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ABSTRACT :

Benzene and water films were passed over an inclined, hot
copper plate. The boiling heat transfer to the turbulent liquid
films has been measured with local heat-flux meters. These meters
have been adopted from a design suggested by Gardon (Gl0), and could
be used to measure boiling heat fluxes with an accuracy of about
—é0,000 BTU/hr.sq.ft. The results indicate that the heat transfer
to the liquid films compares well with that of forced convection
/ subcooled boiling.

During boiling the liquid film is destroyed by the growing
vapour bubbles and by the separation of the liquid from the hot
plate. The break-up of the liquid films has been investigated with
high~-speed photography but an analysis of the hydrodynamics of this

break-up has not been made.
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Ken Pollock

ODE TO A FLAT PLATE HEAT FLUX METER

OR EDGAR'S LAMENT

Power in - IZR

Heat Flux Meter out by far;

Tear it down, build again,

Gotta find that factor ten!

Boil up liquids in a pool,

Calibrate that heat flux tool;
Balance good - we're on the track,
Qops' Read the charts from the back.
Read them right - things still great,
At last we've got the true heat rate.
A few more runs and no more worry,
What the hell - I'min no hurry.
Calculate and fudge and fidget,

Soon we'll have that last damn digit;
Then I'm gone from this old place,

No more V-L interface

To haunt my dreams and plague my mind,

'Cause factor ten we did find!

Chemical Engineering Department
McMaster University
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A. INTRODUCTION

The boiling of liquid films is of importance in cooling operations
such as the quenching of hot metal sheets, the extinction of forest fires
and has also become of recent interest in the cooling of nuclear fuel
elements.

The amount of cooling that can take place is however limited.
This limit, called burn-out, occurs when vapour instead of liquid con-
tacts the heating surface. Under those conditions the liquid film has
either completely evaporated or the temperature of the heating surface
is too high for the liquid to contact it. When either of these happen
the heat transfer rate from the heating surface is decreased markedly,
because the vapour acts as a large heat transfer resistance. A nuclear
fuel element supplies heat at a constant heat flux. If the heat transfer
rate is suddenly reduced by one of the above mechanisms the fuel element
usually overheats to & temperature corresponding to its melting point,
i.e. the fuel element burns out.

It is of interest to determine under what conditions the liquid
film ceases to cool the heating surface and what would be the maximum
attainable heat flux for each mechanism. The purpose of the present
investigation was to explore the hydrodynamic and heat transfer aspects
of the mechanism, in which the temperature of the heating surface was
so high that no further wetting of the liquid occurred, (Plate 1).

As will be seen in the literature survey much work has been

done in related fields, but little has been done in this particular

direction. 1
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B. LITERATURE REVIEW

l. Boiling Heat Transfer

1.1 Introduction

Over the last decade boiling heat transfer research has been
intensified in order to apply this process to the cooling of nuclear
reactors and rocket engines. The heat fluxes obtainable with nucleate
boiling are very high and thus boiling seems a promising process for
the above applications.

Boiling heat tra§ﬁfer is based on the change of phase from
liquid to vapour at the heating surface. The temperature of the
heating surface thus exceeds the saturaticn temperature of the liquid.
The temperature gradient in beiling heat transfer is usually charac-
terized by the temperature difference AT = Ty - Tggts where Ty is the
temperature of the heating surface and Tggy¢ the saturation temperature
of the liquid. Depending upon the temperature difference AT three
boiling regimes are known:

(i) nucleate boiling

(ii) tramsition boiling

(iii) film boiling.

These regimes can be identified by their heat transfer characteristics.
Figure 1 shows a typical pool boiling curve of saturated water boiling
on a horizontal surface at atmospheric pressure (G5) (HL0). Region

AB is the natural or forced convection regime. At B boiling commences

by the generation of vapour bubbles at favoured spots on the heating

3
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surface. An increase in wall temperature results in a steep increase of
the heat flux due to the increasing number of bubble generating spots.
This entire region, BC;is called the nucleate boiling regime. At C
departure from nucleate boiling (DNB) occurs due to vapour patch forma-
tion on the heating surface. At D the maximum (critical or burn-out)
heat flux occurs. Any further increase in wall temperature beyond D
results in a decrease of the heat flux, because an unstable insulating
. vapour blanket forms over the heating surface. Region DE is called the
transition boiling regime. At E, which is the position of the minimum
heat flux, the vapour blanket stabilizes and the liquid no longer con-
tacts the heating surface. Region EF is the film boiling regime, where
the heat transfer takes place by conduction and radiation through the
vapour film.

Nucleate and transition boiling are governed by local transient
heat transfer phenomena, while film boiling is a steady-state process
without periodic transients. The boiling theories available thus apply
to one boiling regime only.

The boiling curve described above is characteristic of the
boiling process, but its exact shape is determined by such a large
variety of factors (liquidwsolid combination, surface conditions,
surface geometry, etc.) that it has been difficult for different ob-
servers to obtain reproducible results.

The influence of forced convection and subcooling on the boiling
process is of practical importance. Subcooled boiling occurs when the
liquid temperature is below its boiling point. Evaporation takes place

at the heating surface with subsequent condensation of the vapour bubbles
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in the cold bulk liquid. There is no net evaporation. The heat transfer
for subcooled boiling is exceptionally high. Figures 2 and 3 show the
relative effect of forced convection and subceooling on the boiling curve.
Few data besides those of Ellion (E2) are available which cover all the
boiling regimes for a particular system and include these two effects.
The values shown have been estimated and are presented only to indicate
the trend. Further work in this area has been suggested by Bergles and
Rohsenow (BT).

Extensive reviews of the literature on boiling have been given
by Westwater (W3) (Wh), Rohsenow (R2), Zuber (Z2) and Leppert and Pitts
(L3). A brief survey of the boiling regimes is presented below.

1.2 Nucleate Boiling

A photographic study of nucleate boiling together with a deter-
mination of the boiling curve has shown that the nucleate boiling
regime can be subdivided into four regions (G5):

(1) region of isolated bubbles

(ii) region of vapour columns (bubbles and mushrooms)

(iii) region of vapour mushrooms

(iv) region of vapour patches.
The mechanisms proposed for these regions will be discussed below.

In the first three regions the heat transfer is best represented

by the equation (z2) (Kk)

n\a
/A = a; (ar)%2 (;15) 3 (B-1)
to include the independent effect of the nucleation site density (n/A).

The nucleation site density is a function of the surface temperature T,



n =K
T = 8l exp (TWB) (B-2)
where K depends upon the surface characteristics and the physical properties
of the liquid and’ the vapour, (G9). Equation (B-l) is more general for it
makes allowance for the condition of the heating surface.

In the region of isolated bubbles the heat transfer is determined
by bubble nucleation, bubble growth and bubble departure from the heating
surface. The heat transfer can be controlled either by nucleation (at
high pressures) or by bubble growth (at low pressures). At low heat
fluxes vapour bubbles are formed at certain preferred sites on the heating
surface. The areas between nucleating sites transfer heat by natural

convection.

Surface nucleation

Since the vapour pressure over a concave liquid surface is
less than that over a plane one, the liquid surrounding a vapour bubble
must be superheated; in order that the bubble does not collapse. The

excess pressure of the vapour bubble is given by the Laplace equation

20
r
where py and pr, are the pressure inside the vapour bubble and the liquid

bp =Py - PL = (B-3)
respectively, 0 the surface tension and r the radius of the bubble. The
presence of a superheated thermal boundary layer at the heating surface
has been shown by Jakob (J2).

Theories of'homogeneous nucleation predict liquid superheats of
100°F for the formation of vapour bubbles. However boiling usually
begins at much lower superheats of about 10°F. It appears therefore
that a starting cluster is already in existence, such that the large

superheat required to form a vapour nucleus is no longer necessary.
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It is known that a gas-filled cavity can act as a nucleating site. The
gas can easily gain vapour and grow. The cavity may £ill with vapour,
when the initial gas is depietel and thus will continuously serve as a
nucleating site. If boiling is discontinued such a nucleating site may be
destroyed, because the cavity may fill with liquid. Bankoff (B6) has
shown that the angle of the cavity and the solid-liquid contact angle
determine the effectiveness of a cavity as a continuous nucleating site.
An easily wetted cavity is a poor nucleating site.

Griffith and Wallis (G2) have shown that in a uniform temperature
field the liquid superheat for bubble formation is directly related to
the size of the cavity in the heating surface. Assuming a constant
contact angle a growing bubble in the cavity passes through a stage of
maximum curvature (minimum radius), which defines the superheat necessary
for nucleation. The following equation, derived by substituting the

Clausius~-Clapeyron equation into equation (B-3) was verified.

Tg = Togt = oo 1885 (B-4)

sat TXow
where (Tg - Tgat) is the superheat of the liquid, r the radius of the
cavity, ) the latent heat of vaporisation and py the vapour density.
However, the equation could not be used to predict the formation of
vapour bubbles from the same nucleating site in a non-uniform temper-
ature field. Higher superheats were required in that case.

Hsu and Graham (H8) have developed a procedure to determine
when a nucleating cavity will nucleate in a non-uniform temperature
field. The heating surface i1s considered ©o contain many cavities

over a wide range of sizes. In the thermal boundary layer close to

the surface the temperature profile, before boiling starts, is nearly
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linear and can be expressed by the heat transfer equation (natural or
forced convection)

Tg =T, - (a/A) %i y (B-5)
It is postulated that a nucleus of hemispherical shape with radius r will
grow, if the liquid temperature at a distance y = r from the wall is
greater than the critical liquid temperature Ty defined by equation (B-4).
The corresponding wall superheat (T, - Tggt) required to initiate boiling
is best evaluated graphically, (Figure 4). The line tangent to the
curve representing equation (B-4) establishes the minimum wall temperature
required to initiate boiling. The size cavity that nucleates first is rg.
For a larger wall superheat cavities in the radius range from (r1) to (rp)
are active. This method has been verified by Bergles and Rohsencw (BT)
for subcooled boiling.

Hsu (H7) has extended the above model by considering transient
conduction in the liquid near the heating surface. Transient conduction
in the heating surface itself, as suggested by the work of Moore and
Mesler (M5) has been neglected. The range of active nucleating cavities
was determined by eliminating those which had an infinite waiting
period; the waiting period being the time required for the liquid to
attain a certain superheat. For the initiaticn of boiling of a satu-

rated liquid the wall superheat was given by the relation

8o Tsat as (B-'6)

A 8oy
The importance of the thermal boundary layer thickness § was stressed.

Ty = Tgat =

Experimental data were available to support the model.
The frequency of nucleation (bubble frequency) is directly

related to the waiting period and the bubble growth time.
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These consideraticns indicete that nucleation depends upon the
physical properties of the liquid and solid, the cavity geometry and the
thermal boundary layer thickness; the latter being dependent upon the
hydrodynamic condition near the nucleating site.

Measurements have shown that the population of nucleating sites
increases with surface temperature. At low heat fluxes the nucleating
sites have been counted wvisually. For high heat fluxes Gaertner and
Westwater (G3) devised an electroplating technique, which has shown
that the nucleating sites are randomly spaced on the heating surface, (G9).

At a given surface temperature the population of active nucle-
ating sites alsc depends upon the gize distribution of the cavities in
the heating surface. It has been suggested (W4) that boiling curves
as shown in Figure 5 can be obtained for various surfaces. Curve A
is the nucleate boiling curve for uniform large-sized cavities, while
curve C is that for uniform small-sized cavities. The large slope of
these two curves arises because all cavities will start nucleating at
the same superheat. The superheat required for curve C will however
be greater than for curve A, becsuse of the smaller cavity size.

Curve B relates to a surface with a range of cavity sizes and thus

as the superheat is increased the corresponding cavities will start
nucleating. Sowme of these consideraticns had already been established
by Corty and Foust (C6), who performed experiments with boiling sur-
faces of different surface roughness.

Bubble growth

When the liquid has attained sufficient superheat; the

vapour nucleus in the cavity grows into a bubble. The growth is the


http:ce.vi.ty
http:rando.m.ly
http:ind.ica.te

EFFECT OF CAVITY SIZE DISTRIBUTION ON NUCLEATE BOILING CURVE

log (q/A)

REF.: Wi

1k

B
Range of Cavity Size

A
One Cavity
Size - Large

(#
One Cavity
Size - Small

log (AT)

FIGURE 5




15

result of the evaporation from the liquid-vapour boundary. Thus heat
flows from the surrounding superheated liguid to the bubble boundary,
which is at a lower tempersture. The growth of a vapour bubble is a
dynamic process involving simultanecus heat and mass transfer.
Forster and Zuber (F2) combined the equation of motion of the
bubble boundary with the transient heat conduction equation, to solve
for the bubble growth in a uniform temperature field. The following

equation was obtained

r = 0P (Tx - Teat) (L)l/ ¢ (8-7)
A oy oL,

The controlling factor in the bubble growth was the heat transfer

across an assumed thin liquid shell surrcunding the bubble. The effects
of surface tension and liquid inertia were found to be small.

The bubble growth is rapid during the initial stages and slow
during the later ones. Such behaviour however cannot be fully
portrayed by the constant time expconent of l/2. A variable exponent
permits much better agreement with experimental data. Zuber (Z3)
and Griffith (G4) were able to predict the bubble growth rates much
more accurately by including the effect of a non-uniform temperature
field. '

Bubble growth however is by nc means a uniform process. In
a microscopic study Strenge, Orrell and Westwater (Sk) observed bubble
growth rates at low heat fluxes and found considerable variations in
growth rates and bubble emission frequency for a single nucleating site.
The statistical nature of bubble generation and bubble growth has been

attributed to turbulent liquid eddies (Z2).

The work by Moore and Mesler (M5) suggests that the growth of
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vapour bubble cculd largely be determined by the evaporation of a thin
liguid film at the base of the tubkle, (Figure 6). The thermal properties
of the heating surface were shown tc bs significant in this transient
conduction problem.

Bubble rise

When the radius of the bubble is about 0.05" the buoyant
force becomes large encugh to ssparate the bubble from the heating
surface. The bubble departure is inhibited by surface tension forces
at the triple interface and by inertia forces of the liquid. The bubble
will be nearly spherical when limited by surface tension forces and
ellipsoidal (with the major axis parallel to the heating surface) when
limited by inertia forces of the liquid (Rk). Since the bubble is
situated in a non~uniform temperature field, the bubble experisnces a
surface tension gradient along the butble boundary which holds the
bubble to the heating surface.

It has been observed that at a single nucleating site the
bubble departure dismeter aund the bubble frequency follow statistical
distributions. For low hest fluxes the product of departure diameter
and bubble frequency is constact and independent of the heat flux and
nature of the liéuid. For large heat fluxes the hydrodynamic con-
dition of the liquid changes and this simple relation no longer holds,
(Z4). The bubble size and frequency depend also upon the active nucle-
ating site population immediately surrcunding that bubble (G5).

Schlieren photographs by Hsu and Graham (H8) have shown the
existence of the thermsl boundary layer next to the heating surface.

They cbserved that as a bubble departs, it carries away hot liquid
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from the thermal toundary layer in & “region of influence” of size equal
to twice the bubble diameter. During bubble rise the bubble is sourrcunded
by superheated liquid which causes further bubble growth.

Mechanisms of nucleate boliling

The multitude of the mechanisms proposed for nucleate
boiling indicates the complexity cf the process and the difficulty
observers have in the interprstaticn of their dsta. Heat transfer can
be considered to occur in two stages:

(i) heat transfer from the solid to the liquid in the thermal
boundary layer (conduction and/or turbulent convection) and

(ii) heat transfer out of the thermal boundary layer.
The second stage can cccur by the removal of either vapour (latent heat
transport) or superheated liguid (eanthalpy transport) from the thermal
boundary layer.

It was originally perceived by meny of the early workers
that the moticn of the vapour btubbles provided excellent agitation in
the thermal boundary layer and thereby reduced the heat transfer
resistance (F3). This mechanism has bteen supported by experiments
in which vapour at saturation. temperature was injected at the heating
surface. The heat transfer wae thereby increased in the lower heat
flux region of nucleste boiling culy.

Han (H9) has presented s mechanism for nucleate boiling in
the region of isclated hubbles. Ey detailed exsminstion of the pro-
cesses of bubble nucleaticn, growth and departurs, it has been possible
to relate these to the boiling curve directly. The mechanism was

based upon enthalpy and latent hesat transport from the thermal boundary
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layer to the bulk of the liquid. Agreemsn®t with experimental data was
satisfactory.

