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Abstract— In cooling nuclear fuel by two-phase water-steam mixtures, the formation of a 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.

NOMENCLATURE F\. axial stagnation force per ft width on
constants relating heat flux and liquid liquid film at vertex of dry patch
film thickness; [1b/ft] ;
equivalent diameter of the wetted Fg,  axial shear force per ft width on liquid
perimeter used in calculation of Fj, [ft]; film at vertex of dry patch [Ib/ft];
resultant axial force per ft width on F,, axial surface force per ft width on
liquid film at vertex of dry patch [1b/ft]; liquid film at vertex of dry patch [1b/ft] ;
axial body force per ft width on liquid g, acceleration due to gravity [ft/h?];
film at vertex of dry patch [1b/ft]; g  conversion factor [lb, . ft/h?. Ib];
axial drag force per ft width on liquid k, Priiger’s constant [ft/h . psi];
film at vertex of dry patch [1b/ft}; I, characteristic distance between vertex
axial vapour thrust force per ft width of dry patch and the undisturbed liquid
on liquid film at vertex of dry patch
[1b/ft]; m,  characteristic distance between vertex
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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*];

T, temperature [°F];

U, axial velocity component in down-
stream direction [ft/h];

vg,  vapour velocity normal to liquid-
vapour interface [ft/h];
v,  Priiger’s interfacial “sinking velocity”

due to evaporation [ft/h];
¥, film depth measured perpendicular
to heater surface [ft].

Greek symbols

7. surface tension at the liquid-vapour
interface [1b/ft];

o, liquid film thickness [ft];

6, contact angle;

4 latent heat of vaporization [Btu/lb];

p,  density [1b/ft®];

¢z  effective contact angle at equilibrium;

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

T, shear stress [1b/ft?].

Subscripts

A, advancing liquid film;

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

G, vapour:

i at the liquid-vapour interface

L, liquid;
max, maximum value;
o, at the liquid-wall interface;

R, receding liquid film;

saturation value;

.  in the undisturbed film upstream of the
dry patch.

1. INTRODUCTION
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 portion of the liquid flows as a film on the
channel walis and the remainder is carried in
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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 [1] 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
immediately rewet the patch. The obijective
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 UPSTREAM
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
flow 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, 7, and given by y(1 — cos 6)* 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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Fic. 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, t, which changes very
little towards the stagnation point, and the wall
shear, 7,, which decreases gradually as the film
stagnates (Fig. 2). He defined the shear force by
the expression At, where A is a characteristic

N
~J
™
~
~
~
~

such that

/ /T Tt \(9'

l—— A~ |06ro|095) —_—

4t - [To(x)dx:/l’ﬁ

Stagnation length, L —

F1G. 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 10-100 6,
and 6 is the undisturbed film thickness. The
form force, F, is also expressed in terms of t,
From the analysis of experimental results for
flow over transverse cylindrical bodies and
steps Fp, is shown to lie in the range 10 dt; to
25 ét;.

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. 3).
I assume deposition, entrainment and evapora-
tion over the undisturbed film are in equilibrium
and the resulting rate of mass transfer does not

G. D. McPHERSON

disrupt the film velocity profile. Let the profile
be linear and defined by
2uLy

o

where u;; 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 [1].

At some point on the heated surface a dry
patch is formed in the film. Let i, 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 [1] 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 i,z [ assume
that upstream of m the film thickness remains
constant and downstream of m the velocity
profile is identical to that at m, ie. when the
higher velocity surface liquid is evaporated,
there is insufficient time for the thinning film
to be accelerated ta.eauilibrium.

u(y) = g Up; (1)
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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
force acting on the liquid at the vertex of the
dry patch is the sum of the following forces:
the vapour thrust, Fy the stagnation force,
F, the shear force, Fg, the surface force, F,
the body force, Fg, and the drag force, F, My
analysis of each force follows.

2.3 The vapour thrust
There is an axial component of vapour thrust
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evaporation rate due to the heat flux from the
projected area of dS on the heater wall,

pvs 40y Q/A cot pddg
g.sing g,

ie.

