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WAVE GENERATION AT A STAGNATION POINT
IN STABLE FILM BOILING

by
W. S. Bradfield

SUMMARY

The wavy character of the interface in stable laminar
film boiling is influenced by disturbances originating at
the lower gtagnation point of the immersed body. The nature
of these disturbances is investigated experimentally and
analytically. The analysis shows that the phenomenon is
dominated by acceleration effects in the stagnation point
neighborhood rather than by viscous effects. The dependence
of frequency of generation on geometrical and thermal param-
eters is shown and interactions among the laminar region are
discussed in the 1light of experimental obgervations.

Introduction

Several sophigticated analyses of gtable laminar film
boiling on vertical surfaces have appeared in recent years
(for example references 1 and 2). However, the predomi-
nantly wavy nature of the interface has been largely ignored
go far as its role in local heat and mass transport is con-
cerned. This is in contrast to studies of the unstable
boiling regimes over horizontal surfaces where transport
models baged on the action of ingtability waves are common
(for example references 3, 4, and 5). Although some work
bearing on this area has been published [6,7], no localized
measurements of heat flux and vapor layer thickness or
analyses based on a wavy interface model of the laminar flow
have appeared in the literature to date. Experiments show
that for vertically oriented hemisphere cylinders (Figure 1)
the interface waves originate at the lowest point of the
solid surface, agssumed by symmetry to be a stagnation point
of the flow. Obviously, effects of the stagnation point
phenomenon will be felt throughout the region above and a
thorough understanding of the laminar flow process on the
vertical surface will depend on knowledge of events at the
stagnation point. By the same token, a thorough understand-
ing of events in the turbulent region of the film boiling
boundary layer should rest on a foundation of complete




understanding of the laminar flow which precedes it.

The following work is presented as a beginning study of
*“gtable” film boiling interface dynamics. It deals with film
boiling beneath a heated surface (Figure 4) with emphasis on
the frequency of generation of waves at a stagnation point.
Such a configuration provides the advantage of freedom from
the complications of bubble release dynamics in addition to
providing thermal stability in the Benard sense. The thermal
region of the present investigation is beyond the nucleate
and transition boiling regimes and well into stable film
boiling. The geometric area of interest of the present in-
vestigation is that shown in Figure 1la) which depicts the
wavy interface typical of gstable film boiling in moderately
subcooled water at atmospheric pressure. This interface con-
figuration is also obsgerved when gas release is from the
solid surface rather than from the interface as is shown in
Figure 1b). Figure 1b) represents "dry ice" (solid (0,)
subliming in room temperature water. Figure 1 isg a rendering
from photographs.

Numerous motion picture studies in connection with the
present geries of invesgtigations have indicated that the
interface is rarely wave free. The most favorable conditions
for a wavefree configuration have been shown to combine a
highly polished surface with a small temperature difference
across the gas layer and relatively strong subcooling. Even
under these circumstances, a periodic oscillation of the
apparently rigid interface relative to the heating surface
has been detected by dynamic capacitive measurements.

It seems unreasonable to suppose that heat and mass
transfer in the stagnation point and laminar flow regions
are independent of these interface motions. The first step
in investigating this question would appear to be to gain an
understanding of the fluid mechanical nature of the laminar
interface waves themselves. It is to this limited goal that
the present investigation ig directed. Becausge of the appar-
ent complexity of the phenomenon, it was decided to further
limit the area of the present analysis to the gtagnation
point neighborhood. 1In an attempt to preserve perspective on
the problem, experimental results which demonstrate the
coupling effects are discussed at some length following the
stagnation point analysis.
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which position the pressure field is out of equilibrium and
the return swing begins to complete the cycle which then re-
peats. Preliminary measurements showed that for the geome-
tries congidered, at leasgt, the interface wave was well clear
of the stagnation point region by the time the cycle was com-
pleted. Typical resultg from preliminary measurements are
shown on Figure 4. The interface isg shown 'at the equilibrium
position on the return swing.

