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Abstract

Fundamental concepts and basic equations of a flowing thin liquid film cooling a heated surface by its
vaporization and the effect of dry patches were treated. Stable Film flow prior to the appearance of dry
patches on the heated surface is maintained by a balance of various forces due to surface tension, shear
stress, heat and mass transfer, and gravity. Film splitting at a critical film thickness produces dry patches
due to perturbation by waves on a perfect surface, and often by surface imperfection and uneven beating.

1. INTRODUCTION

An effective way of cooling a large heated solid surface is by a thin liquid film of a fraction of a mm thick
flowing over it under gravity with an external counter current air stream by forced or natural draft. Cooling
is accomplished by convective heat transfer and evaporation into this outer air stream. The reference case of
a uniform film flowing down a domed cylinder was treated by Sha and Soo [1] using the momentum
integral method for both laminar and turbulent flow.

Perturbation by relative motion of the surrounding stagnant or flowing air stream leads to wave motion
through interaction of surface tension, shear stress, and gravity [2-4]. A serious concern is the development
of dry patches due to instability of the thin film. Besides steady wave motion, stable film flow prior to the
appearance of dry patches on the solid surface is maintained by a delicate balance of the gravity force, force
due to surface tension and contact angle of the liquid and the surface, force due to tbermo-capillary effect of
temperature dependence of surface tension, and vapor thrust force due to evaporation [5-7]. Once dry patches
were formed, investigations were carried out to see whether they would remain dry or be re-wetted [8].
Thinning of the liquid film occurs until a critical thickness is reached by wave motion or surface
imperfections or evaporation, causing the film to split. A new state of stability is then reached by
narrowing liquid bands of increased thickness and velocity, with dry patches between them. These studies
and the stability analysis of Kapitza [9] due to perturbation of longitudinal waves provide the thickness of
the film before and after the split but do not give the width and spacing of the resulting streaks of liquid. It
was observed that at a certain average film thickness, several streaks of liquid will begin, leaving dry
patches between. While the film-splitting is affected by the transverse waves in the film over a surface, dry
patches tend to be produced by the imperfection of a coated surface, as well as by uneven beating.

This work is primarily motivated by the design of next-generation nuclear reactors, which employ many
novel passive heat-removal systems via natural circulation. These systems are designed to prevent damage
to the reactor core and containment without action by the reactor operators during or after a design basis
accident such as a loss of coolant accident (LOC A) or a main steam-line break (MSLB) accident.



2. FILM FLOW & ONSET OF DRY PATCH

2.1 Continuous Liquid Film Thickness and Motion

Film flow downward over a flat plate of infinite width is best visualized in terms of flow over the
cylindrical portion of a spherical or elliptical domed cylinder of radius R much greater than the film
thickness b [1]. This ensures a uniform initial condition of the water inlet distributor and eliminates
concern for conditions at tbe edge of the flat plate. Before the appearance of the dry patch, the film thickness
in a uniform film flowing down the cylindrical wall is given by:

3b/9t=- 3ub/8x + (m/p) = -0QL/3x) + (m/p), (1)

where b is film thickness, t is time, u is mean film velocity, m is rate of mass transfer from the film (m<0
for evaporation) and p is liquid density. For steady flow, the volumetric flow rate per unit width Q^ = ub,
and

dQi/dx. = 3ub/3x = m/p . 0

giving the change in volumetric flow rate per unit width as evaporation occurs. It has been shown that for
thin-film laminar flows, terminal velocity and film thickness are reached locally, and

u = gb^Jv = [(gfivyQi}]113' (3)

where g is tbe gravitational acceleration, v is the kinematic viscosity, and

(4)

Equation (1) permits determination of film thickness b as evaporation occurs.

