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Abstract—The Hartley-Murgatroyd force criterion for the stability of a dry patch is modified as a

consequence of recent experimental results. The role of shear and form forces is examined and it is

shown that the experimental results can be explained in a self-consistent manner by assuming that

contact angles measured under static conditions are applicable to the flowing film. In the cases analysed
the hitherto neglected shear and form forces appear to dominate the situation.

THE staBiLiTY of the dry patches which can
form when thin films flow over solid surfaces is
of fundamental importance to the “burnout”
or “dry-out” which can occur when heat transfer
is associated with this type of flow. In [1, 2] two
stability criteria were suggested, one of which,
the so-called force criterion involved the contact-
angle between the film and the surface. The
authors noted the lack of data which included
contact angle measurements and stressed the
need for more information.

Recently Hewitt and Lacey [3, 4] have re-
ported experiments on dry patch stability in
which they also measured static contact angles.
In order to obtain agreement with the force
criterion a contact angle of 17° had to be
assumed, whereas the measured static contact
angle was 49 4 4°. The use of the measured
contact angle resulted in a discrepancy of about
8:1 in the magnitude of the dewetting force.
In the present note the effects of other forces
are considered, and it is concluded that these
could reasonably account for the observed
discrepancy. It is therefore unnecessary to
postulate a large difference between measured
static contact angles and those existing at the
edge of the dry patch. However, the extra forces
are, at present, known so imprecisely that one
should not conclude that the two contact
angles are identical.

Figure 1(a) shows the upstream part of a
dry patch which has already formed, together
with a few approximate stream surfaces. The

particular surface EG which passes through the
stagnation point G is shown in section at 1(b).
The point E (distant / from G) is assumed to be
sufficiently far upstream for the flow at E to be
unperturbed by the dry patch. The thickness of
the film at E is 8, and downstream of E it is
assumed to remain of order of magnitude 8.
Consider the infinitesimally thin element of
liquid centred on EG and shown shaded in
Fig. 1(a). The following forces act on this
element:

(a) Shear forces

Upstream of E the shear stress 77, from the
gas phase is balanced by the stress 75 at the
solid/liquid interface. The film velocity u and,
therefore, 75y (= psOu/0y)y—o decrease to zero
at G, whereas 77, is assumed constant except
very close to G. Thus the out-of-balance shear
force on the element equals

1
Irfg — [ 757 dx = X 744 (say)
0

where this identity is used to define a length
A, such that Arr; measures the out-of-balance
shear force, as shown in Fig. 1(c). Now we are
considering a state of affairs in which a dry
patch is so large that surface tension forces in
the plane of the solid surface are negligible,
i.e. R > & where R is a dimension typical of the
dry patch. In practice R/8 probably lies in the
range 101-102. In these circumstances one can
apply an order-of-magnitude analysis to the
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Navier-Stokes equations and show that, in our
element EG (except for a small region near G)
ovjoy < (6ufdx or ow/oz). It is clear, therefore,
from the general shape of streamlines upstream
of a two dimensional bluff body, that X is of
the same order of magnitude as R. We therefore
write A = k18, and represent the shear forces
by a term k17448 where k1 probably lies in the
range 101102,

(b) Form forces

The region of the film near G represents a
disturbing step to the gas flow, which will
result in a small change in the static pressure
around the curved surface of the film. Moreover
rough experiments carried out by Hartley of
this laboratory using a gravity motivated film
indicate that a standing wave pattern or a
“piling up” can occur upstream of G. As a
consequence of these effects the normal pressure
at the liquid/gas interface is non-uniform and
the resulting “form force” has a downstream
component which we shall call F. In order to
estimate the order of magnitude of F we may
note the correlation by Chung [5] of the data by
Edwards and Sherriff [6] for the pressure drop
due to small transverse wires attached to a
surface. If the wires are far enough apart, the
force per unit length on each wire is equal to
60 7d where 7 is the shear stress at the undis-
turbed surface and d is the wire diameter. Close
spacing of the wires results in a smaller force per
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wire. We identify d with the typical film thickness
8 and tentatively write F = ka7sy$.

