lbm . ft/h2 . lb,] ; 
Prtiger’s constant [ft/h . psi] ; 
characteristic distance between vertex 
of dry patch and the undisturbed liquid 

characteristic distance between vertex 
of dry patch and the point upstream 
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where the film thickness begins to 
decrease due to evaporation [ft] ; 
pressure [psia] ; 
heat flux [Btu/h ft’] ; 
temperature PF] ; 
axial velocity component in down- 
stream direction [ft/h] ; 
vapour velocity normal to liquid- 
vapour interface [ft/h] ; 
Prtiger’s interfacial “sinking velocity” 
due to evaporation [ft/h] ; 
film depth measured perpendicular 
to heater surface [ft]. 

Greek symbols 

Y. surface tension at the liquid-vapour 
interface [lb/ft] ; 

6, liquid film thickness [ft] ; 

0, contact angle ; 
A latent heat of vapori~tion [Btu/lb] ; 

Pt density [lb/ft3] ; 

# Et effective contact angle at equilibrium ; 

9, angle of surface roughness or liquid- 
vapour interface relative to axis ; 

T, shear stress [lb/ft2]. 

Subscripts 
A, advancing liquid film ; 

E, over the evaporating length, or in the 
case of contact angles effective equi- 
librium value ; 

G, vapour : 

; 
at the liquid-vapour interface: 
liquid ; 

max, maximum value ; 

0, at the liquid--wall interface; 

R, receding liquid film ; 
sat, saturation value ; 
3cJ. in the undisturbed film upstream of the 

dry patch. 

1. INTRODUCMON 

AT QUALITIES above 10-20 per cent a water- 
steam mixture flowing in a heated channel flows 
in an annular or annular-dispersed pattern: 
a portjon of the liquid flows as a film on the 
channel walls and the remainder is carried in 

the vapour core. As the coolant quality is raised 
the liquid film eventually breaks down. At 
qualities approaching 100 per cent this may be 
due to a lack of liquid to replenish the evaporat- 
ing film. At lower qualities it may be caused 
by a thermodynamic or hydrodynamic pheno- 
menon such as nucleation in the liquid film, 
a local thinning of the film or a local diversion 
of the normal deposition from the core to the 
film. 

When the film breaks down at lower qualities 
a dry patch forms on the heated wall. Rewetting 
depends on the temperature to which the patch 
rises while it is dry and on the forces acting on 
the film at the boundary. The temperature 
effect was studied with an analogue technique 
reported in [l] where it was shown that the 
dry surface temperature may exceed the Leiden- 
frost value and that although conditions may 
change to produce a resultant downstream 
force on the film boundary the film will not 
i~~iately rewet the patch. The objective 
in this paper is to examine the forces acting on 
the film and define conditions for which the 
film boundary will tend to recover the patch, 
remain stable or move upstream. 

2. FORCES ACTING ON THE U~T~AM 

BOUNDARY OF A DRY PATCH 

2.1 Review 
Hartley and Murgatroyd presented the first 

treatment of a dry patch in adiabatic flow [2]. 
They considered a patch of the shape shown in 
Fig 1 and assumed that the liquid in the 
central stream segment AB stagnates and the 
ffow follows the stream lines shown in the plan 
view. For dry patch stability they equated the 
upstream forces on AB due to the liquid-vapour 
surface force, 15 and given by dl - cos @* to 
that force required to bring the liquid in AB to 
rest from its velocity in the undisturbed film at 
A. Subsequently, Hewitt and Lacey reported 
experiments on dry patch stability in which the 

* Thus they made the reasonable assumption that the 
curvature of the stream around the dry patch is much less 
than that of the meniscus. 
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FIG. 1. Model of flow around dry patch by Hartley and 
Murgatroyd [2]. 

static contact angle was measured [3]. Applying 
Hartley and Murgatroyd’s force balance they 
found the upstream surface tension force was 
about eight times the force required to bring the 
film to rest To explain this discrepancy they 
suggested an aerodynamic force on the bulge 

which had been observed immediately upstream 
of dry patches in adiabatic flow. 

Murgatroyd called this a form force and for 
forced convective flow proposed an additional 
shear force [4]. The latter is the resultant of the 
vapour-liquid shear, r, which changes very 
little towards the stagnation point, and the wall 
shear, r,,, which decreases gradually as the film 
stagnates (Fig. 2). He defined the shear force by 
the expression lr, where ;1 is a characteristic 

FIG. 2. Forces on liquid film upstream of dry patch in adiabatic flow, by Murgatroyd [4]. 
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length which probably lies in the range l&100 6, 
and 6 is the undisturbed film thickness. The 
form force, F, is also expressed in terms of Z~ 
From the analysis of experimental results for 
flow over transverse cylindrical bodies and 
steps F, is shown to lie in the range 10 6ri to 
25 6ri. 

Using the data from [3] and assuming that 
the static and dynamic contact angles are equal, 
Murgatroyd found that the resultant of these 
shear and form forces was about twenty times 
that due to the film momentum. More informa- 
tion is required on the dynamic contact angle 
and the magnitudes of these two new forces to 
verify this conclusion. 

Staub and Zuber were first to consider dry 
patch stability over a heated surface in [5] and 
later in [6]. They included Hartley and Murga- 
troyd’s forces due to stagnation pressure and 
surface tension and added two new ones: the 
non-uniform surface tension over the meniscus 
due to a variation in the film temperature and the 
thrust on the film due to evaporation from the 
meniscus. This approach is discussed in detail 
later where it is compared with my approach 
which follows : 

2.2 Assumptions 
Consider the thin film in uniform shear motion 

over a horizontal flat heated surface (Fig. 31. 
I assume deposition, entrainment and evapora- 
tion over the undisturbed lihn are in equilibrium 
and the resulting rate of mass transfer does not 

disrupt the lihn velocity profile. Let the profile 
be linear and defined by 

(1) 

where uLi is the film velocity at the liquid- 
vapour interface and the other symbols are 
explained in Fig. 3. This is a good approximation 
as demonstrated experimentally in [ 11. 