2.2 Onset of Dry Patch

When a critical film thickness is reached and when tbe force balance is such that instability occurs, dry
patches may appear. A complete delineation of forces acting on a stagnation point where a dry patch may
develop was given for the case of water film over a surface at a contact angle of 10° to 60°, [6.7] leading to

Inertia force £ Surface wetting force >Tbennocapillary force >Vapor thrust force

In some cases, surface wetting force can be smaller than tbermocapillary force. Shear forces at tbe wall and
at tbe free surface, depending on their magnitudes, may be added to the inertia force including gravity force.
Murgatroyd [10] suggested that the initial radius of the dry patch is to tbe order of the length over which an
out-of-balance shear force acts. At the stagnation point or the vertex of the dry patch, McPherson [7]
proposed that the resultant force acting on the liquid is the sum of vapor thrust force, stagnation force, shear
force, surface force, body force, and drag force. Neglecting the buoyancy effect and shear force of tbe vapor
phase, the delicate balance immediately before tbe appearance of tbe dry patch is given by

p(g/v)2bci
4 /15 = [o(l - cos eybci ] + Oo73T)(q/k) cos 9 + Pvfq/pvhfg)2^2 9 (5)

<FP> < F O ) a y (Fe)

where bcl is critical film thickness, T is temperature, q is heat flux, k is thermal conductivity, 9 is contact
angle, p v is density of tbe vapor phase, and bfg is latent heat of vaporization. In Eq. (5), tbe forces per unit



perimeter are: Fp is (he force due to interaction of gravity and viscosity, F a is that due to surface tension
(o), F s is that caused by tbennocapillary effect, and Fe is the vapor thrust force. For water-film flow with
beat transfer at a beat flux 3.8 kW/m2 as in our example and evaporation in the temperature range of 20 to
70°C, the magnitudes of these, terms for temperatures of 340 K, 3o/3T = -1.666X10"4 N/mK, bci = 0.20
mm and 0.30 mm, at 8 = 20° and 40°, respectively, are

(Fp) <FO) ( s ) ( g )
6 = 20° 25% 16.9 -0.9 1.3 x 10"4

6 = 40° 51.9 54.6 -0.77 0.9 x 10'4

The effect of surface shear is such that the shear force due to air flow is in general smaller than the shear at
the wall. Contact angle between a given surface and a given liquid and vapor is strongly influenced by the
absorbed layer on the surface or its contamination.

A dry patch is formed by the instability of a thin film according to a balance of inertia force and surface
wetting force [8]; other forces are at least one order of magnitude lower [6] and may be treated as higher-
order corrections. When a critical uniform film thickness bci is reached from this simple consideration, or

bci = 1.72[o(l - cos 9 ) /p] l / 5 (v /g) 2 / 5, (6)

the corresponding terminal mean film velocity for laminar flow is

«1 = gb c l2 /3v . (7)

When film thickness reaches b c j because of water distribution from the top of the elliptical dome flowing
down to the cylinder or by evaporation of water, any perturbation such as surface non-uniformity or
temperature gradient would lead to splitting of the film as shown in Fig. 1. The radius Rd of the tip of the
dry patch is of the order of the length over which the change in shear stress acts. Rd is in general very
small compared to the width of the film under consideration. [10] A transition occurs from splitting an
unstable thin film to bands of film of increased thickness that is stable according to the minimum energy
criterion. This criterion appears logical, even though its validation by experiments is tenuous because of
the difficulty in measuring the relevant parameters.

Once splitting occurs from an unstable equilibrium at film thickness b c l , the liquid ligament or
unrestrained liquid layer between adjacent dry patches will reach a new state of stable equilibrium of
thickened film by surface tension according to the minimum energy dissipation criterion, or

bc2 -

and the corresponding velocity is given by

"2 = gb c 2 2 /3v. (9)

in a state of stable equilibrium. The suggestion of Hartley and Murgatroyd [8] that bcl and b c2 should be
almost identical is thus reinterpreted, force balance accounts for instability leading to splitting of a liquid
film and minimum energy balance gives the thickness of a liquid film after the splitting. From
consideration of stability of equilibrium, they differ not by accident. Their ratio is seen to be

bc2/bcl = 1.34/1.72(1- cos Q)v$, (10)

which has the value 1.366 for 8 * 20° and 1 for 9 = 44.52°; the latter contact angle gives identical film
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Fig. 1 Dry-patch formation in liquid layer flowing down a solid surface [8].

thickness of 0.326 mm at 300 K from both the force criterion and the energy criterion, and is believed to be
the upper limit for the above relationship to be valid. It is seen however, that at large contact angles,
effects of nonlinear terms in Eq. (5) and details of interactions [7] must be taken into account This could
be the subject of detailed consideration in a later study. Proper surface treatment readily gives a small
contact angle (e.g., 20° or less).