Vg = ——COS @
¢ pgh

where 4 is the latent heat of vaporization.
Substitution of this expression in (2) gives

on the film whefe its thiqkness is reduced to (0/A)? cos?ep dd.
zero by evaporation. Consider a segment of the dFg = -
film, dd, at a distance y from the wall (Fig. 4). 9ePs
%
d(SE — d5
~
~N
N
\
Y
| =
| £
7 7 , 7
FiG. 4 Vapour thrust over central stream segment of liquid film upstream of
dry patch.
To separate the effect of momentum due to the Hence
film velocity u;; from the resultant vapour s
momentum, consider the case uyg = 0. The 1 [ 2 2
resultant vapour velocity then is vg L dS. The Fg= g.peh’ (0/4)* cos® ¢ dop, 3)

axial component of the vapour thrust on dS
would be given by the product of the mass flow
rate through dS, p,vedS/g., times the axial
component of the vapour velocity ug = vg sin ¢,

_ PevgsingdS _ PV ddg
ge g

Since the liquid is actually flowing with constant
velocity, u;p, 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

viz.dFgp =

@

°

A heat flux of Q/A will cause a change in film
thickness dé; over heater length dx given by

(Q/4) dx

dé; = — -
£ ULgPLA

G

where u,; is the axial velocity of that portion of
the film in ddég Since the velocity profile is
assumed linear then downstream of m

20
Ulg = ug,;y

)

where i is the mean film 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:
(@4

=== - . 6
tan ¢ 2'71‘13PL""‘SE ©)

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

FiG. 5. Representation of equation (6) to calculate cos ¢.

2.4 The stagnation force

In 2.2 T 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 [ and m,

ie.
3 ur o
jjl pry du ddg
0

ULE
)

=1k S(uzm ~uldsy ()
9e

Substituting from (1)
PL 20,y \? _ (2'71.5)’)2] 6
2gc 0 o

2p10 _ _
Fu = 30 @ — s ®)

Fy =
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which gives the axial stagnation force over the
meniscus due to the deceleration of the film.
This term becomes zero for i g = #;,, 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
7; and the surface shear 7, 7; remains constant
over | while 7, decreases due to a restraining
force at the vertex of the dry patch. In the
undisturbed film beyond I,

Tow = — T 9)

Between ! and m the mean film velocity decreases
from i, to #i ;. Assuming the deceleration is
linear over this distance the mean film velocity is

m+ x
—-(uLoo — Uyg),
—Izx=z-m

uL = uLE +
(10)

For a linear velocity profile in a film of given
thickness

du _
—oC i
dy L
Therefore
To OC fif,
and
Tow X UL
Hence
U
To = ran =
Loo
and from (9)
1
To= —T;=
ULwo

The resultant shear force on the film over the
deceleration distance | — m is

Fsq-m=71t{l—m) — j Tiz—
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Substituting &; from (10) and integrating,
|ll—m 7
Fsg-m= —'I'z—l (1 - _-L-E-) 11)

Upo
Over the distance from —m to O the film velocity
profile remains unchanged. By the previous

argument, the shear differential over m is

constant at

Hence the differential shear force is

Urg
Fs -0y = tm (1 - #)

Loo

(12)

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

l+m T
Fs= (—2 )(1‘—)

2.6 The surface force

Priiger [7] 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 [1] 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)

F, = 70) cos § — 0).

13

(14

2.7 The body force
The downstream force on the meniscus due to
the weight of the film is
&
Foo J pLgyddy  pigd
B = = .
gc 29,

(15)
0

2.8 The drag force
Murgatroyd [4] gave the following analysis of
the drag or form force which results when the
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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, ie. 4pgii2é.
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,

é

ie. p2—6 Jué dég.

o

Over the full range of step heights observed
(from 3-6 to 48 per cent of the boundary layer
thickness) the drag coefficient resulting from
this new analysis was found approximately
constant at 0-20. Hence the drag force in the
step within the vapour boundary layer can be
expressed by

3
Fp = 02 [{pgus ddg. (16)
0

Hartley found it useful to express this in the
form

Fp = ktd. (17

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

é

4
Fp= <0-416E ) Y (18)

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

29 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=Fg+Fy+Fs+F,+Fzg+Fy
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Yvhich, from equations (3), (8), (13)«(15) and (18),

18
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ie. both the stagnation and the shear terms
equal zero.

d
1
F j(Q ‘A)? cos? pddy + 2pu0 ui, — ulp
0

B gchj'z 3gc

+ [6) cos § — 0)] + 222

%Hﬂ+m0_%ﬁ

2 aL .