By comparing the heat transfer processes in dropwise condensa-
tion to those in nucleate boiling, Kast (K2) points to the similarities
in nucleation and growth during the change in phase. Both processes are
local transient ones, in which periocdic rewmoval of the new phase elim-
inates the heat transfer resistance it creates. The model considered
latent heat transport from the thermal boundary layer, but neglected
enthalpy transport as suggested by Hsu and Graham (H8).

Tien (T3) developed a hydrodynamic model for nucleate pool
boiling in the region of isolated bubbles. The model asserted an
inverted stagnation flow caused by the rising vapour bubbles. The
vapour phase has been neglected, but its moticn is considered to
remove continually superheated liquid from the thermal boundsry layer.
Kutateladze (K3) has proposed a similar model by considering the
stagnation flow of the liquid flowing towards the heating surface.

Zuber (Z4) emphasized the importance of the hydrodynamic
factor in nucleate boiling and pointed cut the similari;ies in the
formation of gas bubbles from perforated plates. In the region of
isolated bubbles the liquid flow could be idealized by source flow
(displacement of superheated liquid from the thermal boundary layer
by the growing bubble) and wake flow (entrainment of superheated
liquid from the thermsl boundary layer behind the rising bubble).

The problem was then formulated as one of turbulent; natural con-
vection from a horizontal heating surface. The limit of this

mechanism occurred, when the hydrodynamic flow pattern changed and
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the bubbles interferrsd with each cther vertically. A transition region
occurs in which the heating surfacs is covered with vapour colums,
vapour bubbles snd vapour mushrcons. This transiticon probably accounts
for the point of ianflection observed in scme hoiling curves. Then
follows the region of vapour mushreoums. The vapour mushrcooms are fed
with vapour from the heating surface through numercus thin vapour

stems, (Figure 6). The vapcur is mcst probably produced by continuous
vaporization of a pulsating micro-lsyer of ligquid at the base of the
vapour stems, (Z4). At these high heat fluxes the dominant heat trans-
fer mechanism appears to be latent heast transport, (R6).

Support for this micre-layer vaporization has been obtained
experimentally by Mcore and Mesler (M5), who have observed sudden
temperature drops in the heating surface at a aucleating site. A
local heat flux of almost 206 Btu/hr.sq.ft.has been cbserved for
water boiling on a nichrome strip. The average heat flux under those
conditions was however only 200,000 Btu/hr.sq.ft. A photographic
examination by Rogers and Mesler (R3) showed that the large temperature
drop occurred during . bubble growth and that the surface temperature
recovered during bubble daparturs. Further evidesnce has been supplied
by Hospeti and Mesler (Hll), whe mzasured the scale deposited at the
base of vapour bubbles in nucleate pocl toiling of calcilum sulphate
sclutions. The use of radicactive calcium sulphate permitted the
evaluation of the micrc-layer thickness. Their results were in agree-
ment with measuremerts of Moore and Mesier (M5).

A detailed photographic study by Gaertner (G5) supports the

above considerations of the nucleate boiling rsgions. He also observed
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the existence of another region, which occurs when the slope of the
nucleate boiling curve decreases sharply, (Figure 1). It has been
suggested that one call this point the departure from nuzleate boiling
DNB. In this region the vapour stems under the mushrcoms collapse and
local vapour patches are formed. A photegraphic study by Kirby and
Westwater (K5) has shown the existence of dry areas (vapour patches)

on the heating surface. Such vapour patches weould result in local film
boiling and thus show a much reduced heat transfer rate. The number of
active nucleating sites could no longer be determined accurately, indi-
cating that the nucleating sites were not active continuously (G3).

The surface temperature has been observed to make large excursions in
this region (L3). As the surface temperature is increased the number
of vapour patches increases and the flow of liquid towards the heating
surface becomes restricted.

Such a restriction of liquid flow by the vapour leads to a two-
phase flow instability. The situation has been idealized by Zuber (2Z5)
and Moissis and Berenson (M6) by considering vertical flow of rising
vapour jets and falling liquid jets. The maximum heat flux was assumed
to be the result of the onset of the Kelvin-Helmholtz hydrodynamic
instability of the interface between the counter-flowing colums of
vapour and liquid. When instability occurs the liquid columns begin
to interact with each other and trap large amounts of vapour at the
heating surface. At the same time the liquid flow towards the heating
surface is considersbly reduced. Markels and Durfee (M7) and Donald
and Haslam (D3) have shown with electrical resistance measurements

that at the maximum heat flux sbout 50% of the heat transfer area is
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covered with vapour.

According to the above model the maximum heat flux is governed
entirely by a hydrodynamic situation and should be independent of the
heating surface condition and surface tempsrature. Berenson (B8) was
able to verify this by changing the surface finish of the heating surface.
Increased roughness of the heating surface resulted in decreased surface
temperatures at the same meximum heat flux.

It has been shown by Costello et sl (C7) that the maximum heat
flux is affected by the hydrodynamic condition near the heating surface
and by the surface condition of the heater. Their experiments indicated
that enhanced liquid flow towards the heating surface from the sides
increased the maximum heat flux. Such an increase was also observed
when the heating surface was treated with materials (surface deposits)
which increased the wetting. On the other hand Gaertner (G5) treated
the heating surface with materials which decreased the wetting. His
experiments demonstrated that thereby the maximum heat flux was decreased.
It appears that the maximum heat flux is not governed solely by a hydro-
dynamic instability. Kirby and Westwater (K5) have suggested that the
burn~out mechanism may be due to an increasing number of dry patches
on the heating surface. The prcblem is a dynamic one because of the
continual alternation between formstion of dry patches and rewetting
by the liquid. The stability of these vapour patches probably depends
upon the hydrodynamic condition surrounding that patch, while the extent
of the rewetting of the liquid on the dry area beneath the vapour patch
depends upon the fhermal conductivity of the solid and the liquid; the

contact angle and the thermsl capacity of the heater.
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1.3 Transition Boiling

At surface temperatures exéeeding those necessary for the maximum
heat flux the vapour forms a very unstable vapour film over the heating
surface. Liquid frequently penetrates the vapour film and contacts the
surface at certain localities. Since part of the heating surface is
covered with vapour, the local heat flux during contact must be much
higher than the average heat flux over the entire heating surface.

During such contacts the liquid becomes superheated and vaporizes
explosively. The vapour film is then reformed locally. This process
repeats itself at a rapid rate and can easily be identified by the noilse
of the explosions.

At increasing surface temperatures the increased conduction
through the vapour film leads to an increase in the evaporation at the
liquid-vapour interface. This evaporation exerts a stabllizing effect
on the vapour film by preventing liquid-solid contact, (B9). The contact
frequency and heat flux thus decrease with increasing surface temper-
ature, until no further liquid-solid contact occurs at the position of
the minimum heat flux. Although the vapour generation near the maximum
heat flux is much larger then at the minimum heat flux, the vapour film
is not stabilized thereby,

By electrical resistance measurements Markels and Durfee (M7)

have shown that solid-liquid contact occurs over the whole transition
boiling regime. They also suggest a relation between the wetted area

per contact and the heat flux.
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Berenson (B8) has obtained data for n-pentane in transition pool
boiling. It was observed that solid-liquid coztact occurred and that the
surface roughness decreased the heat flux at a gilven surface temperature.
The addition of surface active agents, which improved the wetting of the
liquid during contact with the heating surface, resulted in an increase
in heat flux.

On the basis of these findings Bsnkoff and Mehra (BlO) developed
a quenching theory, which postulates that the heat transfer occurs by
periodic quenching of the heating surface. The heat transfer process
during solid-liquid contact was considered to be transient conduction.
Using Berenson's data it was shown that the heat flow per contact re-
mained constant with surface tempersture, but that the contact time
decreased with increasing surface temperature. The contact frequency
was determined from hydrodynamic considerstions as proposed by Zuber
and Tribus (Z6). -

Because of the inverse heat flux-surface temperature relation-
ship in the transition boiling regime; stable conditions in this regime
can only be obtained by using & heating system that operates at a con-
stant temperature difference (condensing steam). Electric heaters
operate at constant heat flux and the boiling may easily change to
nucleate or film boiling. The operating temperature in film boiling
usually causes melting (burn-out) of the electric heater.

1.k Film Boiling

In film boiling the heating surface is surrounded by a very
stable vapour film. Such an arrangement is hydrodynamically une

stable (Rayleigh-Taylor instability), but the inversion of the phases
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is prevented by the heat transfer process. The heat transfer across the
vapour film occurs by conduction and radiation; the contribution by con-
vection is usually small. The vapour is generated entirely at the vapoﬁr-
liquid interface. Since there is no solid-liquid contact the neture of
the heating surface has little effect on the heat transfer. The film
boiling curves for most liquids, including cryogenics, are yery similar.

| The vapour-liquid interface oscillates and regularly discharges
vapour bubbles into the liquid. The bubbles, which are umbrella shaped,
are normally much larger than those in nucleate boiling. Photographic
studies have shown that vapour bubbles are discharged simultaneously at
certain distances between bubbles, (W3).

At temperature differences greater than 1000°F heat transfer by
radiation becomes significant. Radiation may affect the temperature
distribution in the vapour film by absorption and emission by the vapouf.
The simple gupposition of conduction and rédiation heat transfer is then
no longer permissible. Sparrow (S5) has shown, however, that vapour
participation in radiation heat transfer at low pressures is negligible,

Because film boiling is such a steady process; it was the first
regime to bg attacked theoretically. A similarity between film con-
densation and film boiling was apparent and Bromley (Bll) presented
a derivation for film boiling outside a horizontal tube. A force and
heat balance for an element of vapour yielded an expression for the
conduction heat transfer coefficient. It was shown experimentally
that the supposition of conduction and radiation was correct.

The minimum heat flux condition is best approached from the

stable film boiling regime. At decreasing surface temperatures the
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vapour=-liquid interface becomes more wavy. The wave amplitude grows and
eventually the wave-crests contact the heating surface. It was polstulated
by Zuber (Z5) that the minimum heat flux was governed by the onset of the
Rayleigh-Taylor instability. The wave which has the maximum growth rate
determines the hydrodynamic transition and its wavelength is called the
dominant wavelength.:

Using Zuber's equations and the law of corresponding states
Lienhard and Schrock (I4) were able to show'a thermodynamic similarity
between the maximum and minimum heat flux, both of which are essentially
governed by hydrodynamic considerations. The instability theories
(Kelvin-Helmholtz and Rayleigh-Taylor) apply to hydrodynamic transitions
and thus give only two point values on the boiling curve.

Berenson (Bl2) applied the Taylor instability theory to the film
boiling regime in order to obtain the bubble spacing and thus determine
the heat transfer coefficient. Hosler and Westwater (HLO) have con-
ducted film boiling experiments on a horizontal plate and obtained good
agreement with Berenson's equation. The average distance between rising
vapour bubbles was found to be the dominant wavelength as was predicted.
by the model of Berenson.

The Leidenfrost phenomenon occurs when a drop of liquid rests on
a heating surface without contacting it. The liguid drop is supported
by & thin vapour film, which is maintained by evaporation from the lower
surface of the drop. The temperature difference between the liquid drop
and the heating surface corresponds to the film boiling regime. The heat
transfer to small and large spheroids in film boiling was examined by

Borishansky (Bl3).



1.5 Factors Affecting Boiling

The shape of the boiling curwve depends upon a variety of factors,
some of which will be discussed below. The following approximate figures

are given in Table 1.

TABLE L
(g/A) max Aﬁmax (q/A) min ATinin
BTU/hr.sq.ft. o BTU/hr.sq.ft. om
Water 450,000 80 15,000 250
Organics 150, 000 80 10,000 180

Solid-liquid combination

Since nucleate and transiticn boiling are governed by local
transient conduction the thermal conductivity cf the solid and the liquid
are of importance. Experiments have indicated that copper and water give
the best heat transfer, provided other conditions are not changed.

In nucleate boiling, surface tension affects the nucleation process
and the bubble growth during the initial stages. Jontz and Myers (J3)
have shown experimentally that a decrease in surface tension increased
the heat flux. Roll and Myers (R4) extended the model proposed by Hsu
(HT) %o show that a decrease in surface tension resulted in an increase
in bubble emission frequency and that hoiling was initiated at a lower
superheat.. Since surface tensicn has & stabilizing effect on the vapour-
liquid interface, the hydrodynamic transitions occurring at the maximum
and minimum heat flux are affected by a change in surface tension.

Exact knowledge of the dynamiz behaviour of the triple interface

does not appear to be availablz from the literature. It would be of
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great value to have more information on interfacial surface tensions,
contact angles and wetting effects. Work has however been done which
detected a thin liquid film adjacent to the heating surface, (M5), (Hl2),
(K5), (G8). The experiments support the no-slip condition, which states
that the growing bubble cannot displace the liquid directly in contact
with the heating surface. A thin liquid film is thus formed beneath the
bubble. The rapid vaporization of such a film can cause large local
heat fluxes.

Another property which affects the bubble nucleation and bubble
growth is the latent heat of vaporizetion. A choice of a liquid fixes
four significant properties (viz, thermal conductivity, surface tension,
contact angle and latent heat of vaporization) and it becomes experi-
mentally difficult to estimate the importance of a single one.

Surface conditions

In nucleate bolling the surface condition can significantly
alter the slope and intercept of the boiling curve. It was observed
by Courty and Foust (C6) that a rough surface yielded larger boiling
heat fluxes than a smooth surface at the same temperature difference.
The effect was attributed to different cavity size distributions, which
affected the surface nucleation. These aspects have already been dis-
cussed above.

By treating the heating surface with non-wettable materials the
boiling phenomens can be altered significantly. Young and Hummel (Y2)
have treated the heating surface with small teflon spots, which served
as effective nucleating sites. The surface temperature for boiling in

the region of isolated bubbles was reduced and the bubble size at
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departure was increased. Gaertner (G5) treated the heating surface with
thin layers of teflon or silicon grease. During boiling large-sized
bubbles were generated, which coalesced and formed a continuous vapour
blanket on the heating surface. The transition to film boiling (maximum
heat flux) occurred at a much lower heat flux. Similar hydrodynamic
behaviour has been observed by boiling at low pressure or at zero gravity.

Impurities in the liquid are deposited on the heating surface.
If the deposit is very thin, it may produce effective nucleation sites
and improve the heat transfer. For thicker deposits however the temper-
ature drop across the deposit decreases the effective wall temperature.
Such a coating on a hot surface can be used to advantage by encouraging
a rapid tranéition from film to nucleate boiling, (Cll). A low thermal
conductivity material which also has good wetting properties (sodium
silicate) 1s applied in thin layers to the heating surface. Due to
the low thermal conductivity, the thin layer rapidly attains a surface
temperature corresponding to nucleate boiling. The quenching of metal
objects thus occurs much more rapidly.

When a liquid, which contains dissolved gases, is heated gas
bubbles are formed at the heating surface. These gas bubbles can then
displace liquid from the cavities in the heating surface. As discussed
earlier very effective nucleation sites are thus formed. The boiling
of such a liquid is an unsteady-state process until all thé gas is
depleted,

Weyner and Kesten (W6) investigated saturated pool boiling of
water using a porous heat source. The generated vapour was withdrawn

through the pores instead of rising through the bulk liquid. Heat
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fluxes corresponding to those of the isolated bubble regime were obtained
at much lower surface temperatures.

In the film boiling regime the surface characteristics are not
significant except that the emissivity affects the rate of radiant heat
transfer. The filwm boiling heat transfer can be significantly improved
by using a pcrous heating surface through which the vapour is withdrawn,
(W5).

Effect of forced convection on boiling

For saturated beiling forced convection has little effect on
the nucleate boiling curve (Figure 2). Boiling seems to be the dominant
mechanism. The superheat required for the initiation of boiling however
is increased. This effect can be predicted by the model of Hsu (HT).

The maximum heat flux is increased, which could be due to enhanced vapour
removal from the heating surface.

Boiling inside a heated tube leads to two-phase flow as shown
in Figure 12. The flow patterns depend upon a variety of factors such
as heat flux, liquid temperature and flow rate. The different heat
transfer mechanisms along the tube are discussed below. Most attention
has been paid to the burn-out problem, which appears to depend upon the
hydrodynamic stability of a thin liquid film adjacent to the tube wall
(T2). The burn-out for boiling ocutside a tube with the liquid flow
parallel to the tube is determined by similar hydrodynemic criteria.

For boiling of a liquid, which is flowing normal to a heated
tube the flow conditions are quite different to those described above.
Vliet and Leppert (V1) observed the presence of a vapour cavity and a

thin liquid film at the back of the tube. The depletion of this liquid
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film caused by evaporation leads to local burn-out.