At some point on the heated surface a dry 
patch is formed in the film. Let isLao be the mean 
velocity of the undisturbed film upstream of the 
dry patch. Due to low heat transfer rates from 
the patch to the vapour core the patch tempera- 
ture rises and heat is conducted along the sheath 
from the patch to the film. Thus there is an 
increase in the heat flux across the film sur- 
rounding the dry patch. This causes an increased 
evaporation rate from the film in the region 
defined by the distance m. In [l] McPherson 
and Murgatroyd show that m is much smaller 
than the dry patch width, hence, it is reasonable 
to assume that none of the liquid within this 
distance passes around the patch but must all 
evaporate. Due to the deviation of some of the 
liquid around the patch the mean film velocity 
at m will be reduced to some value ii,, I assume 
that upstream of m the film thickness remains 
constant and downstream of m the velocity 
profile is identical to that at m, i.e. when the 
higher velocity surface liquid is evaporated, 
there is insufficient time for the thinning film 
to be accelerated tacauilibrium 

FIG. 3. Cross-section through central stream segment of liquid film upstream of dry patch 
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As shown in Fig. 3, I propose that the resultant evaporation rate due to the heat flux from the 
force acting on the liquid at the vertex of the projected area of dS on the heater wall, 
dry patch is the sum of the following forces: 
the vapour thrust, F, the stagnation force, i.e. PGVG d&z _ &A cot d& 

F,, the shear force, F,, the surface force, F,, sc sin cp +I, 

the body force, F, and the drag force, F, My Q/A 
analysis of each force follows. . . 1)G = -cos 9 

pG* 

2.3 The vapour thrust where A is the latent heat of vaporization. 

There is an axial component of vapour thrust Substitution of this expression in (2) gives 

on the film where its thickness is reduced to 
zero by evaporation. Consider a segment of the 

dF, _ (Q/N2 cos2cp d&r: 

film, d&, at a distance y from the wall (Fig 4). &PGA2 

.F//,,,, 

Y 
I 

FIG. 4. Vapour thrust over central stream segment of liquid film upstream of 
dry patch. 

To separate the effect of momentum due to the 
lihn velocity uLE from the resultant vapour 
momentum consider the case ULE = 0. The 
resultant vapour velocity then is Vc _L dS. The 
axial component of the vapour thrust on dS 
would be given by the product of the mass flow 
rate through dS, pcVcdS/&, times the axial 
Component Of the VapOUr VelOCity uG = uG Sin Cp, 

viz dF = _ PGV: sin q dS 
* E 

PGd d&z. 
gc = - 9, 

(2) 

Since the liquid is actually flowing with constant 
velocity, uLE, it has an associated momentum 
which must be conserved in the vapour. This 
component remains unchanged over the inter- 
face and does not affect the force balance. 

Since the total liquid flow in M is evaporating, 
the mass flow rate through dS must equal the 

Hence 

d 

F, = $ 
r 

@/Aj2 cos2 q da,. (3) 
e 

b 

A heat flux of &A will cause a change in film 
thickness d& over heater length dx given by 

&jE = _ @IA) dx 
uLEfkA 

(4) 

where uLE is the axial velocity of that portion of 
the lihn in d& Since the velocity profile is 
assumed linear then downstream of m 

2ii,EY 
t,LE = - 

6 

where 15~ is the mean tihn velocity at m At the 
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film surface this becomes : 

Hence (4) can be written in terms of the slope of 
the liquid surface : 

db @/A) 6 
tan cp = dx = - 2ii,,p,16,’ (6) 

Figure 5 may be constructed from (6) and 
cos cp calculated for substitution in (3) later. 

FIG. 5. Representation of equation (6) to calculate cos cp. 

2.4 The stagnation force 
In 2.2 I assumed that any liquid reaching m 

will cease to be decelerated and continue on to 
evaporate. Therefore the stagnation term will 
involve the momentum change between 1 and m, 
i.e. 

au m 

F, = 5f pLu du dSE 

Qe 
0 WE 

d 

PL 
=- 

29, s GrJ - 6) daE. (7) 

0 

Substituting from (1) 

which gives the axial stagnation force over the 
meniscus due to the deceleration of the film. 
This term becomes zero for tiLE = iiLm, the 
case when the heat flux is sufficient to evaporate 
all the liquid in the film and none is diverted 
around the patch. 

2.5 The shear force 
This is the resultant of the interfacial shear 

ri and the surface shear r,,. Zi remains constant 
over I while r. decreases due to a restraining 
force at the vertex of the dry patch. In the 
undisturbed lihn beyond 1, 

Tom = -zi (9) 

Between 1 and m the mean film velocity decreases 
from iit, to iI,. Assuming the deceleration is 
linear over this distance the mean film velocity is 

ii, = i& + 
m+x _ 
-(%m - G,), m-l 

-12 x 2 -m. (19 

For a linear velocity profile in a film of given 
thickness 

Therefore 

zo K ii, 

and 
ram a uLm. 

Hence 
UL 

TO = ZOaor- 
ULa, 

and from (9) 

20 = -+: -L 

ULCC 

The resultant shear force on the lihn over the 
deceleration distance 1 - m is 

-In 

Fs+,) = rXl - m) - 
s - 

r&dx. 
ULao 

-1 
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Substituting ii, from (10) and integrating, 

zill-mJ 1 

FS.(h) = 2 ( > - E . (11) 

Over the distance from -m to 0 the lihn velocity 
profile remains unchanged. By the previous 
argument, the shear differential over m is 
constant at 

zi 
_,is i_ . 