52 s\t
e " (0416;1-:) 9.

(19)

It is interesting to consider the case where the
mass transfer between liquid film and vapour
core is so great that the equilibrium velocity
profile is completely disrupted. As a limiting
case, it can be represented by a constant, ii,g,
and the force equation becomes:

In every case the stability conditions are as
follows:

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

F = ,
gch'{z

29

c

4
: j(Q/A)Z cos” @ddg + pud (@, — tiLg) + Ti(l o (1 - ﬂ>
0

2 TFg

(20)

2 }
+ [’))(0) cos B — ’y(())] + Bfﬂ + (0416 _é> 10

2g d,

c

where cos ¢ 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, hg, 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 @, is set equal to i, in the force
equation. In both the linear and the constant
film velocity profile cases,

8
1 2 2
= 5
F gcpc?{zi(Q/A) cos? ¢ dég

62 S\+
+wmwwmﬁg+@mﬂ@

c

(21

3. APPLICATION OF THE FORCE BALANCE TO
DRYOUT CONDITIONS

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 10° lb/h ft?;

pressure, 1000 psia;

heat flux, 200 000 Btu/h ft?;

vapour heat-transfer coefficient,* 667 Btu/h
ft> °F;

film heat-transfer coefficient,* 20000 Btu/h
ft? °F ;

* Evaluated from equations (9) and (10) of [10).
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film thickness on approach to dry patch*
49 u = 0000016 ft.

I have estimated the film shape immediately
upstream of the dry patch using a resistance
paper analogue technique described in [1]. The
paper is cut out to represent the dry patch, the
heater sheath and the cross-section through the
central stream segment of film 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, dz, by an amount equivalent to the
evaporation rate caused by the heat flux.

I considered stainless steel walls 0032 in.,
0041 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. T

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 1/200-1/400; as expected the
higher velocity film has the more gradual slope.

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

O/A = adz®. (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 [1].
was modified by replacing @i, with w;z = 2pii; /6. The
heater walls of 0-032 in. and 0-041 in. differ from the 0-064 in.
wall in the Harwell experiment, but have been included to
provide comparisons.

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

g

D

cos’p =

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

_ 1
- gchA
s
g2521-b)
xg ey 46
0(a5£ 0/2uipgp ) + O
hence
E gchA'Z

0251 —4b

@+ 1) (zaLEpLA)Z]' 29

51 —-2b
><[1—2b+
Similarly cos?¢ can be evaluated from (4) to give

the vapour thrust for the case of a constant
velocity profile:

a2

B g(:pGA'2

61—2b
XL—%+

Fg
a251—4b

@b 1)<aLEpLA)2]' @)

3.3 Solution of the surface force expression
From Section 2.6

F, = y(6) cos 8 — y0). (14)

To evaluate (0), we refer to [7] in which
Priiger has experimentally determined the tem-
perature rise above saturation at an evaporating
liquid surface in terms of the liquid sinking
velocity v;. He expressed the relationship in
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Table 1. Thickness of evaporating film on approach to triple interface

Liquid film thickness Jg (u)

Wall
thickness : 32. .
41 mil SS mil 64 mil SS
SS
Axial position Linear velocity
relative to triple profile Constant velocity Constant velocity
interface _ 2yl g ft profile profile
(mils) g == (Is) s = 11ts iy = 2 ft/s
0 0 0 0 0 0

-0074 148 0660 0615 0773 0-484
-0-147 198 0-883 0787 106 0673
—-0221 224 102 0935 125 0-800
~0-294 2:37 117 108 1-41 0920
—0-368 248 129 120 1-53 1-03
—0-735 295 1-84 170 2-18 1-39
-1-10 330 2:25 2:10 2-62 1-66
-147 3-58 2:62 247 300 1-93
—1-84 383 2-94 277 336 2-14
-221 403 325 306 372 2:35
—2-58 424 3-60 — -— —
—-294 441 393 — -— -—

L] 32mil SS wall constant fim velocity profile & . = Ift/s

A 64 « " " « o " n

v 4] » " " n " o «

o 4] v dinear fim " " _om

s x 64 «  constant " v Ygp= 24tss
o] /
" 2 o
o / O/A / 5 /

Fim thickness 65 { microns)

1 1 L L

1
10 1-5 2:0 i 25 3.0
Distance upstream of tnple interfoce, (10 1)
Fi1G. 6. Thickness of central stream segment of evaporating film upstream of dry patch.

terms of the pressure increase above saturation, k >~ 1-65 ft/h Ib/in2.