Effect of subcooling on boiling

Subcooling of the liquid causes the vapour bubbles, which
are generated at the heating surface, to collapse in the bulk of the
liguid. At large subcooling the vapour bubbles collapse on the heating
surface itself. The hydrodynamic situation as compared to saturated
nucleate boiling is different, because bubble rise and vapour colums
are absent. The processes occurring directly on the heating surface,
i.e. nucleation, bubble growth and latent heat transport are common
to both subcooled and saturated nucleate boiling.

For steady-state subcooled boiling, a flow system is required
and thus the factor of forced convection is always included in the
boiling curve. The initiation of subcooled boiling occurs at a larger
superheat, but once boiling is fully established subcooling has little
effect on the boiling curve, (Figure 3). However, the maximum heat
flux is considerably increased as shown in Figure 7. The maximum
heat flux is probably determined by vapour bubble coalescence, because
the bubble population on the heating surface is extremely high under
those conditions.

Gunther (G6) studied subcooled boiling of water flowing parallel
to a horizontal strip. Measurements of the burn-out heat flux, bubble
population and bubble size were made at different pressures. The bubble
size was found to be less, while the bubble population was greater than
in nucleate boiling. The bubbles were almost hemispherical in shape and
grew and collapsed in a rapid cycle. An analysis of bubble growth and

collapse has been made successfully by Zuber (Z3) and Hsu and Graham (E8).
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Shadowgraphs by Gunther (G6) indicated that the thermal boundary
layer was continually disturbed by the vapour bubbles, thus providing
strong micro-convection in that layer. At that time this mechanism was
considered to account for the large heat fluxes of 10,000,000 BTU/hr.sq.ft.
at burn-out. Rohsenow and Clark (R5) came to the same conclusion after
showing that the latent heat carried by the vapour bubbles is relatively
small.

Forster and Greif (Fl) suggested that the growing bubbles displace
the superheated liquid into the cold bulk of the liquid. After collapse
the place of the vapour will be occupied by cooler liquid, which becomes
superheated before aucleation occurs again. Thus a pumping action
results in the thermal boundary layer, such that the heat flux is
relatively unaffected by the level of subcooling or forced convection.

Bankoff (Bl4) observed very high condensation heat transfer
rates to single bubbles growing in subcooled water. It was concluded
that mass transfer (latent heat transport) across the bubble by evapora-
tion at the bubble base and condensation at the bubble top was dominant
at high heat fluxes. Bankoff's work is therefore complementary to the
work by Moore and Mesler (M5). The heat transfer appears to be a two-
stage process of thin film evaporation and subsequent condensation. An
increase in subcooling or forced convection will essentially affect the
rate of condensation resulting in a reduction of the maximum bubble size
and bubble life as observed by Gunther (G6).

In the transition and film boiling regimes the heat transfer has
been observed to increase significantly with subcooling (M8). A theo-

retical analysis of subcooled film boiling has been made by Cess and
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Sparrow (Cl0), (S6).

Geonmetry and orientation

The geometry of the heater determines its thermal capacity
and influences the hydrodynamic flow patterns in the liquid.

If the heating wire is less than the maximum bubble size, coalescence
of vapour bubbles can easily occur. The wire then becomes locally in-
sulated by the vapour and because of its low thermal capacity rapidly
overheats at constant heat-flux operation. A low maximum heat flux
can be obtained and the curvature of the boiling curve at the maximum
heat flux can be significantly changed. Electric heaters with a large
thermal capacity can be considered as operating at constant temperature,
(87), (G5).

The liquid flow patterns on a horizontal plane surface differ
from those from a tube and could affect the boiling curve near the
maximum heat flux (C9).

The orientation of a plane heating surface in the gravitational
field has a significant effect on the nucleate boiling heat transfer.
The heat transfer in the region of isolated bubbles is largest for a
vertical heating surface and smallest for a surface facing downwards
(G7), the difference being probably due to bubble motion in the thermal
boundary layer.

In film boiling a horizontal plane surface yields about the same
heat flux as a small vertical surface at the same surface temperature.
In both conditions the flow in the vapour film is considered to be
laminar. A tall vertical plane surface, however, alldws a larger heat

flux due to turbulent convection in the vapour film, (HL3).



35

2. Liquid Film Flow

2.1 Introduction

Because of the improved heat and mass transfer, much attention
has been given tc thin film flow over the last 50 years.

The studies were usually restricted to two-dimensional flows.by
considering film flow inside and outside of vertical tubes and alsc on
inclined planes. The effect of a stationary gas phase is negligible
and thus is omitted from these studies. The surface of the liquid film
is usually disturbed by waves and ripples, which make an exact study of
the flow difficult.

The flow of liquid films is characterized by a relation between
the film Reynolds number(Re) and a dimensionless film thickness (Np ),
(Figure 8). Depending upon the Reynolds number three regimes of flow
can be identified:

(1) smooth-laminar flow

(ii) wavy-laminar flow

(iii) turbulent flow
The transition to wavy-laminar flow occurs at Re = 10. For inclined
planes, the angle of inclination has an effect on this transition. The
transition to turbulent flow occurs at Re = 40O. The flow is con-
sidered to be fully turbulent at Re >800.

The disturbances in the liquid film are characterized by the
Froude and Weber numbers, which determine the onset of waviness and
the wave properties.

An extensive review of thin liquid flow has been presented

by Fulford (Fl).
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2.2 Laminar Film Flow

In the laminar flow regimes the film flow is essentially stream-
line. In the smooth-laminar regime the surface of the film is smooth and
without any disturbances. In the wavy-laminar regime the surface is
disturbed by waves, which however do not disturb the streamline flow.
Using Poiseuille flow Nusselt derived the equation for smooth -laminar
flow. It has been shown experimentally, that this theory can be applied
up to Re = 300. Wavy-laminar flow has been examined by Kapitza (Ll)
and it was shown that, for a first approximation, the waves do not affect
the mean film thickness.

At low ligquid flow rates regular waves occur, while higher flow-
rates cause roll waves, which have a steep front and a sloping back. It
is observed that if the Weber number (We)is greater than 1.0, capillary
waves (short wavelength) are formed. If the Froude number (Fr)is greater
than 1.5, gravity waves (long wavelength) are formed. Tﬁe wave velocity
is usually greater than the surface velocity of the film.

For very thin liquid films the capillary (surface tension) forces
pley an important part in the flow pattern, since they have about the
same magnitude as the viscous forces. Uniform wetting of the solid
surface becomes difficult and dry patches easily form.

2.3 Turbulent Film Flow

The turbulent flow is initiated at the break in the curve of
Figure 8. Although the turbulent film is usually very rippled, the
theoretical treatments assume a smooth turbulent film. Dukler and
Bergelin (D1) have applied Nikuradse's universal velocity profile

to thin film flow. The film is divided into a sublaminar layer, a
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buffer layer and a turbulent layer. The dimensionless velocity is a
unique function of the dimensionless distance from the wall. The theory
covered the laminar and turbulent flow regime and predicted the transition
and film thickness fairly well.

Levich (L1) has pointed out that the velocity component of the
eddy velocity in a direction perpendicular to the interface must vanish.
Hence the turbulence is damped in the vicinity of the free surface by
forces opposing that component. The turbulence damping is said to be
caused by surface tension, which prevents the turbulence eddies from
splashing through the liquid surface.

2.4 PFactors Affecting Film Flow

The behaviour of the liquid film can be altered by effects such
as parallel gas flows, surface active agents and surface waves. The
effects of hydrodynamic and thermal instabilities on the liquid film
flow will be discussed separately.

Entry zone

When a liquid film is formed on an inclined plane a smooth
region exists before surface waves appear. The length of this region
depends upon the liquid flow rate, the parallel gas flow rate and the
flow~-entry conditions. The length of the smooth region increases with
the liquid flow rate. It has been observed that the length of the smooth
region coincides with the position where the boundary layer thickness
equals the film thickness. A cocurrent or countercurrent gas flow
decreases the length of the smooth entry region considerably.

In the smooth entry zone the liquid film thickness is usually

larger than in fully established flow.
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Parallel gas flows

A gas flow, either cocurrent or countercurrent, parallel to
the liquid film usually introduces an interfacial shear. In general it is
found thet for all flow regimes the film thickness decreases with in-
creasing cocurrent flow and increases with increasing countercurrent flow,
In a turbulent liquid film, the film thickness is not affected at low gas
flow rates. Dukler (D2) has presented an analysis of the velocity distri-
bution in cocurrent downward flow. The model considered turbulence near
the wall and showed that the dimensionless velocity was dependent upon
the dimensionless distance from the wall and upon a parameter involving
the interfacial shear. Agreenment with data was good.

Surface waves

When a horizontal liquid interface is subjected to random
disturbances the interface becomss locally displaced and is no longer in
equilibrium. The surface energy and potential energy are a minimum for
o plane surface. Thus the restoring forces are surface tension and
gravity for horizontal film flow, and only surface tension for vertical
film flow. Because of inertia the liquid particles at the displaced
interface overshoot the equilibrium position and surface waves are
produced. If no damping is present these oscillations continue
indefinitely. The viscosity of the liquid has a damping effect on the
waves by dissipating energy into heat. Waves of small wavelength are
damped more rapldly by viscosity than those of long wavelength. The
presence of a wall alsc causes some damping; the thinner the liquid
film the greater is the effect of the walls on the damping of the waves.

To maintain a wave in a viscous liquid, the energy that is
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dissipated by the wave-motion must be continually supplied to the liquid.
This can occur by energy transference from a parallel gas stream or by
loss of potential energy in gravity flow. If the energy transfer exceeds
that of dissipation the waves grow, leading to spray formation at the
wave~crests. The flow instabilities leading to wave-formation and wave
destruction will be considered below.

Surface-active agents

Experiuwents have shown that surface waves are damped by
surface-active agents. This has been predicted theoretically by Levich
(L1), (W1). The change in surface tension itself does not cause damping.
The surface-active material produces a film on the liquid surface which is
subjected to stretching. A change in concentration of the surface-active
material at the liquid surface results in a tangential surface-tension
foree, which stabilizes the interfacial motion. The liquid surface is
said to exhibit surface elasticity. Only capillary waves, however, are
affected by surface~active materials. This applies to soluble and in-
soluble surface=-active agents. For soluble ones it is assumed that the
diffusion is slow compared to the rate of surface deformation. If the
concentration of the surface-active material is high, however, the change
in concentration due to surface deformation becomes small and the damping

effect is reduced again. This has been observed experimentally.

3. Hydrodynamic Instabilities of Liquid Films

A liquid filwm becomes hydrodynamically unstable when its flow
pattern changes (Ol)., The onset of the transition to another type of
flow is of importance in equipment design and theories have been

developed to predict the transition. A linearized perturbation theory
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ig usually used, which predicts the onset of the transition, but which
yields no information about the new flow pattern. The theory considers
small disturbances with exponential time growths in two-dimensional models.
A flow however may be metastable in that the instability has not
been triggered, i.e. there are no small disturbances in the flow. No exact
knowledge of the triggering mechanism appears to be available, except
that it can be internal or external of the flow. This trigger effect
could account for some of the discrepancy between the predicted and
experimentally determined values for the onset of the transition. The
behaviour of the smooth entry zone with respect to a parallel gas flow
and the stability of the ligquid flow on a vertical plate (Tl1) (Bl) should
ke noted here.
Some of the instabilities‘in thin £ilm flow will be mentioned
below. The effect of heat transfer on the ‘stability of liquid films is
discussed in a later section.

3.1 Tollmien-Schlichting Instability

The flow of a homogeneous fluid at low flow-rates and for a
particular geometry can be considered streamline. The liquid under
those conditions can sustain the imposed shear stress. At a certain
larger flow rate and when small disturbances are present in the liquid,
the shear stress becomes larger than that which can be sustained by
viscoslty. The disturbances are then selectively damped or amplified
in the boundary layer and produce a travelling wave. When these waves
grow, the flow becomes unstable and transition to turbulent flow occurs.
This transition has been described by the Tollmien-Schlichting in-

stability (S1) (Rl) and is characterized by the Reynolds Number.
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The mean flow (laminar) with the superimposed disturbances is
assumed to obey the Navier-Stokes equations, which simplify to the Orr-
Scmmerfeld equation (Sl1). The Orr-Sommerfeld equation thus describes
the transition and an analysis has shown that the velocity profile in the
boundary layer is of prime importance in determining stability.

Heat transfer to a fluld changes the velocity profile and
Schlichting (S1) postulates that heating of a liquid would render the
flow more stable.

3.2 Gravity Flow

An instability in thin film flow arises when it is subjected to
gravity flow on an inclined plane. Benjamin (Bl) has examined this case
for laminar flow, where the instability leads to surface waves. The
analysis is also based on the Orr-Sommerfeld equation. It is shown that
the flow on a vertical plate is always unstable. Smooth films have been
observed however and Benjamin explains this by the great length of the
liguid film that is required for the amplification of the waves.

Tailby and Portalski (Tl), who extended the theory of Kapitza
{Ll), predict stability below a certain liquid flow rate on a vertical
plate. They have confirmed this with experimental data. Their theory
is bzsed upon an integral solution of the Navier-Stokes equation upon
which small perturbations are superposed.

3.5 Parallel Gas Flow

An instability of a horizontal liquid film occurs, when a gas
stream passes parallel over it. The shear at the interface leads to
crinkling and wave formation. Various models dealing with uniform

flows have been proposed, of which the Kelvin-Helmholtz model is one.
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A psrturbation approach is commonly used leading to the Orr-Sommerfeld
squation. The models differ in their assumptions of the boundary con-
Jizions.

In the Kelvin-Helmholtz model (Cl) the plane interface is found
to be unstable for any velocity difference between the film and the gas.
An energy transfer across the interface due to the shearing action
accounts for the Kelvin-Helwholtz instability. The energy supplied
nmust be sufficient to overcome the inertia and the surface tension in
the plane interface, since the viscosity is being neglected. Thus a
criterion is established for the onset of the Kelvin-Helmholtz in-
stability which is characterized by the Richardson number (J). Surface
tension has a stabilizing effect on this instability. If the film is
very thin, the shear in the liquid is no longer negligible and work
must be done against viscosity. The wall thus has a stabilizing effect.

Miles (ML) considers the Kelvin-Helmholtz instability as a
static instability in which the shear produces disturbances that are
in phase with the displacement of the film surface. Miles (M2) has
proposed a model for liquid films in Couette flow, in which only those
waves for which the wave speed is equal to the mean flow speed of the
cocurrent gas, can absorb energy from the gas stream. Thus the
disturbances in phase with the slope of the waves are considered as
leading to instability. The component of the disturbance in phase
with the slope of the wave is much more effective for a relatively
inviscid fluld like water than for s very viscous fluid like oil,
whereas static instability appears as the more efficient mechanism

for the viscous fluid. Miles (ML) concludes that the Kelvin-Helmholtz
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instability is not responsible for the initial formation of water waves.

‘The models are simplified by not taking account of the full inter-
action between the gas and liquid flow, i.e. the effect of waves on gas
velocity profile. Benjamin (B2) has described some of the more compli-
cated models.

At the present time experiments have not shown clearly what model
of instability can be observed, (KL), (HL), (o1), (Clk).

At lerge gas flow rates the wavy flow becomes unstable; large
disturbance waves are formed which travel rapidly along the surface of
the liquid film. The waves have a milky appearance due to a very ruffled
surface, The wave amplitude is usually sufficiently large to cause a
break-up of the wave-crests into liquid drops. Thus entrainment into the
gas stream results (N2). A thin substrate of film remains attached to the
wall, while most of the liquid moves in the waves. It appears that the
substrate is just able to sustain the shear due to the gas flow, (Al).

The onset of these conditions is of importance in determining
equipment size. The perturbation theories have been extended by Ostrach
and Koestel (Ol) and also by Zuber (Zl), although it is realized that
they only apply to small wave amplitudes. Little is known about the
energy énd momentum transfer between the gas and the liquid at large
wave amplitudes. The form drag on the waves must also be considered.

At present the onset of entrainment from the wave-crests is determined
experimentally.

Entrainment is well known in annular two-phase flow, but in-
sufficlent data are available. A critical review of the knowledge in

this fleld has been given by Acrivos (Al). Observation by Collier and
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Hewitt (C2) showed that the liquid entrainment increases with liquid and
gas flow rate as would be expected. At large total water flow rates, the
liguid film thickness and film flow rate were observed to be independent
of the total water flow rate and decreased with increasing gas flow rate.
An increase in the total water flow rate resulted in an increase in en-
trainment while the liquga £ilm flow rate remained constant. In two-
phase flow two mechanisms of ligquid transfer occur: the entrainment of
drops from the liquid film and the droplet deposition from the gas core.
The interchange of liquid is wvery rapid.