ULco 

Hence the differential shear force is 

FS.(m-0) = (12) 

Adding equations (11) and (12) the resultant 
shear force is 

Fs=zi (@)(l -%E). (13) 

2.6 The surfac force 
Prtiger [7j and Jakob [8] have shown that the 

surface temperature of a liquid film supporting 
an evaporative heat flux exceeds saturation by 
an amount proportional to the heat flux. 
McPherson and Murgatroyd [l] found a 
variation in heat flux over the film meniscus 
upstream of the dry patch Therefore the 
magnitude of y varies over the meniscus and is 
given by (Fig 3) 

Hartley found it useful to express this in the 
form 

He assumed a 1/7th power law gas velocity 
distribution, solved (16) and arranged the result 
of (17) I use the resulting equation, 

F, = r(0) cos 8 - r(O). (14) F, = 

2.7 The body force 
The downstream force on the meniscus due to 

the weight of the film is 

2.8 The drag force 
Murgatroyd [4] gave the following analysis of 

the drag or form force which results when the 

vapour flows over the disturbing step of the 
vertex: Wieghardt [9] reported such a study in 
terms of a friction factor based on the step area 
and the free stream dynamic head, i.e. ~p,iI,$I. 
In the appendix to [4], Hartley re-analyzed 
Weighardt’s data in terms of a friction factor 
based on the average local dynamic head in the 
boundary layer up to the height of the step, 

d 

i.e. PG 

T J u; d&, 

0 

Over the full range of step heights observed 
(from 36 to 48 per cent of the boundary layer 
thickness) the drag coefficient resulting from 
this new analysis was found approximately 
constant at 020. Hence the drag force in the 
step within the vapour boundary layer can be 
expressed by 

FD = kz&. (17) 

(18) 

where d, is the equivalent diameter of the wetted 
perimeter. 

2.9 The force balance for linear and constant 
velocity profiles 

The resultant axial force acting on the central 
stream segment of liquid film upstream of a 
dry patch with heat transfer is 

F = F, + FM + F, + F, + FB + FD 
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which, from equations (3), (8), (13)-(15) and (18), i.e. both the stagnation and the shear terms 
is equal zero. 

= cos= ‘pd6, + - 2P,6 @2 (1-t m) 

39, Lm 
- &) + rip 

2 
0 

PLd2 
(19) 

+ [r(0) cos 8 - r(O)] + __ 
29, 

It is interesting to consider the case where the In every case the stability conditions are as 
mass transfer between liquid film and vapour follows : 
core is so great that the equilibrium velocity 

As a limiting 
constant, H,,, 

profile is completely disrupted. 
case, it can be represented by a 
and the force equation becomes : 

F = 0: stable dry patch 
F > 0 : film recovers 
F < 0: dry patch grows upstream. 

F= & @/A)= 
C s 

PL6 - (1 + m) 
COS2 ‘pdS, + -(U2, - iit~) + Zi2 

29, 
0 (20) 

+ [y(e) cos 8 - y(O)] ’ t,d 

where cos cp is evaluated from (4) rather than (6). 
Later the magnitudes of the forces resulting 
from these two velocity profiles will be com- 
pared. 

The combination of a low heat-transfer 
coefficient to steam, h,, and low axial conduction 
in the heater wall may result in a heat flux 
at the patch boundary which completely evapo- 
rates the film as it arrives. To represent this 
condition ii, is set equal to ii,, in the force 
equation. In both the linear and the constant 
film velocity profile cases, 

d 

F= -& 
s 

@/A)= ~0s’ cp d& 
e 

0 

PLd2 
+ [r(e) cos 8 - Y(O)] + - 

29, 
+ 

(21) * Evaluated from equations (9) and (10) of [lo]. 

3. APPLICATION OF THE FORCE BALANCE TO 
DRYOUT CONDlTIOKS 

3.1 The shape of the meniscus and the associated 
heat flux distribution 

Dryout is known to have occurred in a Har- 
well test section consisting of an electrically 
heated tube at these conditions: 

two-phase annular flow, 85 per cent quality; 
0.497 in. dia. stainless steel tube, 0.064 in. wall 

thickness; 
mass flux, 0.5 x lo6 lb/h ft2; 
pressure, 1000 psia; 
heat flux, 200 000 Btuh ft2 ; 
vapour heat-transfer coefficient,* 667 Btu/h 

ft= “F; 
film heat-transfer coefficient,* 20 OC@ Btu/h 

ft= “F; 
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film thickness on approach to dry patch* 
4.9 ,U = OMKJO16 ft. 

I have estimated the film shape immediately 
upstream of the dry patch using a resistance 
paper analogue technique described in [l]. The 
paper is cut out to represent the dry patch, the 
heater sheath and the cross-section through the 
central stream segment of f&n upstream of the 
dry patch ; dimensions are chosen to simulate 
thermal resistance and electric potentials are 
applied to represent heat input. The resulting 
potential field represents the temperature field 
and electric current represents the heat flux. The 
technique involves measuring the heat flux 
through different segments of the simulated film 
upstream of the dry patch and adjusting the film 
thickness, ?I,, by an amount equivalent to the 
evaporation rate caused by the heat flux. 

I considered stainless steel walls 0,032 in., 
O@tl in. and 0.064 in. thick at the dryout con- 

1 ft/s and 2 ft/s constant profile and 1 ft/s linear 
profile. ‘r 

Solutions of film thickness are tabulated in 
Table 1 and plotted in Fig. 6. Note that the slope 
of the interface is very gradual beyond 0.1 mm 
and lies in the range l/200-1/400; as expected the 
higher velocity film has the more gradual slope. 

Film thickness vs. heat flux1 is plotted in 
Fig. 7 for the live cases considered. Generally the 
curves show a logarithmic relationship of the 
form 

&A = asib. (22) 
The curves have been fitted visually; the re- 
sulting constants, a and b, are given in Table 2. 

*Assuming laminar flow and heat transfer by conduction 
through the film. 

t For the linear profile case the expression for the change 
in film thickness due to evaporation, equation (4) of Ill, 
was modified by replacing & with 14,s = Zyii,&. The 
heater walls of 0.032 in. and 0041 in. differ from the @064 in. 
wall in the Harwell experiment, but have been included to 
provide comparisons. 

$ The surface temperature distributions from which heat 
flux is calculated are reported in [ 1] and [ 111 and some are 
plotted in Figs. 10 and 11 of this paper, 

Equation (3) can now be solved for vapour 
thrust. 