Ap = vk (26) From a heat balance

Uy =
where L™ pi
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50
——o— 4| Mill wall, constont velocity profde, ft/s
a0 X — =32 o N N " "
\ ——v—64 "
o) O—64 2ft/s
— —A——4) linear Ift/s
o
, P\ dra95x0 5"
[ ] - -
dra . Ne— 4922410 6%
Sl B
h ft N
dra06 0" 2
ol
9l
8-
Un o
6
3
= 51—
$.
I — -
Gra=1386.7°%
31—
21
I L 1§ i I f |
04 5 67 8910 z 3 4 5

Film  thickness, 6[ (microns )

FiG. 7. Heat flux vs. film thickness for various wall thicknesses
and film velocities.
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Hence the local surface pressure, p, given by (26)

18
A
P = Dsa t+ QL

o @7)

and (0) is the liquid—vapour surface tension at
the saturation temperature corresponding to p.

It is difficult to estimate y(6) 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 ¥6) 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
(0/A4 = 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 ;5 = 4;,. The heat flux is ade-
quate to evaporate the film as it arrives. From

Table 2. Comparison of forces on the meniscus of a liquid film of constant or linear velocity profiles, assuming

Upg = U,
Case 1 2 3 4 5
Velocity profile constant constant constant constant linear
a_ (ft/s) 1 2 1 1 1
Wall thickness (mil) 64 64 32 41 41
ax 10% 0915 166 13 800 0915 922
b 1-640 1226 0-839 1640 1-523
Thrust, Fg (1071° 1b/ft) -13 -61 —178 -13 -96
Surface, F, (10~° 1b/ft) — (125 — 61 cos 6) -62 -178 -13 -96
Body, Fyg (1071 1b/ft) 59 -62 —-178 -13 -96
Drag, F, (107 1° Ib/ft) 370 -62 -17-8 -13 -96

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

4 = 650 Btu/lb
pe = 2:234 Ib/ft3

d, = 0:0414 ft (from Harwell experiment)

7 = 000125 Ib/ft
pr = 463 Ib/ft?

7, = 0-364 Ib/ft? (from Blasius friction factor,
foraa,,, =2ft/s

= 0182 1b/ft? (for &, = 1 ft/s)
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(21) and (24) the force equation is

&2 S1-2b 2514
N gepch? |:1 -2b - (4b + 1)(21_‘1,:@/71/{)2"

+ [(6) cos § — %0)] + %"z

[

S 2
+ <0-416d—> 15 (28)

e

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

aZ 51—217
" gepeh? [1 -2

+ [7(6) cos 8 — y(0)] +

0251 —4b
+ —
@ — 1)(umm)2]
pLgd°
2g

<

+ (0‘416 ;) %)

for the constant velocity profile. Thus for both
profiles the film deceleration is zero and the shear
force, Fg = 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
—0-:00064 1b/ft (for 8 = 0) to —0-00186 1b/ft
(for 8 = 180) and is several orders of magnitude
greater than Fg, Fg and Fp. Thus the resulting
force is upstream and contrary to our assump-
tion that i, = @i, the film is decelerated, that
is, @i,z 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.

342 Case ;5 < u; . The appropriate force
equations (19) and (20) contain shear and stagna-
tion terms, Fg and F,,, where

2010 ( _ _
Fy = :fch (“lz,oo - “%E)

I+ m
2

(29)

()

and

FS = ‘Ci (13)

(1 — dp /iy o).
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In Table 3 these are compared for various per-
centage decelerations. To estimate Fg I use
Murgatroyd’s suggestion that [ is of the same
order of magnitude as the radius of curvature
of the dry patch [4] and assume [ = 0:023 ft and
[+ m = 0033 ft. With 1 per cent deceleration,
Fy and Fg are several orders of magnitude
greater than Fg, Fy and Fp, but much less than
F. (Table 2), with 10 per cent deceleration Fg is

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

Deceleration
ELE* ﬁLw FM S
(ft/s) (ft/s) (107 °1b;ft) (107 31b/ft)

0-031 30

1% 1 101
2 20 012 60
10%, 1 11 032 27
2 22 13 54
509 1 2 46 150
2 4 18 300
809, 1 5 37 240