3.4 Gravity Flow with Parsllel Gas Flow

This is an extension of the two cases discussed above. The
instability is due to two factors; gas flow and gravity flow and
easily leads to fermation of roll waves with long wavelengths. Hanratty
and Hershmen (H2) have examined this instability for a turbulent gas.
Integral mass and momentum balances for the combined gas and liquid flows
were used together with superposed small disturbances. The results were
in agreement with experiments and compsred well with the Benjamin model,
if the gas flow was zero.

3.5 Rayleigh-Taylor Instability

Another type of instability occurs when two fluids of different
density (gas and liquid) are in contact and an acceleration is directed
from the dense to the less dense fluid. The denser fluid thus tends to
displace the less dense fluld. The instability of the plane interface
between the two fluids is called Rayleigh-Taylor instability.

The mathemstical anslysis based on small disturbances is pre-

sented by Chandrasekhar (1) for various properties of the fluids.
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Surface tension and viscosity have small stabilizing effects by influencing
only certain wavelengths. If the effects of surface tension and viscosity
are neglected, the arrangement is always unstable. Again the stability
theory only applies tc small disturbances and cannct be applied to the
large amplitudes observed by Emmong et al (El). They have obtained some
data for the disintegration of liquid spikes, which may have some relevance

to the entrainment from wave crests.

4, Heat Transfer to Liquid Films

It has been known for a long time that the heat transfer rate to
liquid films is greater than that for full pipe flow. Much work has been
done on liquid film heat transfer in the thirties, but attention has
essentially been focussed on overall heat transfer coefficients. The
study of local heat transfer coefficients however leads to a much better
understanding of the processes involved.

4,1 Statiocnary Liquid Films

Heidrich (Hl4) has investigated the evaporation without boiling
from superheated water. The observed mass flux corresponded to a heat
flux of 6,000 BTU/hr.sq.ft for an average superheat of 16CF,

Jakob and Linke (J1) and Yamagata et al (Y1) have observed that
the heat transfer coefficient for nucleate boiling from a horizontal plate
increased with decreasing liquid depth, (Figure 9). The liquid thickness
approached the thickness of the thermal boundary layer described by Jakob
(72).

It would be of interest to study the effects of a parallel gas

flow (steam or air) on these evaporaticn processes.
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4.2 Gravity Flow

For wall temperatures well below the boiling point of the liquid
it has been shown by McAdams (M3) that the film heat transfer coefficient
can be described by

B = WE) (8-5)
where hp is the heat transfer coefficien® when the pipe is flowing full
at the same mass flow rate. Bcth flows are turbulent. D is the inside
diameter of the pipe and b the film thickress. Usually the heat transfer
coefficient is found to be increased by a factor of about 2.2.

Nusselt was first to derive the egustion for heat transfer to
smooth-laminar liquid films. He found that the heat transfer decreased
with Reynolds number due toc the increasing film thickness. Dukler (D2)
used the universal velocity profile tc estimate the local heat transfer
coefficient and was thereby able to cover the laminar and turbulent
flow regimes quite successfully.

Portalski (Pl) has shown that in wavy-laminar flow reverse flow
occurs in the wave-valleys and that this leads to eddies. These provide
good mixing in the liquid film and acccunt for the high heat transfer.
Chand and Rosson (C8) have measured the lccal heat flux to liquid films
flowing down a vertical surface. Their results showed that the local
heat flux oscillated with the same freguency as the waves on the film
surface.

A detailed examination on heat transfer to thin water films
flowing outside long vertical tubes has been made by Wilke (W2). The

pipe was heated by an upward flow of hot water, such that heating
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occurred at constant temperature difference, but varying wall temperature.
Measurements indicated that the thermal entry zone was about 1.5 ft long,
af'ter which the heat transfer coefficient remained constant. The length
of the entry zone remained fairly constant for film Reynolds numbers up
to 5000. A plot of the local average heat transfer coefficient (disre-
garding data.from the entry zone) against the Reynolds number gave a
curve with 3 breaks at Re = 200, Re = 400 and Re = 800, (Figure 10).

The last two transition Reynolds numbers corresponded to the well-known
change in hydrodynamic flow as outlined above. The first transition at
Re = 200 could not be attributed to a change in the flow pattern. At

Re < 200 the measurements followed the Nusselt equation for heat transfer
to smooth-laminar liquid films. The measurements of the wvelocity and
temperature profile showed that at the first transition both profiles
ceased to be linear for the whole film thickness and a thinner boundary
layer was established in the liquid film. It is of interest to note

here that the ratio of the wave-velocity to the mean stream velocity
reaches a minimum value of about 1.5 at Re ¥ 100 for water (Fl).

Garwin and Kelly (Gl) have investigated the heat transfer to
turbulent water films flowing over an inclined plate. The plate was
heated~by steam and gave a constant wall temperature. They obtained
an equation for the heat transfer coefficient at a mean film temper-

ature of 93°F.

by = 87 (sin 0)°°2 (G)l/3 (B-9)
where 6'is the angle of inclination of the plate and G the mass flow

rate per unit breadth, (lbm/hr.ft). The equation agrees satisfactorily
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with the equation given by McAdams (M3) for film flow inside vertical pipes

Ry 1/3 (ug) /3
<§fj_p;_2g) 15 = o.m(%) / (%i—f) (B-10)
£t s

pf

Bressler (B3) investigated the flow of water films flowing over a
vertical plate which was heated by steam. The unheated plate was wetted
well by the water, but small ripples were present. If the water was
introduced at a higher temperature, the water surface was much smoother.
When the plate was heated to near the beoiling point, the liquid film con=-
tracted at the sides and the wetting was reduced. Intense evaporation
occurred. Bubbles were formed at the limits of wetting. At higher wall
temperatures still, the lower region of the film began to boil. The
bursting of bubbles caused spray formation. Three regions were recognized:
a heating section, a region where the first bubbles were formed and a
region in a state of vigorous boiling. By blowing air over the film with
a fan, the bubble size was reduced considerably and evapcration took place
essentially from the film surface. At low water flow rates the heated
plate was difficult to wet and the liquid passed along the plate in
individual streams. Wetting was much improved by using surface active
agents. Boiling occurred then at lower surface temperatures.

Heat transfer measurements were difficult in that the heat transfer
area and film thickness changed continuously. The observed boiling heat
transfer at low heat fluxes up to 60,000 BTU/hr.sq.ft agreed well with
the boiling curve of Jakcb and Linke (J1). The film thickness ranged

from 0.008" to 0.032". No enhancement due to film flow was observed.
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Similar experiments have been carried out by Norman and McIntyre
(NL), who used a vertical tube heated externally by steam or rapidly-
flowing hot water. Experiments under non-boiling conditions, but with
surface temperatures close to the boiling point of water, showed that
liquid filmg af Re < 500 were unstable. The Reynolds number at which
instability occurred depended upon the liquid film temperature. The
instability led to dry patch formation which caused a decrease in the
apparent film heat transfer coefficient. The Nusselt equation for
uniform film flow was no longer found to be applicable.

For the boiling experiments the water was introduced at its
boiling point. At high surface temperatures the data fitted the nucleate
boiling curve., However the flowrate (film thickness) appeared to have
a significant effect at lower surface temperatures, (Figure 1l1).
Although incomplete wetting took place at a low flow rate (0.0038")
the average heat flux wes of the same magnitude as at a greater film
thickness (0,0056"), when complete wetting occurred. This probably
indicates that the local heat flux for the thinner film is even higher
than that indicated.

‘Complete wetting was said to ocucr at a film thickness of
0,0045"; high average heat fluxes of 40,000 BTU/hr.sq.ft were obtained
at temperature differences of only 5-10°F. This was attributed to
direct evaporation from the thin film surface with conduction and con~
vection through the film, (Discussion N1). As the film thickness was
increased the heat transfer rate decreased. This trend is in agreement
with the Nusselt equation. However, the experimental heat transfer

rates were from 3 to 5 times higher than the values calculated from
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that equation.

The effect of surface evaporation on the heat transfer was apparently
not observed by Bressler (B3), for film thicknesses greater than 0.008"
were used,

4,3 Parallel Gas Flow
1

A shear on a liquid film produced by a parallel gas flow affects
the velocity distribution in the film. The heat transfer is thereby in-
creased as has been shown by Dukler (D2).

Studies have been made essentially in annular two-phase flows in
vertical pipes, for this is the simplest geometry to analyse. Collier
et al (C5) and Bennett et al (B5) suggest the following mechanisms for
heat transfer, (Figure 12).

(1) subcooled nucleate boiling

(i1i) saturated nucleate boiling

(1i1) surface evaporation (two-phase forced convection of film)

(iv) +two-phase forced convection (dry wall condition).

At a certain position along the tube saturated nucleate boiling in the
liquid film is suppressed (H3). This is due to surface evaporation
(equivalent to subcooling of the liquid film) and forced convection
(because of the increasing shear on the liquid film by the vapour flow).
Collier et al (C5) have used the model of Hsu (H7) to predict the wall
temperature at the point of suppression of nucleate boiling. When the
liquid film is in the state.of nucleate boiling the heat transfer can

be described by the pool boiling curve. However in the forced convective
region of the film heat fluxes similar to those in boiling were obtained

at lower wall temperatures. Heat may also be transferred from the liquid
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film to the vapour core by entrainment of superheated liquid. These hot
droplets evaporate rapidly to decrease their superheat.

The occurrence of these four mechanisms depend upon the mass flow
rate, heat flux and pipe length. They can be characterised by the steam
quality of the flow. Each of these mechanisms can lead to burnout at
different heat flux levels, (Figure 13). Burnout occurs when the liquid
is no longer in contact with the heater surface. At low steam qualities
the flow is essentially liquid and the burnout is due to the transition
from nucleate to film .boiling. In film boiling the heat transfer is con-
siderably reduced and causes overheating of the wall. A region of burn-
out exlists which appears tq bé independent of the heat flux. It is
postulated that in that region the quality of the flow.is such to make
hydrodynamic instebilities dominant in determining burnout. Carr (C4)
was able to correlate this hydrodynamic effect successfully using Zuber's
mechanism (2Z1) of droplet entrainment from a liquid film. At high steam
qualities the flow consists of a vapour core carrying small droplets of
liquid and a thin layer of liquid attached to the wall. The film thickness
ranges from 0,00L" to 0.010" and the film heat flux ranges from 10° to
106 BTU/hr.sq.ft.m The film thickness in the direction of flow decreases
due to evaporation and entrainment. The vapour flow and hence the inter-
faclal shear on the liquid film increases in the direction of flow. and
causes surface waves. These waves can cause a break—ub of the liquid
film by encouraging dry spot formation, which then may lead to burn-
out, However, Berenson and Stone (Bl7) have made a photographic study
of annular two-phase flow and concluded that the thin liquid film on the

heating surface formed dry spots because of vaporization and not because
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it was hydrodynamically unstable.

The theoretical mecdels consider that the critical heat flux con-
dition is obtained when the liquid consumption rate (vaporization and
entrainment from liquid film) exceeds the liquid supply rate (from liquid
upstream and by droplet deposition from vapour core). The particular flow

visualizations for the models differ in stressing certain mechanisms, (C3),

5« Thermal Instabilities in Liquid Films

When a llquid f1llm i1s heated effects occur which cause a change in
flow pattern or lead to disruption of the continuous film. The hydrodynamic
instabllities discussed above should be borne in mind here too.

5,1 Benard Instability.

If a stationary liquid film is heated from below an adverse density
gradient exists, such that the denser liquid rests upon a liquid layer of
lower density. Such a system is top heavy and will rearrange itself in
the gravitational field. The flow of thevliquid is however inhibited by
its wiscosity, The system 1s potentially unstable, but the instability
does not set in until the temperature gradient reaches a critical value.
The onset of the instability is characterised by the Rayleigh number (Ra),
(c1), (R1)s Once the instability has set in, the liquid is divided into
uniform cells, in which natural convection occurs. If the liquid film
moves vortex rolls are produced, the nature of which depends upon the
magnitude of the superposed velocity.

5,2 Liquid Film Break-Up

During the heating of flowing liquid films dry spots can be
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formed on the heating surface as a result of the heat transfer process.
The liquid £1lm under these conditions breaks up and no longer wets the
surface upniformly. Some of the mechanisms of dry spot formation are
discussed below, (Figure lh4),

Thermocapillary effect

Thin film flow at low Reynolds numbers is usually wavy. Heat
transfer to the liquid film enhances waviness due to the thermocapillary
effecf; (s3),(N1). A temperature gradient in the surface of the liguid
causes a surface tension gradient. The temperature of the ligquld surface
in a wave valley is greater than that at the wave-crest. Thus a flow of
liquid into the wave-crest occuyrs. The wave-valley is deepened, which
increases the effect caused by further heat tranéfer to the thinner
sectlony A dry spot mey thus be formed from a deepened wave-valley.

Hsu et al (H4) have examined liquid film destruction by the
thermocaplllary effect, The theoretical treatment fixes an entry length
for the thermg} boundary layer to attain the film thickness of the wave-
valley, Only after this entry length can temperature variations occur
at the liquid-vapour interface., The magnitude of the temperature varia-
tion at the surface depends upon the heat flux and determines whether
the flow of liquid away from the wave-valley is sufficiently large to
cause the formatlon of dry spots. The experimental data were in fair
agreement with the theory. As an example, unstable dry spots were
observed at g film Reynolds number of 175 and a meen film thickness of
0,012"; the film temperature was 140COF gnd the heat flux 66,000 BTU/hr.sq.ft.
. At large Reynolds nuumbers the surface waves cause sufficient

mixing to eliminate the temperature gradient at the surface. For
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turbulent films this thermocapillary effect cannot occur.

Vapour thrust effect

At wall temperatures near the boiling point of the liquid, vaporiza-
tion at the liquid surface becomes significant (S3). This vaporization
causes & vapour thrust, because of the change of momentum at the evapora-
ting interface. The vapour thrust acts towards the heating surface and
thus tends to reduce the thickness of the liquid film. The pressure of
the vapour thrust is given by

2 p_-p
P 0 (gL%) L v
e~ v

p A 7y (B-11)
where (q/A) ls the heat flux at the evaporating interface. At a heat flux

| of 1,000,000 BTU/hr.sq.ft the pressure of the vapour thrust is 0.012" Hp0

for an evaporating waterfilm. For very thin films, which have a high rate

of evaporation, this vapour thrust effect becomes dominant in determining

the stability of the interface.

The presence of waves in the liquid film enhances dry spot formation
in the waveevalleys, because the heat transfer and hence the vapour thrust is
largestAin guch locations. The vapour thrust effect also occurs in turbulent
liquid films,

Bubble growth effect

When the wall temperature exceeds the boiling point of the liquid,
vapour bubbles are formed at the heating surface. At high liquid temperatures
these bubbles grow and burst through the liquid film (S3). Liquid spray and
dry spot formation result. The bubble size depends upon the film flow rate
and subcooling; an increase in either of these factors decreases the bubble

size and hence the bubble growth effect. An average maximum bubble size for
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subcooled nucleate boiling is 0.04Q", (G6).

Dry patch stability

Once a dry spot has been formed by one of the above mechanisms,
it may expand into a dry patch or be wetted again with liquid. Surface
tension forces, film flow conditions and the heat flux must be cén-
sidered during this transient process. At very high heat fluxes the dry
spot may easily overheat to wall temperatures corresponding to film
boiling conditions,

Considering non~boiling conditions, the stability of a dry
patch may be descrlbed by a simple force balance on the stagnation
point D, (Figure 15),

b

oL 5

- [U(YX dy = 9, -0, COS¢ (B-12)
o

This equation indicates that the flow may sweep the patch downstream,
while surface tension may meve it upstream. Thus a criterion for the
minimum wetting rate of the liquid on a solid surface is established.
The liquid flow rate can be reduced however below the minimum wetting
rate (MJW,R,), if there is no mechanism for dry spot formation.

Norman and McIntyre (N1) observed the minimum water flow rates
required to wet the inside of a heated vertical tube. The M.ﬁ.R.~was
found to increase with wall temperature and decrease with the liquid
entry temperature, This is in agreement with the above equation. The
MoW,Rs approached a maximum for all liquid entry temperatures at a
wall temperature of ebout 220°F (when boiling was initiated) and then

decreased again, At flow rates slightly larger than the M.W,R. the
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film surface was observed to be unstable, leading to locél thickening
and thinning of the film., The instability and dry patch formation was
attributed to surface tension effects in the liquid surface.