3.2 Solution of the vapour thrust expression 
For the case of a linear velocity profile, from 

Fig. 5, 

6; 
cos2q = [(&A)6/2fi,,p,;1]2 + S; (23) 

Substituting (22) and (23) in the expression for 
vapour thrust, (3) 

1 
F, = - 

%Pc~ 
d 

s 

,Q;“-b’ 

’ (a&b6/2ii,,p,1)2 + Si dsE 
0 

hence 

F, = 
a2 

scpG;cz 
al-2b 

[- 

a261 -4b 

’ l -2b + (4b + 1) (2ii,,p,L)2 1 ’ (24) 

Similarly cos2~ can be evaluated from (4) to give 
the vapour thrust for the case of a constant 
velocity profile : 

F, = 
a2 

&G 
#-2b 

[-- 

a2#-4b 

’ l -2b + (4b - 1) (ii,,p,1)2 1 . (25) 

3.3 Solution of the surface force expression 
From Section 2.6 

F, = y(e) cos 8 - y(O). (14) 

To evaluate y(O), we refer to [7] in which 
Prtiger has experimentally determined the tem- 
perature rise above saturation at an evaporating 
liquid surface in terms of the liquid sinking 
velocity vti He expressed the relationship in 
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Table 1. Thickness of evaporating film on approach to triple interface 

Wall 
thickness 

Liquid film thickness 6, (p) 

32 
41 mil SS mil 64 mil SS 

ss 

Axial position 
relative to triple 

interface 
(mils) 

--__ 
Linear velocity 

profile 

ii 2yrsLV/s) ,.E 7 

Constant velocity 
profile 

p,, = 1 ft,s 

Constant velocity 
profile 

ii,, = 2 ft/s 

0 0 
- 0.074 1.48 
-0.147 1.98 
-0,221 2.24 
- 0,294 2.37 
-0,368 2.48 
-0.735 2.95 
- 1.10 3.30 
- 1.47 3.58 
- 1.84 3.83 
-2.21 4.03 
-2.58 4.24 
-2.94 4.41 

- 

0 0 
0.660 0.615 
0.883 0.787 
1.02 0.935 
1.17 1.08 
1.29 1.20 
1.84 1.70 
2.25 2.10 
2.62 2.47 
2.94 2.77 
3.25 3.06 
3.60 - 
3.93 -- 

0 0 
0.773 0.484 
106 0.673 
1.25 0,800 
1.41 0.920 
1.53 1.03 
2.18 1.39 
2.62 1.66 
3.00 1.93 
3.36 2.14 
3.72 2.35 

0 
0 0.5 IO I.5 2.0 2.5 3.0 

Dlstonce upstream of triple mterfoce, ( 10m3 ft I 

FIG. 6. Thickness of central stream segment of evaporating film upstream of dry patch. 

terms of the pressure increase above saturation, k E 1.65 ft/h lb/id. 

Ap = vJk 
t26J From a heat balance 

where 
v =!g 
L 

PLA’ 
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Hence the local surface pressure, p, given by (26) 
is 

(27) 

and r(O) is the liquid-vapour surface tension at 
the saturation temperature corresponding to p. 

It is difficult to estimate ~(0) because the heat 
flux at the triple interface reaches an indetermin- 
able value. In the limit if the pressure at this point 
exceeds the critical pressure r(0) will be zero. 
However I have estimated the temperature at 
this point using resistance paper analogues for a 
variety of cases. The results are described in the 
Appendix and in Fig 11 this temperature is 
shown to lie between 48 and 100°F above 
saturation. Therefore I assume the average of 
these two limits, 74”F, for the case in question 
(Q/A = 200 000 Btu/hft’). In applying this analy- 
sis to other cases this temperature should be 
adjusted in direct proportion to the average heat 
flux. 

3.4 Evaluation of the force equations 
3.4.1 Case iiLE = iiLm. The heat flux is ade- 

quate to evaporate the film as it arrives. From 

II I IIll I I I 
04 5 6 7 6910 2 3 4 

Fdm thickness, 6, Imuons) 

FIG. 7. Heat flux vs tihn thickness for various wall thicknesses 
and film velocities. 

Table 2. Comparison of forces on the meniscus of a liquid@ of constant or linear velocity profiles, assuming 
ULE = QL_ 

Case 

Velocity profile 
CL_ Ws) 

Wall thickness (mil) 
a x lo3 
b 
Thrust, F, (lo- r” lb/ft) 
Surface, F, (lo-’ lb/ft) 
Body, F, (lo- r” lb/ft) 
Drag F, (lo- lo Ib/ft) 

1 2 3 4 5 
_ _ 

constant constant constant constant linear 
1 2 1 1 1 

64 64 32 41 41 
0.915 166 13 800 0.915 9.22 
1640 1.226 0.839 1640 1.523 
-1.3 -6.1 - 17.8 -1.3 -9.6 

- (125 - 61 cos 0) -6.2 -17.8 - 1.3 -9.6 
59 -6.2 - 17.8 -1.3 -9.6 

370 -6.2 - 17.8 -1.3 -9.6 

Physical properties and flow parameters at 1000 psia used in solution of (28) and (29): 

1 = 650 Btujlb y = 000125 lb/ft 

pc = 2.234 lb@ pL = 463 lb/ft” 

d, = @0414 ft (from Harwell experiment) r, = 0.364 lb/R’ (from Blasius friction factor, 
for P,, = 2 ft/s 

= @182 lb/ft’ (for ii,, = 1 ft/s) 
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(21) and (24) the force equation is 

a2al-4b 

(4b + 1) (2ii,,p,i)’ 1 

+ [y(0) cos 8 - y(O)] + 5 
E 

(28) 

for the linear velocity profile. 
From (21) and (25), 

a2d1 -46 

+ (4b - l)(~&,p,A)~ 1 

+ 0.416; +r,d 
( > 

(29) 
e 

for the constant velocity profile. Thus for both 
profiles the film deceleration is zero and the shear 
force, F, = 0. 

The solutions of these equations at the test 
conditions described in Section 3.1 are listed in 
Table 2 along with the pertinent physical proper- 
ties and the constants a and b. 

Note that the surface force, F, lies in the range 
-0GOO64 lbjft (for 0 = 0) to -0GO186 lb/ft 
(for 8 = 180) and is several orders of magnitude 
greater than F,, F, and F, Thus the resulting 
force is upstream and contrary to our assump- 
tion that ii,, = iilao, the film is decelerated, that 
. - 
IS, uLE must be less than ii,,. Now the heat flux 
is more than adequate to evaporate the film as it 
arrives and, as a result, the dry patch grows 
upstream. 