* 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 Fg probably exceeds F,.
Also in this range, Fy, 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=0 (30)

i.e. if Fy, 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

Deceleration

o %, decrease in film velocity

film-heater
contact angle

forua, = 1ftys fori, = 2fts

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, F,, becomes significant, F), is
negligible in this case. Hence equation (30) can
be said to apply.
3.5 Proposed mechanisms for maintaining a
quasi-stable dry patch

In general the resultant force acting on the

meniscus of the film is

F=F, +Fs+ Fy (31)

where F, is given by (14), Fg by (13) and F), by
(8).

Whether a constant or linear velocity profile
is assumed in formulating the expression for Fy,
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
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found such that F = F, + Fg + Fy = 0. How-
ever if for all degrees of deceleration this con-
dition is not satisfied and F < O even when the
film 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 usuaily 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 Fgand F,,. As the patch widens to encircle the
heater, either the heat flux and nucleation at the
film 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 10°, and the receding
angle 6 is less than the static value by 10°. Since
the static contact angle usually lies midway
between 6, and 8, this discounts the direct use

Case |

Case 2

FiG. 8. Effective contact angles with sinusoidal surface roughness.



1146

of a statically measured contact angle for
application to dry patch stability.

Shuttleworth and Bailey [ 13] have studied this
question of the effective value of § 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 1), the triple interface would move from
one ridge to the next, 8 decreasing each time,
and would come to rest when 6 decreased to its
equilibrium value, 6. The effective equilibrium
angle, ¢z, would then be

¢E = 95 + Pmax: (32)

Similarly, a receding film would come to rest
when

¢E = BE — Pmax (Case 2) (33)

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

Equations (32) and (33) will not apply in
cases where 6 or the roughness are such that the
film 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

¢g=0p+ ¢g (34)
_and for the receding liquid when
¢ =0 — ¢ (35)

where ¢ is the gradient of the groove at the
triple interface and is less than ¢,,.

This explanation accounts for Phillips and
Riddiford’s results and justifies some experi-
menters’ method of averaging 8, and 0 to
obtain a best value of contact angle. Deviation
from this idealized roughness will lead to
modification of equations (32)—(35), but for any
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given case the deviation of ¢y from 0y 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 ¢ is
the effective value of 8 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

Fy.A = 7(015 + (pmax) Cos (BE + (pmax) - 'y(O) (36)

while the receding film will experience a smaller
upstream force

Fy.R = 'Y(BE - (pmax) Cos (GE - (pmax) - ’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 Fg 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 6; 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”
[14-16] 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 CONCLUSIONS
From a detailed analysis of the heat transfer



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

2p;6 _ _
F = ;’ch 'uZoo _ulz.E

421 ) [0)~ 9O)cos6])

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 0-100 per cent
deceleration there are conditions for which F =
0, the dry patch will be stable. If, on the other
hand F < 0O 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 [5] it is
useful to compare it with their later ideas pre-
sented in [6]: S & Z considered the stagnation
force Fy,, the surface force F,, and the vapour
thrust Fg. They evaluated F,,, assuming that all
the film is brought to rest, although the existence

* eg 0 < Q/A < 10° Btu/h ft? although this can depend
on the type of heater; coolant quality > 10 per cent, all mass
fluxes and pressures.
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of Fg 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
Fg S & 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 film 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, Fj 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 Fy 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
Fg.

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 6 is close to zero,
ie (1 —cosf) ~ 0;” while (1 — cos §) may be
near zero, [¥(0) — y(6) cos 8] 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
be 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.

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 [ and m, the dynamic contact
angle 6 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 Interface Temperature

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 [1].