A parallel gas flow changes the liquid film velocity and
additional forces affect the criteria. Murgatroyd (M:) examined
shear and form forces at the stagnation point and showed them to have
a wetting effect as suggested by the data of Hewitt and Lacey (H6).
The latter workers have confirmed the trend of the model, in that in-
creasing gas flow rates decrease the M.W.R.

Staub and Zuber (S3) have also extended this model to account
for surface tension variations and for the vapour thrust effect. The
profile of the liquid at the stagnation point depends upon the contact
angle as mentioned in the discussion of reference (NL). The profile
may have a significant effect on the forces which determine the

stability of the dry patch.

5¢3 L%guid Film Destructign

When the heat flux to the liquid film is large, i.e. at large
wall temperatures, vigorous beiling occurs in the liquid film. The
boiling can lead to the destruction of the liquid film. Depending
upon the film-flow rate two hydrodynamic patterns can develop. These
may be compared to the burnout conditions in two-phase flow in a
vertlical pipe as mentioned above.

At low film-flow rates the bubble growth effect causes much
spray formation and thereby reduces the film thickness. The liquid
film.theh évaporates completely by surface evaporation and boiling.

At high film-flow rates the liquid does not evaporate completely,
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but will cover areas of the heating surface in which the wall tgmperature
corresponds to the film boiling regime. In such areas the liquid will
not contact the heating suyrface. The liquid film usuplly contracts into
streams which flow over a vapour ‘blanket on the heatihg surface, (Plate 1).

Leidenfrost (L2) has described this hydrodynamic behaviour.



C. EQUIPMENT

1. Introduction

Some preliminary experiments were carried out by passing films
of water and organic liquids over an electrically heated stainless
steel plate. Besides giving some guidance for the construction of
the final boiling equipment, some visual observations on the liquid
film break-up were made. Plate 1 shows the complexity of the hydro-
dynamic pattern.

The hydrodynamic pattern was considerably simplified by intro-
ducing a thin section in the boiling plate as shown in Figure 16. A
specific region of destruction of the liquid film could be observed
where the liquid separated from the solid surface. Under steady
conditions the flow pattern was stable with time, was two-dimensional
and could be reproduced easily. BExperimental investigation was

greatly aided by this simplification.

2. Apparatus

The experiments consisted essentially of introducing water or
benzene through a narrow slot to produce a thin liquid film &ver an
inclined, hot metal surface. The break-up of the liquid film as it
entered the film boiling regime was photographed with a high-speed
Fastax camera. The heat transfer rate per unit area was measured
under conditions of nucleate and film boiling by employing heat-flux
meters which were an integral part of a copper plate. Two experi-

mental boiling surfaces were employed, a chromed copper plate
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and an unplated copper plate. A detailed description of the apparatus is
given below.

2.1 Liquid Circulating System

The liquid flowing over the boiling plate was continuously cir-
culated as shown in Figure 17. The constant head tank supplied a constant
flow rate to the boiling plate. The flow could be adjusted by a valve
and was measured with a calibrated Fischer and Porter rotameter (FP 5/h
21G 10/80 tube, TGSVT-54 float).

The liquid after passage over the boiling plate flowed into a
collecting tank from where it was pumped by a gear pump at about 5 gal./
min. into the constant head tank. An overflow line allowed some of the
liqguid to be returned to the collecting tank. The return line from the
pump to the head tank was equipped with a water cocler and an electric
heater, so thgt the temperature of the liquid could be controlled.

The vapour, which was generated on the boiling plate, was passed
to a condenser, which was fixed to the tiltgble plate supporting the
boiler asserbly. The condensate was collected in a glass vessel from
which it was transferred at intervals to the collecting tank. Some
vapour suction was applied to the condenser in order to reduce leaks
into the atmosphere.

‘An electrically-heated preheater, which was installed after the
rotameter, was used for experiments where operation was close to the
boiling point of the liquid. The liquid entry temperature was measured
with a copper-constantan thermocouple after the preheater. Other liquid

temperatures were taken in the collecting tank and after the rotameter.
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To avoid corrosion]ﬁEin. stainless steel tubing and fittings were
used for the liquid line and a 1 in. stainless steel pipe was used for
the vapour line. All lines were insulated with 1 in. thick, low-
temperature Fiberglas: insulation.

2.2 Boiling Plate Enclosure

The illustrations of the boiler assembly (Figures 18, 19, 20
and Plate 2) show ﬁhe boiling plate enclosure. The enclosure consisted
of the liquid inlet and outlet sections which were machined from teflon
to resist corrosion and prevent conduction of heat. Both sides were
fitted with pyrex glass 2 1/2 in. x 16 in. x 1/4 in., such that the
boiling plate was visible. The lid was made of l/h in. thick sheet of
teflon, which carried ‘a sheet of pyrex glass 3 1/2 in. % 8 0. x 3/16 in.
for plan observations.

Asbestos tape, l/l6 in. thick, was used to seal the glass and
the boiling plate. Teflon and glass were self-sealing.

The liquid entered through a slot, which distributed the liquid
into a film. Since the wetting on the teflon was poor a clean gauze of
stainless steel wés placed over the teflon entry section and over part
of the front lip of the boiling plate. Teflon guides were provided at
the sides of the entry section to prevent the liquid film from flowing
preferentially along the pyrex glass, (Plate 1). The liquid film was
about 3 in. wide.

The vapour was removed under slight suction through a 1 in.

stainless steel pipe and the liquid flowed out under gravity.
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The boiler assembly which consisted of the electric heater,
boiling plate and boiling plate enclosure, was mounted on an aluminum plate,

which could be tilted about a horizontal axis from 0° to 90°,

2.3 ElectricrHeater

The boiling plate was heated by means of an electric heater,
which consisted of Kanthal "A"-1 heating strips embedded in a copper
block. Copper was chosen for its good thermal conductivity. The block
was divided into 6 separate heating sections to allow some control over
the heat distribution to the boiling liquid film. Each heating section
was designed for 2,5 KW at 24 V, to sustain the peak boiling flux of
water over that section. Bj use of an additional heating strip in
series a heating section could also be used for 1 KW operation,
(Figure 21).

The electric heater was constructed by cutting twenty~four
slots 2 1/2 in. deep and 1/8 in. wide into a copper block which was
8 in. long, 6 in. wide and 3 1/4 in. thick. Each heating section
occupied four slots and these slots accommodated the Kanthal "A"-1
heating strips. The heating strips were arranged in the slots as
shown in Figure 21. Two strip sizes were used 0.375 in. x 0,015 in.
and 0.75 in. x 0.015 in. The strips were held centrally in the slots
by Hiloset cement. The design calculations are shown in the appendix.

Six chromel-alumel thermocouples were screwed to the top of
the fins in positions corresponding to the six heaters. An indication
of the temperature distribution in the copper block was thus obtained.

" To minimize heat loss by conduction the copper block was mounted

on a 1/2 in. transite plate, which in turn was reinforced by a 1/2 in.
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aluminum plate. The electric heater was surrounded by a transite box
16 in. x 1% in. x 7 in., such that the top surface of the copper block
protruded by 1/8 in. Electrical connections to the heating strips were
made through the bottom of the box using No. 2 and No. 6 flexible cable,
(Plaﬁe Y.

To ensure better conduction from the electric heater to the
boiling plate the two contact surfaces were machined flat and then tinned
with ordinary soft solder. Additional soft solder paste was spread on
the copper block surfeace. The electric heater and boiling plate were
then screwed together. After the tin had melted during the first heating
operation, the screws were tightened.

2.4 Power Supply

The electric power was controlled by two power units one rated
at 7.5 KW, the other at 3 KW. BEach power unit was connected to the
240 V, 3-phase power supply.

Since the Hiloset cement becomes conducting at high temperatures,
low voltage power was used to avoid shorting difficulties. Power
transformers with a 10:1 ratio were used to give a maximum secondary
voltage of 24 V. The input voltage to the power transformers was con-
trolled by variacs. For each power unit, three variacs were connected
in delta as shown in Figure 22.

To give an indication of the power input the secondary of each

power transformer was equipped with a voltmeter 0-30 V and an ammeter

0-5 A. The ammeters were connected via current transformers.
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2.5 Boiling Plate (ghrome-plated)

The material chosen for the boiling plate was copper, since good
thermal conductivity was required for maximum boiling on thick plates.

As will be seen later it was also necessary to use a good thermal con-
ductor for the heat-flux meters.

The chromed boiling plate is shoﬂn in Figure 23. The liquid was
introduced over a 2 in. long lip such that the flow could stabilize before
reaching the region of destruction. To avoid preheating of the ligquid
before the thin section was reached, the front section of the boiling
plate was insulated from the heater block with transite.

Fifteen surface thermocouples (copper-constantan) were installed
into the boiling plate as shown. Nine of these were placed near the
thin section, so that three temperatures could be measured in each regime
of forced convection, nucleate boiling and film boiling.

Four heat-flux meters were installed into the boiling plate as
indicated in Figure 23. These meters are described in detail below.

Grooves were machined on the underside of the boiling plate to

act as passages for the thermocouple and heat-flux meter leads.

After installation of the surface thermocouples and heat-flux
meters, the boiling surface of the boiling plate was polished with
h/O emery paper and copper-plated 0.002 in. and chrome-plated 0.00L in.

Surface thermocouples

Philips Miniature thermocouple wire PR 6250 A/OL (copper-
constantan) was used to prepare the surface thermocouples. The thermo-
couple wire was 0.028 in. in overall diameter with a constantan core
0.013 in. in diameter. Insulation between the core and the copper sheath

was provided by a thin layer of magnesium oxide.
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The tip of the thermocouple wire was filed flat and then polished
with 4/0 emery paper. After standard cleaning and washing the tip was
cold electroplated with a copper cyanide solution at 20 Amps/sq.ft for
24 hours. The tip was immersed about 1/8 in. into the solution. After
plating the tip had a maximum diameter of about 1/8 in. Some gas bubbles
were usually trapped underneath the thermocouple and reduced the copper
deposition at the tip. The thermocouple tip was filed down to 5/32 in.
diameter and the head was filed flat. Attempts to estimate the thickness
of the thermocouple head with X-ray photography were unsuccessful. It
probably varied from 0.005 in. to 0.025 in.

The thermocouple heads were heated slowly in a low Bunsen flame
until oxidation began. A check for continuity was made before and after
this heating test. Thermocouples not withstanding this treatment twice
Oor which showed circular marks on the flat headeere rejected.

The surface thermocouples were press-fitted into 5/6h in.
diameter holes in the boiling plate, (Figure 24).

Heat flux meters

The heat flux meters were used to measure the local heat flux
to the boiling liquid film. They were based on the“design by Gardon
(GLO). The derivation of the basic equations and the calculdtion pro=-
cedures are presented in the appendix.

The heat-flux meters were fabricated from copper cylinders as
shown in Figure 25. Two types were made using a copper and a con=-
stantan disc to measure high and low heat fluxes respectively. The
copper disc was an integral part of the cylinder, while the con-

stantan disc was silversoldered into the cylinder.
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The thermocouple wires were silversoldered in holes which were
drilled through the entire thickness of the disc. Small diameter thermo-
couple wires (0.006 in.) were used to reduce conduction errors. Their
length was l/2 in. after which connection to heavier 0.013 in. wire was
made. The space behind the disc was filled with Sauereisen cement to
hold the thin wires in position and to protect them from oxidation.

The heat-flux meters were press-fitted into 1/2 in. diameter
holes in the boiling plate (Figure 23). For the copper disc, the meter
was arranged such that the line between the two thermocouple junctions
was perpendicular to the direction of flow.

2.2 Boiling Plate (unplated)

This design had similar features as the boiling plate described
above except that the heat-flux meters were an integral part of the
boiling plate, (Figure 26). The surface thermocouples were also modified
and the chrome-plating was omitted.

Difficulty was experienced in drilling small thermocouple holes
from the back of the heat-flux meters because of the thickness of the
boiling plate. Thus a l/h in. deep area was machined out of the boiling
surface and a corresponding copper plate (insert) was made up to fit into
that space. The heat-flux meters were an integral part of the copper
insert; eight surface thermocouples were also installed into the insert.
Details of the surface thermocouples and the heat-flux meters are given
below.

The insert was silversoldered  into the boiling plate by the
following method. The contact areas were fluxed and thin strips of silver

solder 0.002 in. were placed into the machined area of the boiling plate.
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The insert, with all thermocouple wires for the heat-flux meters and
surface temperature measurement already installed, was placed into the
boiling plate. The assembled boiling plate was placed in a cold furnace,
which was purged with argon in order to displace the air. Oxidation of
the copper block before the silver-solder melted was thus avoided. The
furnace was heated to 14O0°F for 15 minutes and the boiling plate was
allowed to cool. Argon was passed into the furnace during the entire
heating and cooling operation. This method also served to silver-solder
all the thermocouple junctions in the insert.

The boiling surface was ground flat to remove excess silver
solder; 0.006 in. was taken off the entire surface during this operation.

Surface thermocouples

Philips Miniature thermocouple wire, as described above, was used.

The end of the wire was filed flat and a Jjunction was formed by dipping

the tip into molten silver-solder. The wire was placed into a 0.030 in.
hole in the boiling plate and the tip was depressed 0.010 in. beneath

the boiling surface. The cavity was filled with silver-solder filings

and flux. The surface thermocouples were then silversoldered in the
argon-purged furnace. After grinding 0.006 in. off, the surface thermo-
couples were 0.004 in. beneath the boiling surface, (Figure 24).

Heat flux meters

The heat flux meters are shown in Figure 27. Two sizes were
made using a thick and a thin copper disc to measure high and low heat
fluxes respectively. An extra thickness of 0.006 in. was allowed for

initially, to compensate for the grinding operation.
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The thermocouple leads used were Philips Miniature thermocouple
wire, which had been reduced in size from a diameter of 0.0l3 in. to
0.006 in. for 1/2 in. length by electro-deposition. The holes for the
thermocouple wires (0.0l0 in. diameter) were filled with silversolder
filings and flux. The copper was lightly punched to hold the thermo-
couple wire in its hole. The thermocouples were then ready to be silver-
soldered in the furnace. For the thin disc the wires penetrated the
entire disc, while for the thick disc the wires were inserted for about
0.015 in. The thermocouple wires were arranged such that the line be-
tween the two junctions was perpendicular to the flow of liquid.

The bottoms of the discs were insulated with cork and the
remeining part of cavity was filled with Sauereisen cement to hold

the thermocouple leads firmly.

3. Instrumentation

Measurements of surface temperature and heat flux were taken
and also some photographic recordings were made.

3.1 Honeywell Visicorder

A Honeywell Visicorder 906 c was used to measure continuously
one heat flux and one surface temperature. A surface thermocouple
was chosen such that the line between the surface thermocouple and
the heat-flux meter was perpendicular to the flow of the liquid film.
The circuit is indicated in Figure 28.

Since the voltages encountered in the heat-flux meter circult
were low (O - 1 mV), other thermocouple junctions were placed into a

thermally insulated box. For the heat-flux measurement, a sensitive
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galvanometer M-40-350 without a damping resistor was used, to obtain full
scale deflection in the range. The galvanometer was calibrated by
measuring the voltage across the galvanometer with a single pen recorder,
when operating with a constant heat flux under steady-state conditions.
Further discussion is presented in the appendix.

The surface temperature was measured with a less sensitive galvano-
meter M~-100-350and a 100 2 series resistance, to obtain greater sensitivity
in the range used.

The chart speed used was 0.k in./sec. and readability of the paper
chart was 0.2 mm (¥3000 BTU/hr.sq.ft).

3.2 Honeywell Recorders

A single-pen Honeywell recorder was used to measure the temperature
at the disc periphery of the heat-flux meter, (Figure 28). The Visicorder
could not be used for this purpose because the low input impedance of a
galvanometer affected the circuit of the heat-flux meter. The single-
pen recorder had a high input impedance and thus did not affect the
circuit of the heat-flux meter. The span used was 0-10 nV with a chart
speed of 0.2 in./sec. Readability from the chart was *0.02 mv (%0.5°F).

A 12-point Honeywell recorder was used to measure the surface
temperatures of the boiling plate, the liquid temperatures and the
copper-block temperature. The span used was 0~10 nV with a chart speed
of 60 in./hr. Readability from the chart was }0.05 mv, (¥1°F).