3.4.2 Case iiLE < ii,,. The appropriate force 
equations (19) and (20) contain shear and stagna- 
tion terms, F, and FM, where 

and 

F, = ++l - iiLJCiLm). (13) 

‘In Table 3 these are compared for various per- 
centage decelerations. To estimate F, I use 
Murgatroyd’s suggestion that 1 is of the same 
order of magnitude as the radius of curvature 
of the dry patch [4] and assume 1 = 0.023 ft and 
1 + m = 0.033 ft. With 1 per cent deceleration, 
FM and F, are several orders of magnitude 
greater than F, FB and F, but much less than 
F;, (Table 2), with 10 per cent deceleration F, is 

Table 3. An estimate of stagnation and shear forces on the 
meniscus of constant or linear velocity profiles. 17~~ < CL, 

Deceleration 

1” In 1 1.01 0,031 3.0 
2 2.02 0.12 6.0 

10% 1 1.1 0.32 21 
2 2.2 1.3 54 

507: 1 2 4.6 150 
2 4 18 30(1 

80 “/d 1 5 31 240 

* These velocities have been used to permit direct 
comparison with the other force terms. 

of the same order of magnitude as F, and above 
50 per cent deceleration F, probably exceeds F, 
Also in this range, FM rises to significant values. 

Although there is no way of calculating the 
deceleration in this case, Table 4 indicates the 
range of solutions of the force balance 

F=F,+Fs=O (30) 

i.e. if FM is assumed negligible. 
Inclusion of F, would serve to reduce the 

Table 4. Film deceleration necessary for dry patch stability 
for range of possible contact angles 

0 Deceleration 

film-heater 
% decrease in film velocity 

contact angle 
for ii,_ = 1 ft/s for ii,_ = 2 ftjs 

0~ (imaginary) 13 6 
45’~ 16 8 
90 25 12 

180” 37 18 
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deceleration, and since the maximum decelera- 
tion in Table 4 is below the value where, accord- 
ing to Table 3, FM becomes significant, FM is 
negligible in this case. Hence equation (30) can 
be said to apply. 

3.5 Proposed mechanisms _fbr maintaining a 
quasi-stable dry patch 

In general the resultant force acting on the 
meniscus of the film is 

F = F, + F, + F, (31) 

where F, is given by (14) F, by (13) and FM by 

(8). 
Whether a constant or linear velocity profile 

is assumed in formulating the expression for FM 
is of little consequence at the present stage of 
development. 

I have shown in section 3.4 that the down- 
stream shear force is dependent on the decelera- 
tion of the film caused by the upstream surface 
force. When a dry patch is first formed the up- 
stream surface force will decelerate the 
approaching film and thus cause a downstream 
shear force. For the test conditions being con- 
sidered it is shown in Table 4 that for every 
possible contact angle there is some shear force 
which will balance the surface force. In general 
then the shear force and possibly the stagnation 
force will increase until a force balance is 
reached and the dry patch becomes quasi-stable. 
This is a self adjusting process which will main- 
tain a force balance as long as conditions can be 

found such that F = F, + F, + FM = 0. How- 
ever if for all degrees of deceleration this con- 
dition is not satisfied and F < 0 even when the 
lihn is completely stagnated then the dry patch 
will move upstream. 

Once a quasi-stable dry patch is formed re- 
wetting can only be accomplished by some 
perturbation of the system such as an increased 
film flow or droplet deposition rate. Even then 
the mid-patch temperature will usually exceed 
the Leidenfrost point and until this is reduced by 
conduction through the heater surface the 
advancing film will be thrown off the heater. 

Another source of instability in the force 
balance is the variable width of the dry patch If 
there is any tendency for the patch to grow it will 
first do so in the direction of the smallest 
opposing force, i.e. by widening. This will cause 
greater deceleration at the vertex and an increase 
in F, and F,. As the patch widens to encircle the 
heater, either the heat flux and nucleation at the 
lihn boundary must be sufficient to evaporate 
and eject the entire film flow or the film will 
slowly rewet the patch. 

Examination of the surface force reveals an 
additional stabilizing effect. Phillips and Riddi- 
ford [12] report that for advancing or receding 
films of water in a siliconed glass/water vapour 
system the advancing contact angle 0, is greater 
than the static value by lo”, and the receding 
angle 8, is less than the static value by 10”. Since 
the static contact angle usually lies midway 
between Ba and 8,, this discounts the direct use 

FIG. 8. Effective contact angles with sinusoidal surface roughness 
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of a statically measured contact angle for 
application to dry patch stability. 

Shuttleworth and Bailey [ 131 have studied this 
question of the effective value of 8 in more detail. 
They argue that for the sinusoidally roughened 
surface of Fig. 8 the true contact angle is less or 
greater than the effective contact angle, &, 
according to whether the gradient of the solid 
at the line of contact is the same as or opposite 
to that of the liquid surface (Fig 8, cases 1 and 
2 respectively). 

It can be seen that for spreading liquid 
(case l), the triple interface would move from 
one ridge to the next, 8 decreasing each time, 
and would come to rest when 8 decreased to its 
equilibrium value, t&. The effective equilibrium 
angle, &, would then be 

4E = 0, + r~,,,. (32) 

Similarly, a receding film would come to rest 
when 

& = eE - qrnax (case 2). (33) 

The hysterises in the measured contact angle 
would therefore be 2~,,, 

Equations (32) and (33) will not apply in 
cases where 0, or the roughness are such that the 
lihn surface defined by them intersects the next 
ridge. In such cases the advance or recession of 
the liquid will continue, coming to rest at the 
first position for which the liquid surface clears 
the top of the next ridge. For the advancing 
liquid this will be when 

4s = OE + (PE 

.and for the receding liquid when 

(34) 

$E = eE - (PR (35) 

where (ox is the gradient of the groove at the 
triple interface and is less than (P,,,.,. 