For the transition given by Eq. (10), representing the transition from an unstable film to stable bands of
liquid of narrow width, regularized dry patches emerge with a circumferential dry fraction of 1-
(bc|Uc]/bc2Uc2) per unit width for a contact angle of less than 44.52°.

The above relationship shows that splitting of liquid film may begin before the critical film thickness (bci)
given by Eq. (6) is reached, when thinning due to various effects would have led to transition to bc2 given
by Eq. (8). This is because of the instability due to the tendency of thick films (at increased velocity)
flowing past thin films (at a low velocity) and distortion of thickness due to inherent surface non-
uniformity. For a large vessel, this action is unlikely to occur at only one point, thus dividing the surface
into two parts; one covered by liquid film, the other is dry. Rather, at a certain average film thickness a
number of streaks of liquid will appear, leaving dry patches between. It is also possible and has been
observed that depending on the inlet water distribution system, bands of narrow-width liquid, giving
regularized dry patches, are formed immediately after ibe water leaves the distribution system. The criterion
of an optimal design for a water distribution system is to use the minimum amount of water to provide
maximum coverage of vessel surface.



2.3 A generic dry-patch model

In general, dry patches are formed, when the critical film thickness is reached in uniform film flow or
through thinning due to wave motion, surface irregularity, or uneven heating. A number of liquid streaks
may appear, leaving dry patches between. Clearly, minor surface irregularities due to manufacture are not
always predictable. An equivalent generic-dry patch model is therefore proposed as a first step toward
predicting influence of dry patches on the heat and mass transfer relationships of thin film flow in streaks
over a vessel. That is, when a continuous film of thickness bc i is reached by evaporation, surface
imperfections and uneven heating, the film will split over a short distance (of the order of R<j in Fig. 1) to
bands of width wfc given approximately by

2nRbciuci (11)

for N identical bands (sector A$ = 2re/N) in this symmetric dry patch model with negligible evaporation of
film of initial width WQ evenly distributed around the cylindrical vessel (Fig. 2). For practical
applications, N is likely to be determined from experimental observations that are a strong function of the
design of the water distribution system as well as of surface characteristics of the heated surface.
Subsequent description of the band, assuming stepwise change as shown in Fig. 3. is given by

Q/N

Domed
Vessel

Continuous
Film

Beginning of
Dry Patch

Liquid
Ligament

Fig. 2 A generic dry patch model.



and
Q = 2rcRQL, (12)

and Eqs. (2) !o (4) and (10) are applicable as before. The band of liquid film between dry patches becomes
narrower as evaporation occurs and the film proceeds downward.

3. EFFECT ON HEAT TRANSFER

Heat and mass transfer of a continuous film has been treated previously. Evaporation in the band of liquid
film between dry patches is due to heat transfer from the containment wall. Based on a simple
approximation of the generic model as shown in Fig. 3, heat flows through the metal wall along two paths.
One patb is heat flow qb through the wall into the liquid film and continuing through the liquid to its
surface to supply the heat of vaporization and to heat the air stream. In the other path, qd flows through the
metal wall to beat the air/vapor mixture directly. Direction of heat flow and notations are sketched in
Fig. 3, showing a symmetric element of length Ax over one-half of an element of width itR/N. The
actual flux distribution will be determined by the properties and parameters of the system. Assuming that
we start with inside wall temperature Twbi and TW(jj, we have, moving outward from the film of width
wb/2 into the air stream, and neglecting axial beat conduction:

» Condensing b<ji
Tvi film I

u XR/H

(very l a r g e )

Fig. 3 Heat transfer from condensing film inside a cooled vessel
by film cooling outside including dry patch.