Such a stagnation point oscillation accounts qualita-
tively for the behavior obgerved. The gystem can be ideal-
ized as a liquid mass moving in opposition to a gas layer
spring and damper with the wave generation phenomenon and
accompanying heat pulse serving as a forcing function [15].
Under these circumstances, the frequency of oscillation
should be at or near the natural frequency of the gas layer.
What follows is an analysis of the phenomenon based on the
foregoing physical model and presented in comparison with
frequency measurements in subcooled water.

The dynamics of a solid subliming disk oscillating
above a heated plate has been analyzed by O'Brien (8] .
The pregent physical case is analogous in several respects
if one regtricts attention to the stagnation point neighbor-
hood of the interface and takes into account the stagnation
point geometry and subcooling. In formulating the concept
just described, the load per unit area on the stagnation
point interface element is taken to be the weight of the
liquid column supported by it. The oscillator mass agsumed
is the mass equivalent of the interface load. The corregpond-
ing equation of motion is

\—/\3/~'§:-\A/+79+F6rrt) (1

where W is the interface loading, p is the pressure distribu-
tion in the gas layer, and BF(r,T) is a forcing function which
degscribes the dimpling at the gtagnation point discussed in
the previous section. In the stagnation point neighborhood,

v 2 T
w = (L-I—S)-— = 61 T &

where L is the depth of immersion of the stagnation point
beneath the surface. R is the radius of curvature of the
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heating surface stagnation point neighborhood. For the
cases to be considered here, the gas layer thickness 8(r,T)
will be much smaller than either the radius of curvature R
at the stagnation point or the depth of immersion L. There-
fore, we write

= 21
— f/ - Q@ —_— (2)
W= L . (J/i. < -+ (N
to degcribe the interface loading in the stagnation point
neighborhood.

The distribution .of pressure in the gas layer may be
found by solving the equations of motion in the stagnation
point neighborhood assuming axially symmetric flow. In
c¢ylindrical coordinates with z taken positive downward as
in Figure 3, the r and z- components of the momentum equa-
tion are thus

Dw 1L OF 2 L
— = —_— _ — 3
S~ e Se +~>(<7¢a (_,.> (3)
and
T C 2=z

regpectively, and the continuity equation takes the form

-] o (5)
. e>r_(«-u;3 T D=

where it has been assumed that properties can be regarded
ag constant when a suitable choice of reference tempera-
ture hag been made and that compressibility effects are
negligible. If we assume further that, in the stagnation
point neighborhood, the vertical component of velocity is
independent of r; i.e.,

2 :W‘(Z)‘Z‘> (6



then it follows from equation (5) that

(= -~ P(=7T) (7
where
Do

Pz, T) = 5=

Equations (3) and (7) together yield

D 54 Lt R N i
Z_—‘_-_-_ i - 55— T T 5w -2 :—-;L = %/(ﬂ,,, 7:) (8)

~ - -
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and, integrating,

% _ g (=) + C(2 )

is obtained. From the z-component of momentum, we note
that Ap is at most a function of z and T; hence, we con-

Nz
clude that ¢ and C are at most functions of r, and,
therefore,
2 (9
+ - < e
T y(T)y + C(T)

where U(T) and C(T) are unknown functions. Equation (4)
can now be combined with equation (8) to yield [9]

2 47+ YO = e 10

The ungteady and viscous terms drop from consideration
in the process. It results from equation (10) that
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and, therefore, equation (7) becomes

¢ gZ) (11)

MA

which describes slug flow in the stagnation point neighbor-
hood. Thus, the exact solution of the equations of motion
under the assumptions of w(z,T) and constant property, in-
compressible flow leads inevitably to slug flow as was
pointed out to the writer by J. J. Sheppard[9]. Physically
this result implies that the pressure field in the stagnation
point neighborhood develops as a result of distributed mass
addition at the interface rather than as a result of visgcous
resistance to outward flow.