3.3 High Speed Photography

A Fastax camera WF 4 ST with a synchronised stroboscope was
used for exposing high speed Kodax Tri-X Reversal film (160 ASA). The

camera was fitted with a 154 mm lens and extension tubes. The speed
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of the camera (6000 frames/sec maximum) was controlled by the Fastax
Goose WF 358.

The stroboscope was & high pressure Xenon discharge tube which
was triggered by a pick-up in the camera. The flash lamp had an intensity
of 3 joules per flash; because of this large heat generation the nunmber
of flashes was limited to one thousand. A thousand consecutive flashes
corresponded to about 25 ft. of film. The maximum frequency of the
stroboscope was 6000 flashes/sec. and the flash duration was 3-4 usec.

At camera speeds up to 2000 frames/sec. sufficient illumination
could be provided by three 375 W spot lights. However this speed is not
fast enough to resolve the activity in the region of destruction of the
boiling film.

An optical system was devised for the Fastax camera in order to
view the liquid film from two perpendicular directions simultaneously,
(Figure 29). It consisted of a beam-splitter, two prisms and two con-
vex lenses. The beam-splitter was masked such that one half transmitted
light unreflected, while the other half reflected it through 90°. The
achromatic lenses focussed the images on the centre of the beam-splitter.
The camera was then focussed on the adjacent images of the object in the
beam-splitter. The optical system was attached to the tiltable plate,
which supported the boiler assembly.

Good illumination of the liguid film, such as to give high contrast,
was difficult to achieve. Reasonable illumination however was obtained
for both plan and side views by passing light onto the liquid film from
a direction opposite to the film flow and at the smallest possible angle

(30°) with the boiling surface.
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3.4 Instrument Synchronisation

The cemera, visicorder and the two Honeywell recorders were
synchronised by a timing circuit, (Figure 30). The Honeywell recorders
were equipped with event timers, which were operated together with the
Visicorder chart switch A.

The Fastax Goose Control was equipped with a camera and an event
timer, which determined the camera running time and the stroboscope
flashing time respectively. The event timer was set to start the flash
stroboscope a certain time after the camera had started. The event and
camera timers stopped simultaneously. The sequence was started by the
camera timer switch B.

The event timer was also connected to a galvanometer in the
Visicorder, in order to determine when the film was exposed in relation
to the heat flux. The camera under these circumstances was focussed on
the heat-flux meter. The electrical connection from the event timer was
made using a 10:l1 step-down transformer with a separate secondary winding.
The output was rectified and connected to the galvanometer (M-1650) and
a 7000 9 series resistance.

3.5 Still Photography

For the plan views an Exacta Camera was used with a 102 mm lens
and extension bellows. Kodax Tri-X film (160 ASA) was exposed for
1/150 sec.

For the side-views a Pentax camera was used with a 135 mm lens
and. extension bellows. Kodax Tri-X film (160 ASA) was exposed for
1/500 sec.

Illumination from the sides was provided by two 300 W photo-spots.
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3.6 Film Thickness Gauge

The liquid film thickness was measured with a probe, which was
attached to a micrometer. Micrometer readings were taken when the probe
Just contacted the free surface of the liquid film and when the probe
touched the boiling plate. The first reading was indicated by the first
formation of small ripples on the liquid film and the second was indicated
by electrical contact between the probe and the boiling plate. The accuracy

of the film thickness gauge was T0.002 in.



D. EXPERIMENTS

The major concern of this study was the measurement of the boiling
heat flux to liquid films with heat-flux meters. However, these heat flux
meters needed calibration under boiling conditions and hence péol boiling
experiments were performed. These pool boiling results could then be
compared to thé~literature and the performance of the heat flux meters
could be evaluated. Four types of experiments were thus carried out

(i) steady -state film flow (chromed boiling plate)

(ii) unsteady-state film flow (both boiling plates)

(iii) steady-state pool boiling (unplated boiling plate)

(iv) unsteady-state pool boiling (uaplated boiling plate)

The two boiling plates were used for the experiments as indicated above.

1. Steady-State Film Flow

At the beginning of this project steady-state experiments were
carried out with the chrome-plated boiling plate using distilled water
and certified grade benzene. By steady-state it is meant that a region
of destruction is obtained which stays stationary on the thin section,
(Figure 16). Under these conditions the temperature profile along the
centre line of the boiling plate remasined constant with time. Adjustments
to achieve steady-state conditions were made by changing the electrical
heat input.

Still and high-speed photography were used to record a side view

of the hydrodynamic phenomenon for varying flow rates, liquid temperatures
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and angles of incline. The thickness of the liguid film was also measured.

2. Unsteady-State Film Flow

Unsteady state experiments here refer to the condition when the
region of destruction no longer is stationary on the thin section, but
moves in the direction of flow. This behaviour is obtained by reducing the
heat input to a value below that required for the steady-state condition.
When the region of destruction passed over the heat-flux meters the entire
boiling curve for film flow could be measured.

The apparatus was inclined at the desired angle. The liquid
temperature was adjusted by means of the electric heater or cooler in
the pump return line. The boiling plate was then heated to about L450°F
for the benzene runs and to about 550°F for the water runs. The electrical
power was then cut off. The liquid was passed over the boiling plate at
the desired flow-rate. The two Honeywell recorders were started. When
the region of destruction began to move from its position on the thin
section the Visicorder was started and kept running until no more boiling
could be observed on the heat-flux meters. Two flow rates (4.5 and 7.5
lb/bin) and three inlet temperatures were selected for each angle of inclina-
tion (90°, 60° and 30°) of the boiling plate.

During some experiments still photographs were taken showing a plan
view of the boiling liquid film. A few high speed films were taken when

the heat-flux meter indicated the maximum heat flux.

3. Steady-State Pool Boiling

The apparatus was adjusted to the horizontal position and modified

to make a rectangular pool boiler 4 in. x 3 l/h in. with a maximum liquid
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depth of 1 B/h in. This was achieved by inserting two aluminium plates
into the boiling plate enclosure and sealing them on the outside only with
high-temperature silicon rubber cement, (Figure 31). The heat-flux meter
was roughly central in the pocl boiling area. The apparatus was sealed
everywhere except for the vapour outlet line;, where slight suction was
applied. The liquid depth in the pcol boiler was kept at about 1 1/2 in.
by adding fresh liquid continuously through a stoppered hole in the top
window. The liquid was added from a heated glass vessel. The temperature
of the fresh liquid and the pool temperature were measured with copper=-
constantan thermocouples.

In order to increase the accuracy of the hest-flux measurement,
the output from the heat-flux meter was connected through a Honeywell
Deviation Amplifier to a galvanometer in the Visicorder, (Figure 32).

The gain on the amplifier was set to take an input of #0.25 mV. The
set point unit was adjusted to give a constant voltage of -0.25 mV.

The output from the amplifier was connected to a M-1000 galvenometer in
the Visicorder. A series resistance of 220 @ was used toc give a full-
scale deflection for the 4V output.

The power from the electrical heaters was severely limited due
to large contact resistances which develcped as a result of oxidation
at the heater connections. Thus only benzene was used in these experi-
ments.

The boiling plate was cleaned with 5/0 emery paper and the pool
boiler was filled with hot benzene. The electrical heaters were then
switched on. When the heat flux and the surface temperature as indi-

cated by the Visicorder and single-pen reccrder remained constant for
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15 minutes, vapour collections were made and timed. The electrical power
input was also noted.
The heat input was increased to obtain further steady-state measure-

ments.

L. Unsteady-State Pool Boiling

The boiling plate was heated to 450°F. The heat input was then
switched off. Certified grade benzene or distilled water was used in
these experiments. The pool boiler was filled with the liquid through the
stoppered hole. The liquid then cooled the beiling plate through all the
boiling regimes starting with film boiling. Measurements of heat flux and
surface temperature were taken continucusly with the Visicorder and the
single-pen recorder respectively. Liquid was added continuously to the

pool boiler to keep the liquid level constant.



E. RESULTS

The results presented below have been obtained with two plates: a
chromed boiling plate and an unplated boiling plate. Preliminary data were
obtained with the chromed boiling plate. However these results were in
poor agreement with the expected values. After some time these heat-flux
meters failed due to oxidation around the edges of the plugs. The use of
this plate was discontinued and a new unplated boiling plate with integral

heat-flux meters provided good results.

l. Steady-State Film Flow

Essentially qualitative observations have been made of the hydro-
dynamic behaviour of the liquid film using the chromed boiling plate.

The liquid film was uniform befcre reaching the region of destruc-
tion. Surface ripples existed due to the edge effects from the teflon and
the stainless steel gauze. At 90° incline of the boiling plate the liquid
film was not very uniform in film thickness. The film thickness measure-
ments for water and benzene films at a boiling plate inclination of 300
are shown in Figure 33. The measurements were taken in the entry zone
of the liquid film where the equilibrium film thickness had not been
established. It should also be noted that with the present method the
maximum film thickness was measured. Both of these effects account for
the deviation from the equation proposed by Brauer (Bl6). The liquid
film width has Seen taken at 3 in.

On the thin section of the boiling plate nucleate boiling of the
film occurred in a rather narrow tand of 1/k in. The bubble size increased

102
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FILM THICKNESS MEASUREMENTS
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in the direction of flow. At the region of destruction vigorous activity
took place, which was difficult to examine with the high-speed films taken
at 3000 p.p.s. The liquid separated from the boiling plate with some
spray formation near the end of the thin section, (Plate 3a).

The break-up behaviour of the liquid film depended upon the type
of liquid, flowrate and subcooling. Benzene formed more liquid streams
than water. The spray formation from a water film was much more than
that from a benzene film.

At flow rates of 1.5 lb/min. or less the entry section was not
wetted uniformly and dry patches tended to form in the liquid film. The
break-up region did not discharge a continuous stream, but would accumulate
liquid into drops, (Figure 34 and Plate 3c). These drops were regularly
ejected from the break-up region. Flow rates of about 3 lb/min. caused
the drops to coalesce into irregular streams. A% flow rates of about
7.5 lb/min. the spray formation was reduced and the length of the
nucleate boiling section was reduced slightly. Small triangular liquid
sheets formed, which were particularly noticeable with water, The liquid
sheets contracted into liquid streams. At flow rates of about 12.0 lb/min.
the liquid sheets joined into a single sheet, which contracted into a
single stream, (Figure 3k4).

Subcooling of the liquid has the effect of stabilizing the liquid
film. The length of the nucleate boiling section and the bubble size was
reduced. The boiling activity was much suppressed; thus the liquid film
was less disturbed and separated smoothly from the boiling plate, (Plate

3b). There was a greater tendency for liquid sheets to form.
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The angle of separation of the liquid from the boiling plate was
observed to vary with the type of liquid and the subcooling. Water
always separated at a greater angle than benzene. Increasing subcooling
decreased the angle of separation, (Plates 3a and 3b). An effect due
to flow rate was not observed. A large temperature gradient in the boiling
plate increased the angle of separation.

A representative temperature profile along the centre line of the
boiling plate is shown in Figure 35 for a water film. The temperatures
depend upon the subcooling and angle of inclination of the boiling plate.
Both of these determine the distance between the liquid streams and the
boiling plate, i.e. the vapour film thickness in forced convection film
boiling. At angles of inclination less than 60° the liquid fell back on
the boiling plate. Greater cooling occurred at such locations.

It was noted that the thermocouples on the right of the boiling
plate indicated lower surface temperatures than the left-hand thermo-
couples. The difference was of the order of 5°F and could perhaps be
attributed to the grooves for the thermocouple leads since all the leads

passed out at the right-hand side of the boiling plate, (Plate 2).

2. Unsteady-State Film Flow

In unsteady-state film flow the break-up region moved down the boiling
plate and passed over the heat-flux meters. With this type of experi-
ment the heat flux to the boiling film was measured in all the boiling
regimes. Both boiling plates were used. Some photographic records

~ were also made.
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2,1 Hydrodynamic Behaviour

The break-up region would initially be fixed on the thin section
of the boiling platé as in the steady-state experiments. When the surface
thermocouple, which was 2 1/2 in. from the front lip, indicated a temper-
ature of 275°F the break-up region of benzene would advance. For water
the same occurred after the temperature had decreased to 450°F.

The temperature gradient along the centre line of the plate was
initially high but decreased with time, (Figure 36). The angle of
separation between the liquid and the solid decreased noticeably and
when it almost reached zero the break-up region advenced. At large
flow rates when liquid sheets were formed (Figure 34) part of the sheets
looked milky, which was probably due to transition boiling. As the
reglon of destruction advanced the nucleate boiiing section of the film
would expand along the plate, while the forced convection regime re-
mained fixed on the thin section of the boiling plate. The noise
level and the spray formation increased considerably, (Plate 3d). The
increasing area of the nucleate bolling section caused increasing
despruction of the liquid film. .

The destruction of a bolling water film is shown in Plate 4.

The water temperature was close to the boiling point. Many globules
of water were formed during the destruction. This observation was
confirmed by high-speed photography at 3000 p.p.s. The formation of
these globules probably arose from perforetions in the liquid film.
The perforations could have been caused by bubbles bursting through
the liquid film, Plate 5 shows & different kind of behaviour when
the water was subcooled. The subcooling inhibited the boiling

activity and smooth liquid sheets formed instead. Plate 6 shows
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PLAN VIEW OF A BENZENE FILM

UNSTEADY STATE; 30° INCLINE
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PLAN VIEW OF BENZENE FILMS
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the same effect for a vertical plate; the more rapid advance of the
break-up region over the heat-flux meter should be noted.

Plate T shows the destruction of a benzene film. Initially the
break-up region was fixed on the end of the thin lip and the entire
boiling plate was in film boiling. The break-up region rapidly advanced
over the entry section and stopped again on the thin section of the boiling
plate. After further cooling of the boiling plate the break-up region
advanced again. The sequence shows the significance of the length of
the nucleate boiling section on the film break-up. Plate 8 shows the
break-up of a benzene film at different flow rates. At 1.45 1b/min.
the tendency for dry patch formation can be seen. Subcooled benzene is
shown in Plates 7 and 8 and hence liquid sheets are observed in those
pictures in which the ﬁucleate boiling section is short. It will be
remembered that the nucleate boiling section in steady-state film
flow was also short and hence the hydrodynamic patterns will be similar.

After the boiling plate had been cooled by the nucleate boiling
of the liquid, the forced convection regime advanced. The transition
point from nucleate boiling to forced convection was not so clearly
defined as the transition point from film boiling to nucleate boiling
(break-up region). As shown in Plate 4 the bubble size increased in
the direction of the film flow. This was probably due to the increasing

liquid film temperature along the boiling plate.

2.2 Boiling Heat Flux (Chromed Boiling Plate)

The first heat transfer data were taken with this boiling
plate using benzene only. Some of the data obtained with the copper
disc heat-flux meter which was 2 1/2 in. from the front lip are shown in

Figure 37. The data indicate heat fluxes that were surprisingly large for
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benzene (Figure 62). The heat fluxes appeared too large in the forced
convection, nucleate boiling and film boiling regimes. In the film
boiling regime of the liquid film the heat-flux meter showed a heat
flux of 135,000 BTU/hr.sq.ft. The peak of the boiling curve (maximum
heat flux) was extended over a large temperature range. Such behaviour.
was not expected. These errors could perhaps be attributed to the
chrome-plating on the heat-flux meter and to the silver-solder joints of
the thermocouple connections.

In order to check the thermocouples of the heat-flux meter each
thermocouple was connected separately like a surface thermocouple. The
data, shown in Figure 38, showed that the centre of the heat-flux meter
cooled rapidly. Less boiling was taking place at the centre of the heat-
flux meter, since the centre temperature was 44CF below the edge temper-
ature. The edge temperature remained very steady, while the centre
temperature fluctuated by about }7°F. The centre temperature was steady,
however, after indication of the maximum heat flux.

In these first experiments the wall temperature was measured
with a surface thermocouple instead of using the edge thermocouple of
the heat-flux meter. The maximum temperature decrease indicated by the
surface thermocouple occurred always after the heat-flux meter had indi-
cated the maximum heat flux. These two maxima should occur at the same
tine} The region of destruction, although initially in a straight line,
took the form of a "parabola" with increasing speed of advance along the
centre line of the boiling plate (Plate 6). For this reason it was not
desirable to measure the heat flux and surface temperature in two

different places. This error does not significantly effect the magnitude
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of the heat flux, but does yield an incorrect temperature difference.

The copper disc heat-flux meter 3 1/2 in. from the front lip was
deformed during the press-fitting operation and could not be used.