This explanation accounts for Phillips and 
Riddiford’s results and justifies some experi- 
menters’ method of averaging 0, and f& to 
obtain a best value of contact angle. Deviation 
from this idealized roughness will lead to 
modification of equations (32)-(35), but for any 

given case the deviation of C& from 0, is ex- 
pected to be the same whether measured or an 
advancing or a receding film. 

These ideas may be applied to the contact 
angle at the vertex of a dry patch where $E is 
the effective value of 0 used in the force balance. 
Assuming sinusoidal roughness with the grooves 
cut across the heater surface at right angles to 
the flow direction, I conclude that the advancing 
film will experience a larger upstream surface 
force 

F y. A = de, + CP,,,) cos (0, + CP,,,) - ~(0) (36) 

while the receding film will experience a smaller 
upstream force 

F ?. R = deE - %a,) ~0s (0, - Cp,,,) - Y(o) (37) 

than would be the case for a smooth surface. 
This provides another possible explanation for 
the stable existence of a dry patch: as the 
differential shear force F, fluctuates the film 
might oscillate between advancing and receding 
positions. In the advancing position the larger 
surface force (36) would come into play to 
prevent the advance; in the receding position 
the small surface force (37) would come into 
play and tend to limit the recession. Hence this 
additional stabilizing phenomenon associated 
with surface roughness may reinforce the mech- 
anisms discussed above. 

In the special case that 8, and the roughness 
result in the film surface intersecting the next 
ridge there will be no equilibrium surface 
force until the film has advanced or receded to 
the point where (34) and (35) hold. This implies 
an instability in the dry patch boundary which 
will probably lead to rewetting. 

Although some workers have reported on the 
influence of surface roughness on “burnout” 
[14--161 the results are inconclusive: some 
workers found no effect, others found a small 
inverse relationship. Moreover, these results do 
not necessarily relate to dry patch stability. 

4. DISCUSSION AND CONCLVSIONS 

From a detailed analysis of the heat transfer 



H.M. 

FIG. 9. Electric analogue of ohmically heated wall with dry patch. There are 16 point 
heat sources per ‘square-wall thickness’ in a heater length of one wall thickness to either 
side of triple interface. The liquid film has been shaped at upper left to equate heat of 

film evaporation to measured heat flux. 

[facing page 11461 
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in the region of the upstream boundary of a dry 
patch I find that only the differential shear, the 
stagnation force and the surface force are sig- 
nificant. The resultant axial force on the 
meniscus of the central stream line of the 
upstream film is 

F _ w -2 

3g c ULca - GE> 
e 

+T l+m iT(l -iiLlslijLao)-[y(O)-y(e)COSe]I. 

Judging by the relative orders of magnitude of 
the other forces, this conclusion applies over a 
wide range of dryout conditions.* At the onset 
of dryout the upstream surface force causes a 
deceleration of the film which in turn causes an 
increase in the downstream shear and stagnation 
forces If, over the range of O-100 per cent 
deceleration there are conditions for which F = 
0, the dry patch will be stable. If, on the other 
hand F < 0 for all values of deceleration the 
patch will spread upstream. Rewetting will 
occur only as the result of a perturbation in some 
flow parameter. 

There are two additional factors which affect 
dry patch stability : (1) a tendency for a patch to 
widen can lead to rewetting; (2) a regular 
circumferential roughness of the heater wall may 
result in two surface forces--a larger one which 
tends to hold back an advancing film, and a 
smaller one which tends to reduce the force on a 
receding film. This could result in the film 
oscillating between advancing and receding 
positions. 

Since my approach was, in part, suggested by 
Staub and Zuber’s (S & Z) earlier paper [S] it is 
useful to compare it with their later ideas pre- 
sented in [6] : S & Z considered the stagnation 
force FM, the surface force F, and the vapour 
thrust FE They evaluated FM, assuming that all 
the film is brought to rest, although the existence 

* e.g. 0 < &A < lo6 Btu/h ft* although this can depend 
on the type of heater; coolant quality > 10 per cent, all mass 
fluxes and pressures. 

of FE over the meniscus implies that a portion of 
the film does not come to rest, but continues to 
flow across the meniscus. In deriving F, and 
F, S SC Z assumed the meniscus is wedge 
shaped, terminating at the dry patch in a plane 
which meets the heater surface at an angle equal . 
to the contact angle. They assumed the tempera- 
ture distribution over that plane is the same as 
the upstream distribution as determined by 
conduction across the laminar film. F, was 
divided into two terms: the surface tension term 
and the thermocapillary force due to the non- 
uniform surface tension over the wedge shaped 
meniscus. 

Although the estimate of lihn temperature 
distribution is reasonable, the assumption of a 
wedge shaped meniscus is far from correct, as 
shown by the very gradual slopes determined in 
my analogue studies. As a result, FE is two orders 
of magnitude too large, but since it is still much 
smaller than other forces in the case of water, 
this does not affect S & Z’s result for that case. 
However it should make an important difference 
in their liquid metal cases where they find FE is 
the largest upstream force. Also, it is important 
that the distortion in heat flux distribution 
caused by the dry patch be taken into account, 
as done in the analogue studies. S & Z assumed 
uniform heat flux, thus increasing their error in 

F,. 
The idea of a nonuniform temperature distri- 

bution over the meniscus is basic to the deriva- 
tion of the surface force, F,. In deriving F,, 
S & Z assumed that the surface tension is 
everywhere equal, i.e. no account was taken of 
the lower value (due to the higher temperature) 
at the triple interface. This point should seriously 
affect their conclusion that “with liquid of high 
wettability the effect of the surface force in 
maintaining a dry patch will be small since the 
value of the contact angle 8 is close to zero, 
i.e. (1 - cos 0) x 0 ;” while (1 - cos 0) may be 
near zero, [r(O) - r(0) cos f3] may be signifi- 
cantly greater, depending on the interface 
temperatures at the extremities of the meniscus. 

S & Z do not consider the body and drag 
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forces, however in this analysis they are found to 
he insignificant. 

Another important difference between our 
studies is that S & Z have not considered the 
shear force by the vapour core on the stagnating 
film; I have found that this is the most significant 
downstream force. 

2. 

3. 