The vertical component of velocity can now be expressed
as

Qo= fz2+ C(T) (12)

with boundary conditions:

2o = (é+\/> at Z> =3 (13)

where §-~interface velocity
and V~evaporation velocity at interface. Hence,
Ci(T) = 0 and

= L s +V (14)
£=5(2+V)

and, from equation (10)



= . L ,
Y= - — > +V (15)
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The equation of motion of the interface now becomes

T

_i\/g, %: - ___\VAJ b £ (})(‘7:) ‘?"‘C(T:) -+ F:(‘f'.)‘t) (16)

Despite the accompanying wave gemneration at the inter-
face, the interface motion at the stagnation point is recip-
rocating rather than “wavy'*, Thig is illusgtrated in Figure 4.
Therefore, it is reasonable to assume that the forcing func-
tion F(r,T) can be described as the product of a periodic
function of time and an even function of r. In particular,
it is assumed that

Flez)= T(z) Pceo) = ©= T () (17)

where r2 repregents the first even term of a series expansion
in r., When equation (17) is combined with equations (2) and
(16), C(t) may be evaluated at r = 0. The result is

° 2

b +V (18)

y -2c £ [2n0 ~q = T(T)
S e [ 7

Hence, the gas layer thickness, is independent of r in the

stagnation point neighborhood within the present approxima-
tion.

The steady state solution can be obtained from equation
(18). In particular

5. = = & £ (195
& 3 ¢

where V is the velocity of vapor leaving the interface. It
may be evaluated from a congideration of the energy balance



at the interface

(EL R :fi’.t) 4 4
SV = N R + & .TGN' ‘T-L.) 20
: ) e a—_{ 2=
e S+

In writing equation (20) it has been assumed that heat trans-
fer through the gas layer is by conduction and radiation
only, that u; = 0, and u, = 0. In the bulk liquid, it is
supposed that heat conducted away from the interface is
balanced by heat flow toward the interface due to a vertical
motion of the liquid induced by evaporation at the interface.
The energy equation in the bulk liquid may be written

A+ e | &
- -+ Wy d& PN (21)
AT <, AL
where
and
= - o
Applying the boundary conditions
and
6= O aus £—= oo
there is obtained
- 18
$2 - & (22)
Gl

w
where % = ég‘ Applying continuity across the interface,
3

Y

== —
Ce =<
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As is implied by the radiation term of equation (20
tion in the gas layer is neglected. The radiation inter-
change 1in the stagnation point neighborhood is regarded ag
occurring between parallel surfaces since °/R is assumed

gmall. Thus, the interchange factor is

y absorp-

! ! !

—_— = e

éw—& € é&

In view of the high emissivity of the liquid interface,
€y..i = €&y which is assumed. Thus,

7. = €LT(4-4.")

the radiative contribution to the interface energy balance,
Combining (22) and (23) with (2L),

e, + Z2c
v = = | AT (24)
3 I+ B

where

Ef(tw-"ie) .

= U C.x({aw_t¢)
e.= =5 S s

PN

Finally, equation (19) becomes
i
[~ Z
s 4

. 4@ . n 7.
2 P / =< ® uexm (25)

2 e lqe3 |+ Bop

the steady state gas layer thickness at the stagnation point.

In view of the impulsive nature of the forcing function
previously described, it is consistent to assume that the
gteady state oscillation of the interface takes place at ap-
proximately the undamped natural frequency of the system.