The constantan disc heat-flux meters could be seen to cool rapidly
whenever liquid boiled on them. Thus the boiling on these meters was not
characteristic of boiling on the rest of the boiling plate. The constant-
an disc heat-flux meters indicated a maximum heat flux of about 35,000
BTU/hr.sq.ft for benzene. The constantan discs were designed to measure
the heat flux in the film boiling regime. However these meters showed
no response in that regime. It appears however that the constantan disc
heat-flux meters can measure the heat fluxes in the forced convection
regime. Figure 39 shows some of these results and equation (B-10).

The experiments were discontinued when the press-fitted heat-
flux meter plugs oxidized around the edges. These plugs cooled rapidly
then and did not act as the rest of the boiling plate. On the basis of
these experiences another boiling plate with integral heat-flux meters
was made. Instead of the constantan discs two thick copper discs were

machined in the copper plate to measure the "large" heat fluxes cbserved.

2.3 Boiling Heat Flux (Unplated Boiling Plate)

With the second boiling plate, experiments were carried out with
benzene and water. Measurements of heat flux were made with the thin
copper disc heat-flux meter, which was 3 1/2 in. from the front lip,
(Figure 26). Typical heat-flux meter traces of benzene and water are
shown in Figures 40 and 4l respectively. From these traces the three
boiling regimes could be identified. The film boiling regime was

always smooth. The transition boiling regime was indicated by large
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oscillations of the heat-flux meter. The nucleate boiling regime showed
small oscillations not comparable to those in the transition boiling
regime. The transition from nucleate boiling to forced convection could
not be seen from the traces.

The boiling curves were constructed from the edge temperature of
the heat-flux meter and the heat flux as determined by the temperature
difference across the heat-flux meter. It was a simple matter to calculate
the heat flux from the heat-flux meter traces except for the transition
boiling regime. In this regime the large oscillations made a heat flux
interpretation uncertain. The oscillations of the trace have been
averaged by eye and a "mean" line has been drawn through them. The
smallest and largest heat flux has been identified by the vertical bars
shown in some figures.

The results for benzene are shown in Figures L2 to 47 and the
results for water are shown in Figures 48 to 54. Due to the transient
nature of the experiments an exact choice of the liquid temperature could
not be made. Duplicate runs were made to check on the reproducibility of
the results. The results of the duplicate runs in the three cases
(Figures 45, 47 and 51) were identical with those of the previous runs.

The boiling-plate surface was cleaned with 3/0 emery paper at
irregular intervals. Excessive cleaning with emery paper was avoided
to prevent thinning of the heat-flux meter discs. During the benzene

runs oxidation of the copper surface appeared to be inhibited. The

surface always had a brown colour and felt smocth. When water was

used, however, the copper surface appeared bluish, felt rough and oxid-
ised rapidly. The surface conditions are described by the surface rough~

. ness, surface deposits and surface oxidation, but none of these were

rigidly controlled during the present experiments.
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Two runs were made starting with different initial block temper-
atures. The results are shown in Figure 52 and there appears to be no
signifiicant effect.

After the experiments with water the boiling plate was cleaned
and a further run with water was made. Then the surface of the boiling
plate was brushed over with cotton wool soaked in benzene. This treat-
ment was applied under film boiling conditions. The run with water was
repeated at the same flow rate and water temperature. The boiling curves
of the two runs are compared in Figure 53, and the two traces are com-
pared in Figure 55. There appears to be a significant effect. The
experiment was repeated except that this time only the immediate area
of the heat-flux meter was treated with benzene. The results are shown
in Figure 54. Observation of the film flow showed that the break-up
region no longer advanced in a "parabolic"” shape, but that it actually
stopped in front of the heat-flux meter and continued to advance at the
side of the heat-flux meter.

The thin copper disc heat-flux meter, which was 2 1/2 in. frdm
the front lip, could not be used far comparison because of a damaged
thermocouple connection.

Some characteristic traces of the thick copper disc heat-flux
meter, which was 3 1/2 in. from the front lip are shown in Figure 56.
The results of these two traces,which refer to water films, are shown

in Figure 57. This weter always indicated very high heat fluxes.

3. Steady-State Pool Boiling

These experiments were performed to obtain an order of magnitude
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check on the heat-flux meters. The thin copper disc heat-flux meter
which was 3 1/2 in. from the front lip of the unplated boiling plate,
was used. A comparison between the heat fluxes obtained by the vapour
collection method and the heat-flux meter method is shown in Figures

58 and 6l. An unsteady-state pool boiling experiment performed shortly
afterwards is also shown.

The heat fluxes as indicated by the vapour collection method
were always found to be higher than those of the heat-flux meter method.
More boiling activity was observed in the crevices at the periphery of
the boiling area. This could account for some of the difference.

During these experiments considerable changes in the zero
position-of the heat-flux meter were observed. These changes were
always on the negative side and indicated that the centre temperature
of the heat-flux meter disc was higher than the edge temperature. In
the appendix it is shown that such changes can be attributed to heat
conduction into the heat-flux meter disc through the centre thermo-
couple. This heat conduction can also account for the low heat-flux

readings of the heat-flux meter as mentioned above.

L. Unsteady-State Pool Boiling

These experiments were done to make a direct comparison between
pool boiling heat fluxes and boiling heat fluxes of film flow. The thin
copper disc heat~-flux meter, which was 3 1/2 in. from the front lip of
the boiling plate was used. Typical heat-flux meter traces for benzene
and water are shown in Figures 59 and 60 respectively. The traces show

the steady film boiling, transition and nucleate boiling regimes. The

large oscillations of the heat-flux meter indicate transition boiling.
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The traces during nucleate boiling were much more steady than those
during transition boiling.

The results for benzene are shown in Figurs 61 and the results
for water are shown in Figures 63 to 66. The boiling curves for water
in Figure 64 are unusual, because they show a point of inflexion in the
nucleate boiling curve. Comparison of the heat-flux traces with the
temperature traces showed a misalignment in that the sharp decrease of
the temperature trace did not coincide with the maximum heat flux on the
heat-flux trace. A timing error appeared evident as shown in Figure 65.

A trace during dry-out with water on the bciling plate is shown
in Figure 68. Immediately after the dry-out, i.e. when all the liquid
had boiled off, the heat-flux meter indicated a negative heat flux.

This error diminished with time and was attributed to the thermocouple
conduction.

The thick disc heat-flux meter, 3 1/2 in. from the front lip,
showed characteristic responses as shown in Figure 56. A boiling curve

for unsteady-state pool boiling of wster is shown in Figure 57.
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F. DISCUSSION

In this section the results of the film flow experiments will be
discussed and related to the other experiments and established literature
data. The use of the heat-flux meters under the conditions of boiling

heat transfer is also discussed.

1. Hydrodynamic Behaviour

Plates 3 to 8 show that the hydrodynamic patterns of liquid film
destruction under conditions of boiling heat transfer are quite complex.
A detailed examination of the processes requires high-speed photography.
However due to synchronisation difficulties only a few high-speed films
were taken. From these films it was not possible to identify any growing
bubbles on the boiling plate or see the hydrodynamic condition on the
heat~flux meter.

Since the spray formation and boiling are suppressed at high
subcooling of the liquid, a photographic study under those conditions

might be simpler.

2. Heat Flux Measurements

The most significant results obtained are the heat-flux measure-
ments of the boiling liquid films uysing the local heat-flux meters.
These data are presented in Figures 42 to 47 for benzene and in Figures

L8 to 54 for water.

155
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2.1 Forced Convection

In these Figures the lines of low slope, where AT is less than
about 300F, are interpreted as pure forced convgction heat transfer. In
Figures 42, 43, L8 and 49 the equation (B-10) has been plotted for come
parison at two liquid inlet temperatures; It appears from the data of
benzene that the experiments were not carried out long enough to cover
the forced convection regime. The experimental curves would join the
equation (B-10) smoothly at low temperature differences of about 2°F.
For water the agreement in intercept and slope between the experimental
values and equation (B-10) is good., It should be noted that equation
(B-10) has been based on experiments done with water.

Comparing the water data at 90° and at 30° incline, it will be
noted that the forced convection curves appear to be absent in the runs
mde at 30°, From equation (B-9) it is, however, expected that the angls
of inclination has only a small effect on the forced convection heat
transfer. In these latter runs the water appeared to be boiling much
more vigorously (larger bubble size).

In the present experiments no detailed examination was made
when bubble nucleation on the heat-flux meter ceased. In future experi-
ments the heat-flux measurements should be extended further into the

forced convection regime.

2.2 Incipience of Boiling

An estimate of the temperature difference at the incipience of
boiling can be made from the data of the water runs; (Figures 48 and 49),

This temperature difference is about 30°F and is in general agreement
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with the evidence reported by Bergles and Rohsenow (B7) and Hsu (H7).
The theoretical analysis by Hsu (H7) indicates that the temperaﬁure
difference at the incipience of boiling increases with forced convection
and subcooling. The effect of the subcooling seems to be confirmed by

the data in Figure L8.

2.3 Transition Regime

This transition regime is meant to be the section on the boiling
curve between forced convection and fully established nucleate boiling,
(Figure 3). In this regime forced convection and subcooling increase
the heat transfer. Qualitatively this is shown by the present data of
benzene and water, i.e. at temperatures differences up to 60°F the colder
liquid always allowed larger heat fluxes. Within the small experimental
range the effect of forced convection was negligible in this regime. The
range of this transition regime appears to be much greater for benzene
(2-60°F) than for water (30-60°F).

Bergles and Rohsenow (B7) have proposed and verified an equation
for this regime based on the superposition principle. By using the data
of the water runs at 178°F and 170°F in Figures 48 and 49 respectively
the superposition technique can be shown to apply in the fransition
regime provided the experimental forced convection and nucleate boiling
curves are used. The equation for the heat flux at incipience of boiling,
which was derived by Bergles and Rohsencw (B7), however does not apply

to the present data, (Figure 48).



2.4 Nucleate Boiling

From the data it appears that at temperature differences above
60°F boiling becomes fully established, In this regime the boiling
curves of benzene and water respectively follow a single line. The

exponents a in the equation

o/A o (aT)?

are 2.6 for benzene and 1.7 for water, This observation is in agree-
ment with statements of Forster and Greif (F4), who point out that the
heat flux, once boiling is fully esteblished, does not depend upon the
degree of subcooling or forced convection.

The data indicate that the angle of inclination of the boiling
plate has nc effect on the nucleate boiling of the liquid films.
Githinji and Sabersky (G7) have shown that the orientation of the heating
surface effects the nucleate boiling heat flux in saturated pool boiling.
This effect is absent in the present experiments due to the different
hydrodynamic conditions, which now include forced convection and sube

cooling.

2.5 Maximum Heat Flux

At a certain temperature difference the boiling curve departs
from the nucleate boiling line, (Figure 3), At a slightly greater
temperature difference the maximum heat flux of the boiling curve cccurs.
The data of water and benzene show that the maiimum heat flux increased
with subcooling and forced convection, These results are in qualitative
agreement with the results of Gunther (G6). However it should be noted

that while the maximum heat flux of benzene was lncreased by a factor of 2,
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the maximum heat flux of water was not increased to such an extent. It
was expected that the maximum heat flux of water would be increased by
a greater extent than for organic liquids (25)., This aspect will be
discussed further in the section on heat-flux meters.

Westwater (W3) pointed out that the temperature difference at
‘the maximum heat flux is only a small function of the subcooling or the
forced convection. This, however, is not borne out in the present
experiments, which show that this temperature difference increases with

the subcooling of the liquid.

2.6 Transition Boiling

In the transition boiling regime the liquid contacts the heating
surface intermittently at particular locations. Thus any point on the
heating surface is subjected to cycles of low heat flux (no liquid
contact) and high heat flux (liquid contact). This cycling is well
indicated by the oscillations in the traces shown in Figures 40 and 41.
The heat flux variations have been indicated in Figures 42, 43, 46, LT,
50 and 51.

These variations depend upon the angle of inclination of the
boiling plate and on the angle of separation of the liquid film from
the boiling plate. For benzene the angle of separation was always very
low and hence the traces at 30° and 90° incline show the transition
boiling regime. For water the angle of separation was large and hence
at 90° incline of the boiling plate the transition boiling regime was
not shown in the traces.

The present data show that increasing subcooling increases the
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heat flux (at the same surface temperature), Only one reference appears
to be in the literature dealing with transition bolling to subcooled

liquids. Stenzel and Schultze (S2) have shown that the heat transfer is
increased in the transition boiling regime when the forced convection or
subcooling is increased. The temperature difference at the minimum heat
flux was found to be constant for any conditions of forced convection or

subcooling.

2.7 Film Boiling

Due to the complex hydrodynamic flow patterns of the liquid film
after it has separated from the boiling plate, it is difficult to discuss
the heat transfer in the film boiling regime, (Plate 7). Also the error
in the heat-flux measurement, due to the thermocouple conduction, would
not permit accurate evaluation of the low heat fluxes in this regime.

The flow patterns depend upon the flow-rate, subcooling, liquid,
length of nucleate boiling section on the boiling plate and the inclina-
tion of the boiling plate. These determine under what conditions the
liquid passes over the local heat-flux meters,

In future experiments the film boiling regime might be covered
better under conditions of large flow-rates, low angles of inclination
of the boiling plate and a very short section of nucleate boiling in
the liquid film. The flow patterns of the liquid film after the break-

up region will then be much more uniform.

2.8 Surface Wetting

After the water runs the entire bolling plate was treated with

cotton wool soaked in benzene and a further run with water was made.
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The result of this experiment is shown in Figure 53. The maximum heat

flux was found to be less and occurred at a much lower surface temper-

ature. The temperature trace of the edge thermocouple was different

to the water runs without benzene surface treatments. Repeated boiling
with water removed this benzene, but the effect could be reproduced by

a fresh application of benzene.

The results of water in Figures 48 and 49 at the highest liquid
temperatures were the first that were obtained after the film flow runs
with benzene. These boiling curves too indicate a rather low maximum
heat flux at a low temperature difference. An examination of the edge
thermocouple trace indicated a copling pattern, which was similar to
the tewperature trace of the water experiments in which the surface was
treated with benzene. The cooling rate of the boiling plate in these
first water experiments was also much slower than in the later ones.
Thus these first runs are probably not true water experiments.

When only the heat-flux meter itself was treated with benzene,
the resulting flow patterns took quite a different shape. Instead of
advancing in a "parabolic" curve, the break-up region stopped in front
of the heat-flux meter, but continued to advance on both sides of the
heat-flux meter. It appears that the benzene treatment altered the
surface properties and reduced the wetting of the water on the copper
heat-flux meter. No surface deposits or any other indication could be
seen that the heat-flux meter was different from the rest of the boiling
plate.

The resulting boiling curve (Figure 54) showed a low maximum

heat flux at a low temperature difference. The decrease of the heat
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flux before the maximum heat flux should be noted; this was not observed
in the other film flow traces. These results can be explained in terms
of the film flow conditions: when the break-up region passed on both
sides of the heat-flux meter (but not over it), the heat-flux meter was
cooled by conduction through the copper. Thus the heat-flux meter was
cooled below the temperature at which the maximum heat flux occurs.
When the liquid did wet the heat-flux meter, it indicated a heat flux
which corresponded to its surface temperature ({80 + 212}°F in the
present case), When maximum boiling occurred around the heat-flux
meter (but not on it), the temperature gradient in the boiling plate
was large. The conduction in the centre thermocouple was then also
large and this could explain the decrease in heat flux before the
hmaximum" heat flux was indicated.

In Figure 55 two traces are compared; one refers to an ordinary
run with water and the other to a run with a benzene-treated surface.
The first peaks in the curves correspond to transition boiling on the
heat-flux meter when the liquid fell back on the boiling plate (angle
of inclination was 30°). The benzene-treated surface shows lower
heat fluxes, which was probably due to the reduced wetting. This
observation is in agreement with the findings of Berenson (B8) and
Westwater (W3), who increased the heat flux in transition boiling
by improving the wetting of the liquid on the solid.

It has been remarked in the section on forced convection that
in the last water experiments the boiling on the plate was much more
vigorous and that the forced convection curves were missing (compare

Figures 48 and 52). It appears as if the date in Figure 52 give the
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pool boiling curve (Figure 63), indicating that the boiling in the liquid
film was so vigorous that the effect of forced convection of the liquid
film became negligible. This seems fegsible if it is considered that

the benzene on the copper surface (in the first water experiments)
reduced the wetting of the water underneath the vapour bubbles and

thus perhaps reduced the micro-layer vaporization (M5). It would be

of interest to study this further.