Construction of the analogue
Teledeltos resistance paper, type 1/1, 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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adjusted accordingly with conducting paint and the currents
to ‘the drawing pins again equalized. The analogue 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

60 300
50 —1250
40} —200
OTgar O T
(°F) CF)
30 -1150
4 Woll thickness {(mil)
304-SS Zr.
B & —s——80 55 _
0 A2 ————64 44 100
. ---o--- 41 28
A/¥ T x— 32 22
s ——+——~ 20 14
o|&” —--r--~ 10 68 ds0
- o~ 6 41
0 | 1 1 | ] i 1 i | 0
-0-0l 0] 00 002 003 004 005 006 007 008

Distance downstream of triple interface, (ft)

Fic. 10. Surface temperature distribution for nuclear heater with cladding of different thicknesses.
Film velocity = 1 ft/s.
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discussed in [1] and [11] 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

" /— 800
4
70— 700

60 [— 4 600

50 |— 500

ATSAT aT.
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(°F)

(°F)
40— AI / 400

ay
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20%

——&—— AISI Type 1042 (high temperature
coefficient of resistivity )
———®—— A5 Type 304(8347)) tow temperature

——— O—— N - coefficient of
o imonic = 75 ressiiay 100
4 ——g —— Steel clad nuclear heater for comparison

| | | 1 | | Lo
-0 0l 6] 00l 002 003 004 005 006 007 008
Distance downstream of tripie nterface , fi

F1G. 11. Surface temperature distribution for 64 mil wall ohmic heaters of
different materials.

STABILITE AXIALE DE LA TACHE SECHE FORMEE DANS L’ASSECHEMENT
D'UN ECOULEMENT DIPHASIQUE ANNULAIRE

Résumé— Dans le refroidissement d’un combustible nucléaire par des mélanges diphasiques eau-vapeur,
la formation d'une tache séche (asséchement) sur le combustible peut conduire i des températures
inacceptables de I’enveloppe et du combustible. L’asséchement est commencé par la nucléation ou par les
forces thermocapillaires dans le film liquide qui normalement s’écoule sur la surface chauffée ou bien par
épuisement du film. Selon le bilan des forces sur le sommet amont ou le point d’arrét de Ia tache séche, la
tache peut é&tre quasi-stable ou transitoire, croissant en amont ou se remouillant.

Les forces considérées sont:

-- la poussée de la vapeur quittant la surface,

— la force d’arrét ou de décélération sur le film en amont du point d’arrét,
— la tension superficielle au voisinage du point d’arrét,

— le cisaillement de la vapeur a P'interface film-vapeur,

— la charge hydrostatique dans le film liquide,

— la trainée sur le petit ressaut du film.
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La distance en amont de la frontiére de la tache séche sur laquelle ces forces sont effectives est divisée
entre la distance sur laquelle le film décélére et est dévié sans changement d’épaisseur et la distance sur
laquelle I'évaporation réduit I'épaisseur a zéro.

Les détails suivants sont pris en compte dans ’analyse:

— le profil de vitesses du film,

- la réduction de la force d’arrét due a I’écoulement d’évaporation,

— les distributions de températures et de flux de chaleur sur la surface chauffante et 4 travers le film,
— la forme du film. '

Les forces sont évaluées pour des conditions d’asséchement typiques. L’interprétation des résultats
suggére que pour la stabilité de 1a tache séche, la force de cisaillement doit &tre égale 4 1a force superficielle.
Des mécanismes sont proposés par lesquels ces forces peuvent maintenir un bilan quasi-stable. Des
comparaisons sont faites avec une méthode semblable employée par Zuber et I'on remarque quelques

différences importantes.

AXIALE STABILITAT DER TROCKENFLECKE INFOLGE VON AUSTROCKNUNG
EINER ZWEIPHASEN-RINGSTROMUNG

Zusammenfassung—Bei Kiihlung von Kernbrennstiben durch ein Wasser-Dampf-Gemisch kann die
Entstehung von Trockenflecken (dryout) zu unzulissig hohen Temperaturen im Brennstab und in der
Hiille fiihren. Austrocknung kann entstehen durch Kern- oder Thermokapillarkrifte in dem, normaler-
weise iiber die Heizfliche stromenden Fliissigkeitsfilm, oder durch Filmaustrocknung. Abhéingig von der
Kriftebilanz im stromaufwirts gelegenen Scheitel oder Staupunkt des Trockenflecks kann der Fleck
quasistationdr oder instationdr sein, stromaufwirts wachsen oder durch Benetzung verschwinden.
Die betrachteten Krifte sind:

— Schub des die Filmoberfliche verlassenden Dampfes

— Verzdgerungskrifte im stromaufwirts gelegenen Staupunkt
— Oberflichenspannung in der Néhe des Staupunkts

- Schub des Dampfes an der Phasengrenze Fliissigkeit-Dampf
-— Hydrostatischer Druck des Fliissigkeitsfilms

— Widerstand der kleinen Stufe im Film.