Furthermore, since frequency is relatively insensitive to
amplitude, a linearized solution of equation (16) should
yield an adequate approximateion. Assuming, then, that the
oscillation takes place with small amplitude about the equi-
librium value of the gas layer thickness, we may write

()= 5, (/ + e(z—)> (26)

where € << 1, Combining equations (26) and (18) leads to

% 29% - 43
€ -}—“‘@“;—;‘*6 +”§;’6=T(t) (27)

the linearized motion equation of the interface stagnation
point neighborhood. The natural frequency of the gystem is

£ L |3
3 - 'V 3
within the specified approximations. Dimensionlessly ex-

pregsed in terms of thermodynamic variables,
i

— - -
] 4 . 2.
FR%=x* Lz | G [+ B (28)
; “g: ﬁ (i @° ’— gb %r
- <P |
-
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Experimental Procedures

A motion picture study was selected as the experimental
vehicle for determining wave generation frequency. In order
to generate the axially symmetric stagnation point flow
described in the previous section, the geometric shapes shown
as Figure 5 were chosgen to give a wide range of radius of
curvature of the heating surface. Experience had shown the
interxface phenomenon to be qualitatively the same for quench-
ing (Figure 1la) and for steady state ptenomena (Figure 1b).
With intent to simplify the experimentation, therefore, a
guenching technique was selected. In order to ensure a
quasi-gteady process, the model size and shape were designed
to maintain a cooling rate of less than 150F/sec. To facili-
tate the temperature instrumentation, the material selected
was pure copper of thermal conductivity 223 Btu/hr ft OF,.

The resultant range of the system Biot modulus was between
0056 and .0070 (based on maximum model radius and measured
values [10] of free convection film boiling film coefficient)
Thus the thermocouple installation shown on Figure 5 was
justified. The thermocouple output was recorded on a stand-
ard single point potentiometer. Hard chromium plating was
applied to all model surfaces for protection against oxida-
tion and consequent roughening since torch heating was to be
used.

The quenching bath was commercial grade distilled water
maintained at %, = 160% 100F for all experiments by immer-
sion heaters. In making a run, the model was preheated to
roughly 1800°F and by mechanical means was partially immersed.
Total immersion was avoided to eliminate possible inter-
actions with *"comb' phenomena associated with bubble release
at the top of a completely submerged object (for example,
reference 3). The temperature was monitored during the cool-
ing procegs and, at the prescribed run temperature, the 100
foot roll of film was exposed at frame rates averaging 2000
per second. Time intervals of 200 to 300 milliseconds were
uged for the wave count during which period the change in
stagnation point temperature was negligible. Each tempera-
ture point required a separate run. Thus a total of more
than 20 experiments was required to produce the data shown
on Figures 5 and 6.

The experimental uncertainty in the stagnation point
temperature involves calculated uncertainties in the con-
duction logs between the measuring station and the stagna~-
tion point together with uncertainties due to the known
imprecision in the ingtrumentation. The total uncertainty
ig calculated to be not more than ¥ 1% over the range of
temperature covered. The uncertainty in frequency determina-




tion is due to the possibility of miscounting timing marks

and is estimated to be no more than £ 1%. These uncertainties
fall within the symbols used to indicate data points on
Figures 5, 6, and 7. Because of this, the dispersion of the
symbols themselves must be regarded as evidence of irregu-
larity of the phenomenon.

Since each data point represents a separate experiment,
the clugter of three experiments shown by squares on Figure 5
at 15700B and the two circles on Figure 6 at 12600F are rep=-
jications and may be regarded ag indicators of the repea.i-
bility of the phenomenon.

Results and Discussion

In view of the observed coupling among occurrences in
the sgtagnation point neighborhood, the laminar flow region,
and the bulk liquid, previously mentioned, the discussion 1is
directed naturally into three parts. The first concerns it=-
self solely with the comparigon of predicted and measured re-
sults at the stagnation point. The second and third parts
contain a discussion of observations from numerous associated
experimental studies intended to explore the interactions
among regimes and to indicate various limitations imposed
upon the phenomenon.