In the case of a film edge as shown in Fig. 1(b),
i.e. without standing waves or “piling up” one
would expect k2 to be appreciably less than the
value 60, which applies to a wire.

This way of allowing for the form drag
receives further support from results by Wieg-
hardt [7] for flow over a two dimensional step.
These have been re-analysed in a manner more
suitable for plausible extrapolation, as shown in
the appendix. The results indicate that ks lies
in the range 15-25, which is consistent with it
being less than the Edwards and Sherriff data
for a cylinder. One should not expect either set
of data to yield a close estimate for ks, since in
the present situation three-dimensional con-
ditions obtain.

(¢) Surface forces

These are discussed by Hartley and Murga-
troyd [1, 2] and amount to an upstream force
equal to o (1 — cos 0).

(d) Momentum flux
The flux of x-momentum across unit width

of film at E is { pu? dy where wo(y) is the

0
velocity in the undisturbed film at E. If we
assume that EG is a straight line and that flow
is symmetrical about it, it can be shown, by
expanding # and w in Taylor series about their
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values on the line EG, that the ratio of the flow
of x-momentum from the element due to the w
component to the flow of x-momentum due to
u vanishes, in the limit, with éx. Thus in the

3
limit we need only consider the term | psu3 dy.
0

The momentum equation is thus

opddy + kb =a(l—cost) (1)
0

with
k= kl + kz

in which ki and k3 (and therefore k) can be
expected to be in the range of magnitude
101-102

Since we are neglecting the effect of body-
forces and waves on the velocity profile it
follows that

i ~ i
() =BG
or, in the familiar nomenclature:
Ut = f(yt), where Ut = up/U*, U* = (74y/pp)?
yt=yUt|v

Inserting these relations into equation (1) we
have

prU* [312(8%) + k8t =06 (1 —cos 6) (2)
where Iz = ja U+ dyt and 8+ = U*§/vy
0

from which it is clear that the ratio of the film
momentum to the shear and wake forces is
I2k8+,

We now assume that the von Kdrmdn velocity
profile is applicable. I> has been tabulated for
this profile in references [1, 2]. For normally
occurring values of 8+, say 8+ <100, it turns out
that J»/28+ <125. Since from the arguments
above we might expect k to lie between 10 and
100, it would be unwise to neglect a priori any
of the three forces.

Comparison with experimental results

The measurements by Hewitt and Lacey have
already been referred to. They have been re-
interpreted in the light of equation (2), taking
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their measured contact angles and using equa-
tion (2) to obtain an estimate of the factor &
which accounts for shear and form forces. The
results are given in Table 1. In this table the

Table 1. Analysis of Hewitt and Lacey’s experiments
(assuming 8 = 499)

Esti-

Run Ux 3+ b10 kd+ k mate?
of kz
10 0164 517 6-65 383 74 121
20 0174 687 1175 356 519 181
27 0189 687 1175 327 476 21}
28 0209 651 10-55 295 453 222
36 0216 649 1055 283 438 202
47 0221 51 65 282 555 239
58 0272 51 65 228 448 220
68 0305 563 7-88 202 359 238
76 0366 517 665 169 327 242
84 0374 551 7-56 164 298 240
92 0402 51 65 153 300 240
101 0443 462 535 139 300 230

t Based on theory presented in Appendix.

results from the last few runs should be treated
with reserve, since in these cases the regime
boundaries are being approached.

The hitherto neglected interfacial forces
characterized by ki and ks certainly exist but
we have no direct evidence of their magnitude.
The Edwards and Sheriff data suggest that
k2 < 60 and the extrapolation of Wieghardt’s
data suggests that 12 < ks < 25, which is
consistent. Moreover although there is no direct
evidence as to whether or not the contact
angle measured under static conditions is
applicable to flowing films, if we assume it to
be so Table 1 shows that k; lies in the range
10-50 (if we regard the last few runs with
suspicion as recommended by Hewitt and
Lacey). This agrees with the order-of-magnitude
estimate made above, that 101 < k; < 102,
Thus a self consistent model is obtained.