Die stromaufwirts gelegene Entfernung der Trockenfleckgrenzen an der diese Krifte wirken, wird
aufgeteilt in eine Linge auf der der Film verzégert und ohne Anderung seiner Dicke abgelenkt wird und
eine Linge auf der durch Verdampfung die Filmschichtdicke zu Null wird.

OCEBAA CTABMJbHOCTb CYXOTO ITATHA, OBPASOBAHHOTIO
MNP OBTEKAHUU TBAJ KOJLIUEBBIM IBYX®A3HBIM ITOTOHKOM

Annoramusa—ITpu oxxamaenun TB3J nByxdasnoit cmechio Boga-nap o06pasoBaHNe CYXOro
yuactka Ha TBOJI mMoker nmpuBecTH K HeJONYCTHMO BBICOKOH TeMmmeparype ODOJNOYKH U
TONJIMBA. BHICHXaHME BHIBHIBAeTcA 00pA30BAHMEM NYSHPBKOB IJIH TEPMOKAMUJIIIAPHBIMU
CHJIaMM B IIEHKE MKUIKOCTH, OOBIYHO TeKyIleil Mo HAarpeioit NOBEPXHOCTHM, HJIU MHCYE3HO-
BeHMeM IUIeHKM. B 3aBucuMocTu ot fanaHca CHI B KpUTHYecKO! Touke HaberaHusa Ha cyxoil
YYACTOK 9TOT YYACTOK MOKeT OBITh KBa3H-CTAOMIIBHBIM HJIM HECTAGUIIBHBIM, paCTYLIMM
BBEPX MO TeYEHHIO MM BHOBb YBIIAKHSIOIIIMCH.

PaccmoTpens! ciexylomne CUIH :—HANOD Mapa, NOKUAAINEr0 MOBEPXHOCTHYI MIEHKY ;

—CHUJIA TOPMOKEHHUA WM 3aMeJIeHNA TUIEHKM BBEPX MO TeUeHMI0 OT KPUTHYeCKOlt TOUKH ;
CHJIA TPeHUsA Iapa HA MOBEPXHOCTH paejiesia MJIeHKa- nap ;

—THAPOCTATHYECKHIT HAOD OT HUAKON MIEHKN ;

—HaTsKeHne HA HeGObIIOM YCTYHe B IJIEHKe.

PaccToAnue no TeYEHUI0 OT TPAHHUILI CYXOr0 y4acTKa, HA KOTOPOM IeHCTBYIOT BTH CHIIH,
XeouTCA HA [IBe YacTH:@ MEePBYI0, IAe IJIEHKA 3aMefJsAeTCcA H cMellaeTcA 0e3 H3MeHEHUHA
TOJNMUHE, ¥ BTOPYIO, e M3-32 HCHAPEHMA KUIKOCTH TOJIIMHA TIEHKH YMEHbLIAeTCA [0
nysas. [lpu aHanuse BO BHUMAHHe NPUHKMAINCH CIeAYIONIMe RETAIM @

—IpoPuUIbL CKOPOCTH MIERKH ;

—ocaalfieHne CUIIBL TOPMOHKEHUA 3a CYET UCMAPEHUA ;

—pAacIpefieseHe TEMIEPATYPHl M TENIOBOr0 HOTOKA MO MOBEPXHOCTM HATPEBATENA M B
naéHkKe ;

—dopma NaéHKM.
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Cust OUe€HUBAJUCH I.JIA TUOHMYHBIX }'CJIOBIlﬁ BhICHIXaHUA. B pe3yabTaTe aHAJIM3A TAHHBIX
IIPpeXnoJIOKEeHO, 4YTO AJA CTAOMIBLHOCTH CYXOT0o Yy4YacTKa CABUTrOBas CHJIA ;OJIHHA OLITH
paBHA HOBerHOCTHOﬁ cuite. Hpe;mome}{m MeXaHN3MBL, 6nar0napﬂ HOTOPLIM 3TH CHUNBL
MOryT IIOQIePKNBATH KBa3nuCTaOUNLHOE PaBHOBeCHe. IIpOBOlIHTCH CpaBHEeHHe ¢ aHAJOTUYHBIM

peuleHem Byﬁepa U OTMEeYEeHBl HEKOTOPBlE BAHKHBIE PABJIUYMA.