Stagnation Point Results A comparison of the theory and
experiments of the present invegtigation is shown on Figures
6 and 7. As predicted, the frequency of generation decreases

with increasing stagnation point temperature and with increas-

ing gtagnation point radius of curvature. Although only one
bulk liquid temperature (1659F) was run, it is expected from
equations (25) and (28) that the effect of increasing sub-
cooling is to increage glightly the frequency of wave genera-
tion in response to a decrease in gas layer mean thickness.
Radiation tends to decrease the frequency of generation by
increasing the gas layer thickness. However, even though

ew = 1 was assumed for the present case, the maximum pre-
dicted effect was 5% at the highest temperature decreasing
to about 1% at the low end of the temperature range. Equa-
tion (28) overestimates the frequency by about 10% according
to the comparison on Figures 6 and 7. This is considered
satisfactory agreement. In view of the relative insensi-
tivity of frequency to subcooling and to radiation, a dimen-
sionlegs correlation based on equation (28) is suggested as
more convenient to uge. This expression is

13



!

- -
frRf =" ! ta (29

3

The data from all four geometries are shown in comparison to
the correlation on Figure 8.
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An expression for mean heat flux by conduction at the
gtagnation point follows directly from equation (25). Thus

-
3 . Z g
N = E _ .?.. eﬁ 32 1+(iﬂ (30)
B A

A rather gurprising result is that the predicted Nugselt's
number varies as the square root rather than as the fourth
root of the temperature difference. This is due entirely

to the potential flow nature of the solution which ensures
dominance by the inertia terms once it is agsumed that

- w = w(z,t) only. A viscous solution can be obtained simply
by assuming all acceleration terms in equation (8) to be
negligible., When carried through to completion, the apparent
differences between the viscous solution and equation (29)
are minor. In particular, "&t in equation (28) becomes 'y
and the exponent "2" becomes *1% on the right hand side.

Thus the Nusselt number regains its familiar % power depend-
ence on temperature difference. However, the frequencies
predicted by the viscous theory are lower by roughly 40%
than those measured over the range of variables covered by
the present investigation and the Nugselt®s numbers pre-
dicted are lower by a factor of two, approximately, than
those predicted by equation (29). Therefore, it is concluded
that in the stagnation point region the flow is essentially
invigcid in character.

The mechanics of wave generation in the lower stagnation
point neighborhood differs in several particulars from cases
of instability wave formation previously congidered in film
boiling above a heated surface (for example, references 3,4).
Perhaps the outstanding feature of the present phenomenon is
its freedom from dependence upon bubble releage dynamics.
This is simply due to the fact that there is no tendency for

14



bubbles to form and enter the 1liquid phase in the lower stag-
nation point neighborhood becauge of the geometry of the
situation. Another point of contrast is in the degree of
sugceptibility of the interface to Taylor instabilities in
the two cases. Several analysesg of film boiling above a
horizontal heated surface (for example, reference 4) have
guccessfully used the Taylor ingtability model as a basis

for calculating the critical wavelength which (coupled with
bubble release frequenciesg) permits the determination of heat
transfer. On the other hand film boiling below a horizontal
heated surface, as in the present case, is stable in the
Taylor sense when one congiders the interface at rest in

the mean position z = & . It is true that even in this case
an interface when set into motion normal to its plane de-~
velops Taylor instability waves when the acceleration exceeds
1gl11l]. It is possible that accelerations of the proper mag-
nitude and sense exist in the present phenomenon. However,
the result will be to produce the periodic dimple and
capillary wave previously postulated in the present situa-
tion as the generating mechanism. Thus the analysis is not
affected. A final point of contrast, although obvious,
should perhaps be mentioned in the interest of completeness.
In film boiling above a heated surface, the situation is un-
stable in the Benard gsense in that a less dense fluid medium
lies below a medium of greater density. In film boiling be-
low a heated surface, on the other hand, the situation is
completely stable in this sense, particularly in the presence
of subcooling.