qb = (wbAx/2)(k/b)(TWb- Ts) = -(wbAx/2)mhfg(Ts) + (wbAx/2)hv(Ts- Tv)

and for heat flow from the wall into the film:

(13)



qb = (wbAx^Xk/bXTwb- Ts) = (wbAx/2)hw(Twbi - Twb)

- 8wAx(kw/6w )[(Twb+Twbi) - (Twd+Twdi)]/2, (14)

where k is the thermal conductivity of the liquid, T s is the temperature at the surface of the film, hv is the
beat transfer coefficient of the air/vapor mixture at the liquid film and dry surface, Tv is the temperature of
air stream, 8w is the thickuess of the containment wall, 6'w is a characteristic length for heat transfer along
the wall and is of the order of 5 V Twb and TW(j are the temperatures of the wall under the liquid film and
the dry patch, respectively. The last term accounts for the heat flow along the wall due to the temperature
difference in the part of the wall under the liquid film and under the dry patch. Therefore, when dry patch
appears, depending on the sign of (Twb - TWd)< film cooling might be less efficient Heat flow into one-
half of a dry patch of width of w j = (2icR/N) - wj, is given by

qj = (wdAx/2)hv(Twd - Tv) = (w<jAx/2)hw(Twdi - Tw(j)

+ 6wAx(kw/8w)[(Twb + Twbi) - (Twd + Twdi)]/2, (15)

where hw is the heat transfer coefficient of the wall including the coating. The balance through the dry
patch gives

hvdwd - Tv) = hw(Tw(ji - Twd) + SwMCTwb - Ty/bO - (Twd - Twdi)]/(8Wwd)

= hvi(Tvi - T w d i ) . (16)

The balance of beat flow over axial length L inside the containment is thus

1 x <% + ^ * (wbAx/2)hw0wbi - Twb) + (wdAx/2)hwCTwdi -Twd)

= (wbAx/2)(ki/biXTsbi - Twbi) + (ki/bdO(wdAx/2)(Tsdi -Twdi).

when condensation under the dry patch is not neglected (it is estimated to be less than 10% of that under the
liquid film). The last equality gives the beat flow from the inside of the containment due to beat transfer
through the condensing film of thickness bi and with surface temperature Tsbi- Equalities in Eqs. (13) (two
independent equations) and Eqs. (15) and (17) permit determination of Ts, Twb, Twd. and Twbi, Twdi and
the rates for given Tsi and T v (or by their iterated values). TSi has to be given by beat and mass transfer
inside die containment. Eqs. (13), (15) and (17) can be solved simultaneously with the evaporation rate m
given by

m * bm[pv(Tv) - pg(T s)] , (18)

where but is mass transfer coefficient, p v is density of water vapor in the air stream, and pg is density of
saturated vapor at temperature Ts.

Changes in width of the liquid band along the flow direction can be determined in terms of finite difference
along the flow direction. After emergence of the dry patch, the width of the liquid film changes over an
axial interval Ax from level (1) to level (2) according to the width of the film given by

wbOhMid) + mwbd) (Ax) = wb<2>b<2>u(2) (19)

for b - XMdalriHhylgyUS
bu * 0.803(v/g)l/5(a/p)3/5 (20)



t/D = bci^) for only the Ax, with inception of dry patch; at other Axs, b ^ is evaluated by Eq. (20), where
all the properties are at local values of average temperature (Ts+Twb)/2. The result is a gradual decrease in
wb and increase in dry-patch width wj as x increases.

Total heat removal in the dry-patch region is given by

over the length, Ax.since the beginning of the formation of the dry patches. This quantity, together with
the computed result in the continuous-film region, gives the total heat removal. The total area of the dry-
patch region is NL(w<iAx). These quantities can be compared to experimental results to sharpen the
accuracy of prediction or to provide a safety factor in design. When the liquid streaks are widely spaced, large
circumferential variation in STface temperature is expected.

4. DISCUSSION

Instability of the water film may start at a point where the film becomes thin enough due to evaporation,
surface imperfection, uneven heating, and wave motion to allow surface tension to split the film and initiate
a dry patch, especially where the surface may have an irregular protrusion, however mild. Complete
«aporation of all liquid streaks before reaching the bottom of the vessel is not desirable and should be
avoided by design.