Of course there remain inadequacies with my 
approach. Most notable is the uncertainty in 
the film surface temperature at the triple inter- 
face. Also there are several unknown values : the 
stream lengths 1 and m, the dynamic contact 
angle 8 and the degree of film stagnation. In 
addition there are uncertainties regarding the 
dryout model, such as the effect of droplet 
deposition and entrainment and the film thick- 
ness immediately upstream of the dry patch. 

Before this approach can be significantly 
refined, visual verification must be made of the 
model, measurements are required of the con- 
tact angle, film deceleration and the deceleration 
distance. Priiger’s work on interfacial superheat 
should be extended to higher heat fluxes and a 
better estimate made of the upstream film 
velocity and temperature profiles. 

Work along these directions is in progress in 
the Nuclear Engineering Department, Queen 
Mary College, University of London, and in the 
Advance Engineering Branch, Chalk River 
Nuclear Laboratories, Atomic Energy of Canada 
Limited, Chalk River, Ontario. 
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APPENDIX 

The Triple Interjticr lkmperature 

Resistance paper analogues were prepared for the condi- 
tions of dryout considered here and applied to the cases of 
both a directly (ohmically) heated tube and the indirectly 
heated cladding of a nuclear fuel element. Assumptions 
concerning the flow distribution and heater surface charac- 
teristics are discussed in [l]. 

REFERENCES 

1. G. D. MCPHERSON and W. MLJRGATRUYD, Film break- Construction of the analogue 
down and dryout in two-phase annular flow, Paper 92, Teledeltos resistance paper, type l/l, lead lacquered, 
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supplied by Wiggins Teape, England, was used for this 
study in which the electrical resistance of the paper, the 
electrical current and potential are analogues, respectively, 
of thermal resistance, heat flux and temperature. 

A completed analogue for the ohmical heating case is 
shown in Fig 9. 

Drawing pins were pushed through the paper to introduce 
point sources of current evenly distributed throughout the 
paper representing the wall. Results expected from an 
infinity of point sources were estimated by comparing the 
results of analogues using, in turn, 1,4 and 16 point sources 
per square wall thickness. 

Equivalent lengths of resistance paper were selected to 
represent the thermal resistance of the wall, liquid film and 
water-vapour interface. The thickness first selected to 
represent the liquid film was based on the calculated mean 
heat transfer coefficient, h,. A conducting strip adjacent to 
the film and representing the bulk vapour temperature was 
divided as shown to permit measurement of the current 
(i.e. heat flux) from each division, Thus the corresponding 
quantity of evaporated water and the resultant reduction in 
film thickness could be calculated. The film thickness was 
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FIG. 10. Surface temperature distribution for nuclear heater with cladding of different thicknesses. 
Film velocity = 1 R/s. 

adjusted accordingly with conducting paint and the currents 
to ‘the drawing pins again equalized. The andogue was 
considered complete when, with equal currents to the draw- 
ing pins (i.e. even ohmic heating in the wall) the local change 
in film thickness was equal to the evaporation loss due to 
the local heat flux. 

Results 

Separate analogues were constructed assuming mean 
film velocities of 1 and 2 ft/s and for both directly (ohmic) 
heated and indirectly (nuclear) heated walls from 6 to 80 
mils thick 304 stainless steel or 4-55 mils thick Zircaloy. 
Potentials were measured along the analogue heater surface 
and converted to temperatures. A small effect .of wall thick- 
ness in nuclear heaters is shown in Fig 10 and no significant 
difference between ohmic and nuclear heater walls is shown 
in Fig. 11, except for the case of a steel with an exceptionally 
high temperature coefficient of resistivity. 

The higher film velocity leads to a lower heater surface 
temperature upstream of the interface but has no effect at 
and downstream of the triple interface. The film thickness 
results and various implications of these measurements are 
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discussed in [l] and [ll]. For the dryout conditions con- just upstream, and 100 F”, measured just downstream. For 
sidered in this paper (64 mil 304 stainless steel, ohmically all cases considered in the analogue study, the value of this 
heated wall, Fig. 11) the triple interface temperature above mean lies between 67 and 95 F”. 
saturation is taken as the mean of the values 48 F”, measured 
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FIG. 11. Surface temperature distribution for 64 mil wall ohmic heaters of 
different materials. 

STABILITE AXIALE DE LA TACHE SaCHE FORMBE DANS L’ASSJkHEMENT 
D’UN IkOULEMENT DIPHASIQUE ANNULAIRE 

R&urn&- Dans le refroidissement d’un combustible nucleaire par des melanges diphasiques eau-vapeur, 
la formation d’une tache &he (asdchement) sur le combustible peut conduire a des temperatures 
inacceptables de l’enveloppe et du combustible. L’asst?chement est commence par la nucleation ou par les 
forces thermocapillaires dans le film liquide qui normalement s’ecoule sur la surface chauff&e ou bien par 
tpuisement du film. Selon le bilan des forces sur le sommet amont ou le point d’arret de la tache seche, la 
tache peut dtre quasi-stable ou transitoire, croissant en amont ou se remouillant. 

Les forces consider&es sont : 

-- la pour&e de la vapeur quittant la surface, 
~~ la force d’arret ou de deceleration sur le film en amont du point d’arret. 
-- la tension superticielle au voisinage du point d’arret, 
-- le cisaillement de la vapeur a l’interface film-vapeur, 
- la charge hydrostatique dans le film liquide, 
- la trdnte sur le petit ressaut du film. 
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La distance en amont de la front&e de la tache s&che sur laquelle ces forces sont effectives est diviste 
entm la distance sur laquelle le film dbblere et est devil sans changement d’epaisseur et la distance sur 
laquelle l’evaporation r&duit 1’6paisseur a zero. 

Les details suivants sont pris en compte dans l’analyse : 

- le protil de vitesses du film, 
-- la reduction de la force d’arret due a l’ecoulement d’tvaporation, 
-- les distributions de temperatures et de flux de chaleur sur la surface chauffante et a travers le film, 
- la forme du film. 