This assumption about the contact angle also
implies that, over the range of these experiments,
the interfacial forces are dominant, since they
are some twenty times as great as the film
momentum terms. This can be seen by comparing
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columns 4 and 5. Equation (1) thus reduces to
the very simple criterion

k7145 = o (1 — cos ) 3)

Unfortunately there is at present insufficient
accurate data to attempt to relate k1 and k2
to the flow conditions with any useful degree of
precision.
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APPENDIX: THE USE OF WIEGHARDT’S DATA

Reference [7] reports measurements of the
extra force drag on a flat plate in a turbulent air
stream due to a step in the plate having dimen-
sions small compared with the local boundary
layer thickness. The results are expressed in
terms of a friction factor C,, based on the step
area and the free stream dynamic head, a local
Reynolds number based on step height, and the
ratio of step height to local boundary layer
thickness. The results have now been re-analysed
in terms of a friction factor C,, based on the
average local dynamic head in the boundary
layer up to the height of the step. The two
quantities Cy and C,, are shown in Table A.I.

Table A.1. Drag on a step in a flat plate

(A plot of Weighardt’s data)

Downsteam  Step logio Re Ratio of Drag coeff. Drag coeff.

position of height based on step height Cy based on Cw based on
step) (cm) step height to thickness of free stream local average
(m) boundary layer dyn. head dyn. head
4-39 0-244 36 0-036 0-06 020
439 0-508 392 0076 007 0-19
4-39 0966 42 0-144 0-08 0-18
4-39 1-53 4-4 0-228 011 021
1:68 0244 36 0-076 0-09 024
1-68 0-508 3-92 0159 0-09 0-20
1-68 0966 42 0302 011 0-20
1-68 1-53 4-4 048 012 0-19
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Within the range observed, C,, turns out to be terms of the quantities tabulated in reference
approximately constant, whereas C, varies [3]thus:

considerably. Ko — 02 64/2m\27 Al
This data has been applied to the results of TR X 63 oy (A.1)

reference [3] by assuming that C,, is a constant _ .

equal to 0-2 for the lower values of step-to- where m ﬁI.m tthkI‘leSS. i

boundary layer thickness obtaining in reference de, = effective hydraulic diameter of outer

[3]. Assuming a (1/7)t® power low for the gas part of annulus.
velocity the parameter k2 can be expressed in These values of k2 are the ones shown in Table 1.

Zusammenfassung—Das Hartley—-Murgatroyd-Kraft-Kriterium fiir die Stabilitdt einer Trockenstelle
wird als Folge jiingster experimenteller Ergebnisse modifiziert. Der Einfluss der Scher- und Form-
krifte wird iiberpriift. Es wird gezeigt, dass die Versuchsergebnisse mit einer in sich konsistenten Art
und Weise durch die Annahme erklirt werden konnen, dass die unter statischen Bedingungen
gemessenen Randwinkel auf den stromenden Film angewendet werden konnen. In den analysierten
Fillen scheinen die bisher vernachlissigten Scher- und Formkrifte die Situation zu beherrschen.

AHHOTAIHA—DB pesyibTaTe ITOJYYEHHHIX HEJABHO OKCIEPHMEHTAJIBHBIX pe3YJIbTATOB

BHJOM3MEHEH KpuTepuit cuasl Xaprau-Myprarpoiina aada craGuabHOCTH CYXOro ydacrka. B

CTaThe MCCJIEHOBAHA POJb CUI TPeHUsT M POPM-CUI ¥ TIOKABAHO, YTO BKCHEPHMEHTAJbHEIE

Pe3yJbTATH MOMHO OGBACHUTH, CaMOCOTVIACOBAHHO JONYCKAA HCIIOJNLIOBAHME YIJIOB KOH-

TAKTa, M3MEPEHHBIX JIPH CTATMYECKMX YCIOBMAX, B ciydae ABMyulelica nueHkd. OKaswl-

BAeTCH, YTO CHJIBI TPEHUA U (POPM-CHIBI, KOTOPHIMH [0 CHX MOD HpeHeOperaiu, UrpaioT
AOMHHHPYIOIYI0O POJb B AHANUBUPYEMBIX CIy4Yafx.