The present results, as mentioned previously, considerd
only distilled water as the bulk liquid. However, photo-
graphic gtudies were extended to film boiling in subcooled
trichloroethylene and in saturated liquid nitrogen, and to
dry ice subliming in room temperature water (Figure 1b).
They show qualitatively the same interface phenomenong
namely, wave generation at the stagnation point, followed
by a region of two-~dimensional "ring' waves, followed in
turn by trangition of the interface to the chaotic appear=~
ance exhibited in both (a) and (b) of Figure 1 at the upper
extremities.

Interaction Among Laminar Flow, Bulk Liquid and
Stagnation Point Regimes In the laminar or "ring' wave
region above the gtagnation point neighborhood the wave
dynamics are almost certainly dominated by shear at the
interface. Evidence of this fact is found in the direction
of cresting of the waves. This is clearly shown in Figure
i(a). As the observer is looking through the liquid surface
and into the gas layer, it can be gseen that the crest is
drawn in the direction of the ghear stress exerted by the

15




gas on the interface. Experiments showed that when the bulk
liquid was set into mean motion relative to the heated sur-
face and gradually speeded up, the interface appearance
changed until at 12 ft/sec in water the cresting had re-
verged due to the forced convection dominance of liquid
boundary layer shear at the interface. At an intermediate
speed (in this case about 7 ft/sec) the interface waves
largely disappeared ... presumably an indication of a state
of approximately zero net shear across the interface.

When net shear exists as is the case in free convection,
the appearance of interface waves would be expected even in
the absence of gtagnation point disturbances. In connection
with the present experiments, the interface could be captured
at the stagnation point by an observer uging a probe made of
hypodermic tubing. When the probe was brought into contact
with the interface at the stagnation point and fixed in posi-
tion, the interface activity was arrested locally. However,
at a distance well above the stagnation point region waves
appeared. Thisg is regarded as a consequence of the ghear
(Helmholtz) instability described in the previous paragraph
and inherent in such a situation. The experiment _just cited
is not an isolated instance. Hse and Westwater [7f reportad
laminar wavesg in their invegtigation on vertical tubes even
though a bayonet type heating surface was used which was
fastened at its lower end to the bottom of the boiler thus
excluding the existence of a clearly defined stagnation
point. In view of these two experiments, it seems justified
to conclude that gstagnation point generation is not a pre-
requisite for the existence of a laminar wave region.

On the other hand, there is no reason to believe that
stagnation point waves can exigt without disturbing the total
interface for situations like those shown in Figures 1 and 2,
or for horizontal cylinders”. The evidence is that for gross
situations like those shown in Figure 1 the number of wave
crests apparent between the stagnation point and the turbu-
lent region at a given instant directly reflect the fre-
quency of generation at the stagnation point. For example,
Figure 6 indicates that the frequency of generation for
R = 0.012 inch is about 11 times that for R = 0.380 inch.
Therefore, the wave number (waves/inch) should be larger for
the smaller radius of curvature. This may prove to be sig-
nificant where heat transfer in the laminar region is con-
cerned, OfBrien [12] has shown that, in the presence of a
subcooled liquid, wave action in this region may increase

* The present results can be applied to horizontal
cylinders through a gimple geometric transformation.



local valueg of heat flux by up to fifty percent. The
effect increagses with increasing wave number,

Limitations on the Existence of Stable Film Boiling
Beyond the Burnout Temperature A limit on the existence of
the laminar region is the trangition of the interface waves
from two dimensional to three dimensional in character and
from orderly to chaotic motion as pictured on Figure 1. Re~
garding the interface as an indicater of the state of stress
in the media, one concludeg that transition of one or both
of the boundary layers (liquid and/or gaseous) occurs to
produce the change in interface character. This may be re-
garded as a limit imposed by Tollmein=-Schlicting instabili-
ties. Hsu and Westwater [7] proceeding under the agsumption
that the transition is due to gas layer instabilities had
gome success in correlating heat transfer results with a
critical Reynolds number based on a gas velocity and gas
layer thickness calculated from experimental data.