Les forces sont evalutes pour des conditions d’ass&chement typiques. L’interpretation des resultats 
suggbre que pour la stabilite de la tache &he, la force de cisaillement doit Btre dgale a la force superficielle. 
Des mecanismes sont proposes par lesquels ces forces peuvent maintenir un bilan quasi-stable. Des 
comparaisons sont faites avec une methode semblable employee par Zuber et I’on remarque quelques 

differences importantes. 

AXIALE STABILIT;IT DER TROCKENFLECKE INFOLGE VON AUSTROCKNUNG 
EINER ZWEIPHASENRINGSTR6MUNG 

Zusammenfaastmg-Bei Ktihlung von Kembrennstiben durch ein Wasser-Dampf-Gemisch kann die 
Entstehung von Trockenflecken (dryout) zu unzullssig hohen Temperaturen im Brennstab und in der 
Htille ftihren. Austrocknung kann entstehen durch Kern- oder Thermokapillarkrgfte in dem, normaler- 
weise tiber die Heiziliiche stromenden Fliissigkeitsfihn, oder durch Filmaustrockmmg Abhlngig von der 
Kraftebilanz im stromaufwgrts gelegenen Scheitel oder Staupunkt des Trockenflecks kann der Fleck 
quasistationar oder instationti sein, stromaufwlrts wachsen oder durch Benetzung verschwinden. 
Die betrachteten Krafte sind: 

- Schub des die Filmoberflfche verlassenden Dampfes 
- Verziigemngskrtite im stromaufwlrts gelegenen Staupunkt 
- Oberfl%henspannung in der NPhe des Staupunkts 
- Schub des Dampfes an der Phasengrenze Fliissigkeit-Dampf 
- Hydrostatischer Druck des Fhissigkeitsfilms 
- Widerstand der kleinen Stufe im Film. 

Die stromaufwgrts gelegene Entfemung der Trockenfleckgrenzen an der diese Krgfte wirken, wird 
aufgeteilt in eine Lange auf der der Film verziigert und ohne Andemng seiner Dicke abgelenkt wird und 

eine Lgnge auf der durch Verdampfung die Filmschichtdicke zu Null wird. 

OCEBAH CTABBJIbHOCTb CYXOpO IIHTHA, OBPASOBAHHOFO 
IIPM OBTEKAHHH TBBJI KOnbHEBbIM ABYSQASHbIM HOTOKOM 

hHOTt31&~~-flp OxJIaHiHeHRa TB3JI AByX@a3HOti CMeCbI0 Bona-nap 06pa3OBaHhIe cyxoro 

yYaCTKa Ha TB33 MOPKeT npliBeCTP1.K HeAOnyCTlIMO BbICOKOfi TeMnepaType 060JIOYKH H 

TOnJIMBa. BbICbIXaHlle BbI3bIBaeTCR 06pa3OBaHHeM ny3bIpbKOB IWIll TepMOKanIl.iIJI~pHbIMH 

CIlJIaMIl B IlJIeHKe H(IInKOCTM, 06bIYHO TeKyUeti n0 HarpelOti nOBepXHOCTI4, IIJIll HCYe3HO- 

BeHAeM IIJIeHKIl. B 3aBIZCHMOCTIl OT 6aJEIHCa CMJI B Kp"IT""eCKOti TOYKe Ha6eraHIUI Ha CyXOti 

yYaCTOK 3TOT yYaCTOK MO?SeT 6bITb KBa31I-CTa6WIhHbIM llJIL'l HeCTahIJIbHbIM, paCTyIQIIM 

BBepX n0 TegeHIII0 EIJIILI BHOBb yBJIaH(HIIK)IWIMCR. 

PaCCMOTpeHbI cneAy5oqne cmbI:-Hanop napa, nOKMil3IOWerO nOBepXHOCTHyI0 IdHKy; 

-CLIJIa TOpMOmeHEIR IUIII 3aMe~JIeHHH IIdHKl4 BBepX n0 TeqeHPII0 OT KpI4TWieCKOti 'IOYKM; 

cnna rpennfr napa Ha noBepxaocTa paeaena nneKKa- nap; 

-rII~pOCTaTWSeCKHt HanOp OT X(lXAKOti nJI&HKLl; 

--IIaTmKemie Ha HeBonbluoM ycTyne B n&HKe. 

PaCCTORHHe n0 TeYeHHKI OT rpaHIIIJb1 CyXOrO yYaCTKa, Ha KOTOpOM AeihZTByIOT 3T11 CIlJIbI, 

EemTcn Ha QBe qacT5t: nepsyro, rae meKKa 3afileameTcH II cMewaeTcR 6e3 M3iweHeHm 

TOJIUHHbI, M BTOpyIO, rAe I43-3a lICnapeHI4FI lKHJIKOCTIl TOJlIIWHa IIJIGHKLI y"eIlbIIIaeTCFI A0 

HyJIR. npGl aHaJIEI3e BO BHIlMaHHe np5lHMMaJIIJCb CJIeAy"LI~"e HeTa.-rl4: 

--npo@mb C~0p0CTa n&rKH; 

-0cna6neme cmbI Top~omeKm 38 CYBT mnapemn; 

-pacnpeAeJIeH5Ie TemepaTypbI yI TemoI3oro noToKa no noBepxKocTw KarpeBaTem H B 

nJIi$HKe; 

--QOpMa nJIi??HKII. 
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(hiJIb OI(eHIlBaJILlCb &?R TIlIIHqHbIX ~CJIOBllt BbICbIXaHMR. 13 pe3)'JIbTaTe aHaJIIl3a ZaHHbIX 

npe~nonoHteK0. qT0 AJIH CTa6HJIbHOCTH Cj'XOrO j-YaCTKa C~BElI'OBaR CIiJIa ;lOJIHcHa 6bITb 

paBHa IIOBepXHOCTHOfi cx.xe. npegnoxteabr MeXaHIl3Mb1, AnaronapR KOTOP~M 3TI4 CIiJIbI 

M~I-~TII~~~~~HFIus~T~ KBa3ncTaGwIbHoe ~~BII~~~~I~~.IT~oBo~~~TC~C~~BH~KI~~~ aKa.norwwbIM 

PeIIIeHIleM +6epa 51 OTMeqeHbI HeKOTOpble BaH(HbIe pa3JIIlWfI. 