A swirling flow introduced at the distributor on top of a domed cylinder helps insuring uniform distribution
of the thin liquid film to a limited extent. With sufficient liquid flow and a relatively short containment
vessel, dry patches may not occur. However, in most practical applications with tali containment vessels,
dry patches are likely to occur.

The theoretical relationship presented in this paper have been validated with limited experimental data.
While the validation of these theoretical relations is continuing, the preliminary results obtained to date
may provide some insight on dry-patch formation on a heated surface. Figure 4 presents the film thickness
inferred from experimental observations vs. theoretical film thickness given by bc2 * 1.34(o/p)"5
(v/g)2'5, where v is kinematic viscosity, a is surface tension and p is density. In view of the difficulty
encountered in measurements and the wide range of operating parameters, agreement between the film
thickness inferred from experimental observations and the theoretical film thickness is very encouraging.
However, a poor agreement with some experimental data was cited in [8].

Contact angle was not measured but is inferred from the experimental observations and is in the range of
10° to 20°.

The present formulation makes possible prediction of formation of dry patches and their effects consistent
with the approximation for laminar flow and small contact angles. It was shown that presence of dry
patches might make the film cooling less efficient than with a continuous film. Initiation of dry patches
for a perfect surface is enhanced by the wave motion, leading to instability of a continuous film. Thinning
of film due to evaporation, surface imperfections, and uneven heating will lead to a critical thickness
whence dry patches may start to occur.

Depending on flow rate of the film per unit width, surface nonuniformity, wetting of surface, and water
distribution system, dry patches may occur even without beat transfer. Water may simply flow down the
dome in streaks or rivulets of a stable thickness due to interaction of surface tension and gravity. Addition
of beat would narrow these rivulets due to evaporation. Therefore, the initial quantity of water applied to
wet the whole vessel is important to prevent dry-patch formation. Critical film thickness decreases as film
temperature increases, but film at a higher temperature is more stable than one at a lower temperature.
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Fig. 4 Film thickness inferred from experimental
observations vs theoretical film thickness.
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For tbe case of dry patch formation of an incoming uniformly distributed film when beat is added, leading to
evaporation and furthert thinning of the film on top of the thin spots produced by waves in the film may
lead to the following conditions:

(a) In tbe normal situation of insufficient film thickness as evaporation occurs, instability at thin spots due
to wave motion, surface imperfections and uneven beating will cause splitting of a continuous thin film
into bands of liquid film of stable thickness, leaving dry patches between.[8] Each band narrows as tbe film
flows downward due to evaporation.

(b) Due to a critical heat flux, an area may oscillate between dryout and rewetting [5]. The rivulets tend to
be unstable [7,10].

(c) Due to variations in the width of the rivulets, evaporation may lead to combined dry patches of increased
width between wet streaks. This may lead to large temperature differences between wet and dry surfaces and
bigb thermal stress in tbe wall.

Thermal stress due to tbe above nonuniformities of temperature depends on the constraints of the steel plate
forming the vessel. Conservative estimates [11] provide a thermal stress of the order of magnitude given by
tbe form:

Additional stress = ±otEAT/(l - Vp)



where a is the coefficient of thermal expansion (lSxlO-^C"1 for structural steel), E is the modulus of
elasticity (2xlO5 MPa), and v p is the Poisson ratio (0.26). For AT = ±20°C, a stress of ±71.7 MPa will
be added due to an oscillating dry patch. For a vessel of structural steel with 24 m dia of 4 cm thick at 4
bar internal pressure, the maximum stress would be 120 MPa. Total momentary stress may then be 192
MPa, a value that might be reached in case (b), close to the elastic limit of 200 MPa for structural steel. In
a situation such as case (c), the possibility of the elastic limit of material may be reached.

The net effect of dry patches is reduced cooling of the hot surface. For a suitably coated cylindrical domed
vessel cooled externally by a liquid distributor from the top, addition of a tangential component of the
initial velocity may help in stabilizing the film, but over a limited length of travel of the film only (see
Appendix A).