There also exist thermal limitations on the character
of the flow. Quenching experiments with subcooling show
that as the surface temperature decreases thus approaching
the temperature of trangition to nucleate boiling, the

interface gradually assumes a glassy appearance asg the inter-

face waves disappear. Comparing equations (25) and (27) of
the present analysis shows that as Be —» O the damping at
the stagnation point increases without limit. In view of
this, the cessation of interface activity in the stagnation
point neighborhood is not surprising. The fact that the
entire interface becomesg passive leads to the conclusion
that Helmholtz digturbanceg are also strongly damped as

8§, =» 0. This is reasonable when one considers that the
wave amplitude is limited by 8,. Thus, as §o =» O th=2
critical wave amplitude for growth may never be obtained.
The experiments also showed that the limiting surface
temperature at which trangition takes place and the violence
with which it occurs depend strongly on subcooling and sur-
face condition (13) . The trend of the data suggest the
ratio (mean gas layer thickness/r.m.s. surface roughness) as
one transgition criterion. When this approaches unity,
transition should occur regardless of other factors.

Study of the stagnation point motion pictures shows
that as the radius of curvature increases irregularities
begin to appear in the wave generation process. The stag-
nation point (wave center) shows a tendency to migrate in a
random fashion; and, in particular with the 3/4 inch model
at the higher temperatures, simultaneous generation of two
waves occurred occasionally. This is regarded as evidence
of a double stagnation point formation. Increasing the
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radius of curvature still further might be expected to lead
to production of stagnation point engembles and it may be

guessed that the flow should change in character to a cellu-
lar flow resembling film boiling above a horizontal surface.

Conclusions

The dynamics of the flow in the stagnation point region
in stable film boiling is dominated by an oscillation normal
to the plane of the interface. Waves are generated at the
natural frequency of the gas layer by pressure pulsesg result-
ing from the motion of the interface relative to the heated
gurface. A linearized theory based on an inviscid solution
of the equations of motion adequately predicts the frequency
of wave generation over a reasonably wide range of thermal
and geometric parameters in subcooled water at atmospheric
pressure. The ambient pressure and the gurface tension enter
the result only indirectly through their influence on the
gas layer property values. Photographic and motion picture
studies indicate that the stagnation point influence is felt
throughout the laminar flow region.
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Nomenclature

D

DT substantial derivative;

3 frequency of generation;

F(r,T) forcing function, equation (1);

g acceleration of gravity, 32.2 ft/sec?;

h heat transfer coefficient (q/tw-ti),
Btu/ft2hrOF;

k thermal conductivity, Btu/ftOFhr;

L stagnation point depth of immersion, ft;

Nu Nusseltfs number (hR/k);

p static pressure, 1bf/ft2;

q heat flux, Btu/ft2 hr;

r radial distance normal to axis of gymmetry
of flow;

R radius of curvature of heated surface in
stagnation point neighborhood;

Re Reynolds number based on evaporation velocity
(Vbs/Vv);

t temperature, OF;
velocity in r-direction
*evaporation velocity", (mass flux/gas density)
at interface, ft/hr;
velocity in z-direction

W load per unit area of interface, 1bf/ft2;

z positive vertically downward (Figure 3);




Greek Symbols

4

8

(SN« 4

=

=

o}
T
w(z,T)

v(z,7)

thermal diffusivity, £t2/hr;
o cp(twmfi)
boiling parameter \

gas layer thickness, feet;
interface velocity, feet/fortnights

relative perturbation of interface about
mean positions

depth of penetration into 1liquid through
interface, feet;

defined by equation (22);

temperature difference relative to bulk
liquid temperature; OF;

latent heat, Btu/lbs
kinematic viscosity, ftz/hr;
density, 1b/ft3;

surface tension, lbg/ft;
time;

défined by equation (7);
defined by equation (8).

Subscripts

b
i
£

bulk liquid;

evaluated at interface;
evaluated in liquid layers
mean or gteady;

at wall or heated surface.
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