5. CONCLUSIONS

Instability of a continuous liquid film is caused principally by high surface tension, large contact angle,
high viscosity, low liquid density, and relatively small gravity effect. It causes splitting of the liquid film
at a critical thickness.

When the critical film thickness is reached, instability at thin spots due to wave motion, surface
imperfections, and uneven heating of the thin film will cause splitting of the continuous thin film into
bands of liquid film with stable thickness.

Design of the inlet water distribution system is critical to the performance of a flowing thin liquid film
cooling of a heated surface. Formation of dry patches on the heated surface will substantially reduce beat
removal capability and may lead to nigh thermal stress.
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APPENDIX A
Film Stabilization hv Vnrtlcltv

While the radial liquid distributor can be made so that flow will be identical through every opening without
splashing, the film is still subject to perturbation by the external air flow of the cooling system. Even
when all openings of the water outlet have identical flow rates, distribution of the film over the vessel is
subject to the inherent instability in the thin film. This is remedied by introducing a vorticity into the exit
flow of the distributor, thus imparting a tangential component into the flow of the continuous film
(Fig. 2). The design calls for having the distributor tubes inclined at an angle to give a radial component
of the mean flow velocity uj equal to the local terminal velocity given by Ea. (3) and an initial mean
tangential velocity wi equal to [(velocity leaving the distributor)2 - u j 2 ] 1 ' 2 . The film flow spirals
downward with film thicknesses continuously mixed to eliminate dry spots due to hydrodynamic instability.

In a simplified form, the mean axial component of velocity follows the approximation

udu/dx = -(Tx/pb) + g, (Al)

neglecting the friction of the air outside the film and its surface tension and noting that there is no pressure
drop along x because of the lack of a free stream [9]; u is the mean film velocity in the x direction, x is toe
coordinate along a meridian, and TX is die xy component of shear resistance at the wall due to' ^cosity of
the liquid [2]. The volume flow rate per unit width is

bu = QL=:Q/27tr, (A2)

where Q is the total flow rate, r is the radius, which is a variable in the domed section, for radius R of the
cylinder.

TX-fpu2/2. (A3)

for Reynolds number Re given by Qr̂ /v as a conservative approximation, and for laminar flow in this
illustration:

(A4)

The tangential component of motion at mean velocity w is given by

wdw/dx + uw/r = -xjpb = -fw2/2b, (A5)

where x^ is the shear stress in the $ direction, giving the dissipation of vorticity as the flow proceeds
downward. Based on the approximation in Eq. (A4), Eq. (A5) has the solution, for r = R (over the cylinder
portion) and w = w 0 at x = 0:

1/wR - [(l/woRWSv/QLZHeX/R - QV/QL2) . (A6)

which gives the dissipation of vorticity wR along the x-directkm. In an example where v = 10"6 m2/s, R =
10 m, we obtain the following values of wR for the values of woR as indicated at x/R = 0 for w 0 of 1 or 3
m/s:



x/R
0(woR:)
0.01
0.05
0.1
1

Q L = ^
10
0.321
0.0646
0.0316
0.00194

1 (m2/s)2 Q L 2 = 10"7 (m2/s)2

10 30
2.484 2.986
0.609 0.636
0.306 0.313
0.019 0.0194

The above comparison shows that vorticity dissipates over a short distance of the order of the radius of the
containment at low-volume flow rate per unit width.

It appears desirable to start with a high flow from the wall jets of the distributor with a vortex motion to
wet the domed cylinder within a few minutes (say, 2 minutes for a dome height of 100 m), followed by a
reduc tkm to design flow rates. This overcomes the resistance to wetting according to the contact angle.
The contribution of the tangential motion is such that, according to Eq. (3), a streak of thick film tends to
fall over a thin film because of the higher terminal velocity of the former. Uneven distribution due to
tolerance in the uniformity of flow from the distributor tends to be rendered homogeneous. The same action
will tend to modulate the formation of dry patches due to beat transfer and evaporation.