2.9 Pool Boiling Heat Fluxes

The unsteady-state pool boiling experiments were done in order
to judge the performance of the heat-flux meter by comparison with
literature data. The literature data refer to horizontal plates with
different surface materials. Figure 61 shows the unsteady-state pool
boiling data for benzene. These boiling curves are in good agreement
with the literature boiling curve shown in Figure 62. It is uncertain
whether the effect of the inlet temperature is real.

Figures 63 to 66 show the unsteadyrstate pool boiling curves of
water. These curves show consistent values and they are in fair agree-
ment with the literature boiling curve shown in Figure 67. The position
of the maximum heat flux and the transition boiling regime show good
agreement with the literature curve. The maximum heat flux of water in
the present experiments ranged from 430,000~630,000 BTU/hr.sq.ft.
Gaertner (G5) boiled water on a horizontal copper surface and obtained
a value of 500,000 BTU/hr.sq.ft for the maximum heat flux under steady-
state conditions. The experimental nucleate boiling curve appears to
Jjoin the literature curve at low heat fluxes. The characteristic knee

(position of DNB) was not obtained in the present experiments. By
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careful experimentation Gaertner (G5) was the first to demonstrate the
position of DNB in nucleate pool boiling. It is well known that nucleate
boiling heat fluxes depend upon the surface conditions and in the present
experiments these were not rigidly controlled. Thus a very precise com=-
périson with the literature cannot be made. 1In these experiments there
appeared to be little effect of the inlet temperature as shown in Figure
64 .

It was thus confirmed that the heat-flux meters responded to the
boiling conditions. Although the data range was small further evidence
was takén from the steady-state experiments in which vapour collections
were made (Figure 58). The heat-flux meters did measure the correct
heat flux, if allowance was made for the thgrmocouple conduction along

the centre wire. This is further discussed in the appendix.

2.10 Boiling Heat Flux to Liquid Films

When the film flow data and the pool boiling data of benzene
(Figures 43 and 61) and of water (Figures 49 and 63) are compared, then
the following trends (relative to pool boiling) will be observed: presence
of forced convection, incipience of boiling at higher temperature
differences, coincident nucleate boiling line once nucleate boiling is
fully established, increased maximum heat flux and increased heat fluxes
in the transition boiling regime. These trends are in agreement with
forced convection subcooled boiling, which is shown in Figure 3.

The difference in the case of film flow is that the bulk of
the liquid is absent and hence the liquid film rapidly heats up to its

saturation temperature over a short length of the boiling plate. 1In
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the present experiments this heating length was only 1 1/2 in. and hence
the boiling curve of a subcooled liquid film could be measured.

It may be expected that at very large film flow-rates (Re > L4000)
the boiling of the liquid film resembles forced convection subcooled
boiling under bulk flow conditions. The bulk flow could be considered
as liquid film flow, in which the liquid film thickness was large. At
large film flow rates the film thickness would be greater than 0.050 in.,
while the maximum vapour bubble diameter would be about 0.040 in. (G6).

The present data indicate that gt lower film flow-rates
(1000 <Re< 4000) the boiling of the liquid film still resembles forced
convection subcooled boiling. It was also observed that at Re< 500 the
heat transfer surface was not wetted uniformly and that dry patches
tended to form at high surface temperatures, (Plate 8).

Bressler (B3) boiled water films at lower flaow-rates (350<Re
<1200) and low temperature differences AT. He observed that the boiling
heat fluxes corresponded to the pool boiling curve of Jakob and Linke (J1).
The boiling of these films was so intense that the effect of the small
film flow was negligible. The subcooling of the water was about 15CF.

Norman and McIntyre (N1) have investigated the boiling heat flux
to water films at lower film flow-rates still (20< Re < 1160). No sub-
cooling was employed and the temperature differences were low. These
observers too concluded that at the higher film flow-rates the boiling
of the liquid film could be described by the pool boiling curve. At
very low flow-rates, however, they measured rather high heat fluxes at
low temperature differences. This was attributed to direct surface

evaporation (similar to microlayer evaporation underneath vapour bubbles).
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The wetting of the heating surface under those conditions was possible,
because lower surface temperatures were employéd than in the present
experiments.

Usually the average heat flux to a liquid film is measured over
a certain boiling length. This leads to uncertainties because at low
flow-rates (Re< 1000) much evaporation occurs, such that dry areas appear
in the liquid film and the heating surface is not uniformly wetted. If
the boiling length is long then the film may completely evaporate. At
high heat fluxes (high temperature differences) this situation is even
more severe, because more evaporation occurs and the wetting is further
reduced. Thus at high heat fluxes a short boiling length should be
chosen in order to ensure uniform hydrodynamic conditions over the area
where the heat transfer is measured. The local heat—flux meter, which

was used in the present experiments, fulfills this aim.

3. Hegt-Flux Meters

In the case of pool boiling the use of the local heat-flux meter
assumes (besides the assumptions presented in the appendix) that the
local boiling occurring on the heat-flux meter is representative of the
boiling over the rest of the boiling surface. The work of Gaertner (G5)
suggests that after the DNB point on the boiling curve (i.e. when local
vapour patches tend to form on the heating surface) the local conditions
on thé heating surface alternate between film boiling and thin liquid
film evaporation. Because of its small size the heat-flux meter could
measure either of the two conditions when the temperature difference

on the boiling curve was between the DNB point and the maximum heat flux.
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Similar considerations apply to the transition boiling regime in which
the local heat flux changes as discussed gbove.

In a large number of pool boiling experiments with water it was
- observed that the heat flux decreased before the "maximum" heat flux was
indicated, (Figure 68). The resulting boiling curve showed a low maxi-
mum heat flux at a low temperature difference, (Figﬁre 66). These
results could be interpreted by a local dry-out (vapour patch) on the
heat-flux meter when the heat-flux meter should have indicated the true
maximuﬁ heat flux. Under such conditions the hegt-flux meter would indi-
cate a zero heat flux before it indicated a "maximum" heat flux. In some
traces the heat-flux meter indicated large variations from zero to the
maximum heat fiux near the expected maximum heat flux. The thick disc
heat-flux meter could be used to identify at what time the thin disc
should have indicated the maximum heat flux. In the traces which gave
a low "maximum" heat flux the thick disc always indicated the maximum
heat flux before the thin disc did, (Figure 68).

In the case of forced convection subcooled boiling the range
between DNB and the maximum heat flux is reduced, such that DNB almost
represents the maximum heat flux. Thus as soon as vapour patches begin
to form on the surface, the heating surface overheats and burn-out
(maximum heat flux) results. In the present unsteady-state experiments
it is assumed that at the point of separation of the liquid film from
the boiling plate the heat flux corresponds to the maximum heat flux
under steady-state conditions.

During the heat transfer measurements the nucleate boiling

section of the liquid films expanded along the boiling plate, (Plate 4).
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Thus when the liquid film reached the heat-flux meter, it had already
been heated by the nucleate boiling section. The amount of heating
depends on the distance between the heat-flux meter and the thin section
of the boiling plate. If this distance is very large, then the liquid
film will attain its saturation temperature by the time it reaches the
heat-flux meter. Thus in order to make a proper evaluation of the effect
of subcooling on the maximum heat flux, the heat-flux meter should be
placed close to the thin section.

The movement of the break-up region over the heat-flux meter
causes an unsymmetric heat flux over the disc, (Plate 6). It is unknown
how this disturbance affects the assumed operation of the heat-flux
meter, i.e. a uniform heat flux over the entire disc. The two thermo-
couple junctions have been arranged so that the line joining them was
parallel to the break-up region. For other positions of the edge thermo-
couple different "boiling curves" would be obtained. For example if the
edge thermocouple was upstream of the centre one a negative heat flux
would be recorded at the instant when the break-up region moved onto the
meter,

The conduction along the centre thermocouple wire cannot be
neglected as is shown in the appendix. This conduction error depends
upon the temperature gradient in the thermocouple wire. No correction
was made to the present results, because the exact value of the temper-
ature gradient was not known. It was estimated that the maximum
correction would amount to about +30,000 BTU/hr.sq.ft.

Using the data of Gaertner and Westwater (G3) the number of

nucleating sites on the heat-flux meter can be roughly estimated in the


http:BTU/hr.sq.ft

169

case of water. The area of the heat flux meter was 1l.33 x lO'4 sq.ft.
Thus at a heat flux of 320,000 BTU/hr.sq.ft and 55,000 BTU/hr.sq.ft the
number of nucleating sites would be 26 and 8 respectively. It should be
noted, however, that their data wereobtained under conditions of saturated
pool boiling of water. From the data of Gunther (G6) it is known that

the bubble population decreases with subcooling and forced convection and
hence the values estimated above are on the high side.

The use of equation (K-l1) requires precise machining of the heat-
flux meter discs, accurate location of the thermocouples and good silver-
soldefing. The thermal conductivity of the material of the heat-flux
meter must be precisely known at any temperature. The thermocouples must

also be calibrated accurately.

3.1l Thin Disc Heat Flux Meter

The thin disc heat-flux meter gave results which were in general
agreement with the literature data.
| The maximum temperature difference observed across the thin disc
was 20°F and 47°F for benzene and water respectively. Both of these
temperature differences were too high because much less boiling would
occur at the centre of the heat-flux meter. 1In the case of water

probably no‘boiling occurred at the centre of the disc at all. This

could explain why the maximum heat flux was not appreciably increased
with subcooling and why the temperature difference (at the maximum heat
flux) increased with subcooling in the case of water. The heat-flux
meter was not acting as the rest of the boiling plate at these high

boiling heat fluxes (Plate 6) and the heat-flux meter copled rapidly.


http:BTU/hr.sq.ft
http:BTU/hr.sq.ft

170

The initiation of this cooling (probably by transition boiling) depended
upon the liquid temperature, but the extent of the cooling remained about
the same (i.e. until no further boiling could take place at the centre of
the disc).

For the thin disc the centre thermocouple wire penetrated the
entire disc. Thus at high heat fluxes, when a temperature gradient
existed along the axis of the disc, the thermocouple would measure an
"average" temperature of the disc axis. Provided the temperature gradient
was small, then the thermocouple e.m.f. could be used in equation (K-1)
without much error.

Moore and Mesler (M5) have shown that during bubble growth the
heating surface is subjected to large local temperature variations. One
of their results showed that an average local heat flux of 830,000
BTU/hr.sq;ft cooled the heating surface for 1.80 milliseconds. The
heating surface then recovered during the following 12.5 milliseconds.
After the 1.80 milliseconds the surface temperature of the nichrome
strip had dropped by 24.2C°F. The depth of penetration of the temper-
ature variation was 0.0l5 in. Assuming that the boiling on a copper
surface is the same (i.e. same average local heat flux acting over
the same length of time) as on the nichrome strip, then the surface
temperature of the copper decreases by 6.2°F and the depth of penetra-
tion of the tempersture variation is 0.050 in. The copper surface
would then recover to its initial temperature within 12 milliseconds.
Since the heat-flux meter disc was dnly 0.010 in. thick, the centre

thermocouple would probably not only respond to the average of all the

nucleating sites on the heat-flux meter, but also to single nucleating
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sites near the centre of the disc. However such rapid temperature drops
(1.80 milliseconds) were not measured because the maximum frequency
response of the galvanometer M-40-350 was only 60 cycles/sec.

The response of the heat-flux measuring system can be judged
from the trace in Figure 55. The trace shows the magnitude of transition
boiling of water, when the liquid feel back on the heat~-flux meter.

The further use of this heat-flux meter in the boiling field
is recommended, since it provided reproducible results, which were in
agreement with current knowledge. Its limitations have been discussed

above.

3.2 Thick Disc Heat Flux Meter

Both thick copper disc heat-flux meters indicated large heat
fluxes in all the boiling regimes and in the forced convection regime,
(Figures 56 and 57). These results have been calculated using the
temperature trace of the thin disc heat-flux meter. This does not
affect the magnitude of the heat flux to a great extent, but does
cause an error in the temperature difference.

In the case of benzene (film flow or pool boiling) the heat-flux
meter hardly responded to the variable surface heat flux, but just indi-
cated a steady large heat flux. In the film flow experiments with water
two different characteristic traces could be obtained: one was an S-type
trace and the other showed a sharp peak, (Figure 56). In the S-type trace
the maximum heat flux always occurred after the thin disc had indicated
the maximum heat flux. It should also be noted that the heat-flux meter

always indicated a zero heat flux before indicating the maximum heat flux.
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This type of trace was obtained in most experiments. However, in two
film flow experiments the trace showed a definite peak (maximum heat
flux) and this peak coincided exactly in time with the maximum heat
flux of the thin copper disc.

The maximum heat flux for benzene and water at liquid temper-
atures close to the boiling point were about T00,000 BTU/hr.sq.ft and
2,000,000 BTU/hr.sq.ft respectively. For both liquids the film boiling
heat flux was indicated to be about 170,000 BTU/hr.sq.ft. For the thick
disc heat-flux meter the centre line temperature profile shows a large
temperature gradient (Figure T4) and hence the centre thermocouple
(being attached essentially to the bottom of the disc only) indicated
the least temperature difference. Thus when the three-dimensional
equation is applied the values for the heat fluxes would be higher still.

In the unsteady-state pool boiling experiments with water the
response of the thick disc heat-flux meter was good and characteristic,
(Figure 56). The peak of the trace coincided in time with the maximum
heat' flux of the thin disc heat-flux meter. As in the film flow experi-
ments the heat fluxes were always indicated as too large in all the
boiling regimes, (Figure 57).

When the film flow and the pool boiling traces are compared,
it will be noted that the film flow traces are anomalous, because of
their rounded peaks. Sharp peaks, as obtained in only two experiments,
were expected. The reason for such behaviour and for the indication
of these large heat fluxes is unknown. The answer may lie in the

locations of the thermocouples.
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3.3 Transient Heat Flux Measurement

Stenzel and Schultze (S2) have used a transient method for the
measurement of boiling heat fluxes to various oils. Their apparatus
consisted of a silver cylinder, which carried a thermocouple at its
axis, The cooling rate of this thermocouple gave a measure of the
surface heat flux. With this apparatus the heat flux was measured in
all the boiling regimes. Effects such as forced convection, subcooling,
surface roughness and surface tension were also studied. Their results
were in qualitative agreement with the boiling curves shown in Figure 3.
A notable exception was that no increase in the maximum heat flux was
observed with increasing subcooling. This was attributed to the high
viscosity of the oils at low temperatures. They note that such transient
heat-flux measurements have a limited accuracy and that rapid cooling
rates must be avoided.

The present experimental investigation has been carried out
under transient conditions with a moving heat sink and a variable
surface heat flux (advancing nucleate boiling region of the liquid film).
However, since measurements were essentially taken at the solid-liquid
interface, the true boiling heat flux - temperature difference relation-
ship should be ohtained with the present method. The cavity in the
boiling plate (due to the heat-flux meter) probably has a negligible
effect.

Good agreement between the film flow and unsteady-state pool
boiling data was obtained. In the pool boiling experiments the boiling
curve was obtained under transient conditions with a stationary heat

sink and a variable surface heat flux and these data were in reasonable
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agreement with the literature boiling curve. Thus it appears that the
present method can be used to measure boiling heat fluxes to liquid

films,



G. CONCLUSIONS

From the present work the following conclusions can be drawn:

(i) The local heat-flux meter can be used to measure heat fluxes in
pool boiling and in the boiling of liquid films. The present accuracy
however 1s limited due to the uncertainty of the magnitude of the thermo-
couple conduction error.

(ii) The thin disc heat-flux meter, which was used in the present
experiments, provided good results at low heat fluxes such as encountered
in the boiling of benzene. This meter should not be used at large heat
fluxes, which occur in the subcooled boiling of water films.

(iii) The film flow of benzene and water under boiling conditions
resulted in boiling curves, which showed improved heat fluxes over the
corresponding pool boiling curve. The boiling curves of the turbulent
liquid films (1000 < Re< 2500) changed with flow-rate and subcooling in

a manner, which was in agreement with forced convection subcooled boiling
as shownvin Figure 3.

The effect of the angle of inclination was unimportant in the
forced convection and nucleate boiling regimes.

At the high surface temperatures (high heat fluxes) used in the
present experiments Re > 500 in order for the liquid film to wet the
boiling plate uniformly.

(iv) The pool boiling data of benzene was in good agreement with the
literature pool boiling curve. In the case of water this agreement was

fair.
175
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(v) By treating the copper surface with benzene the heat flux to the
water film is reduced in the transition boiling regime and at the maximum
heat flux. This was attributed to the reduced wetting of the water on the
copper surface.

(vi) The films taken at 3000 p.p.s. showed that the hydrodynamic factors
governiné the liquid-film destruction during the transition from nucleate
to film boiling are complex.

(vii) The local heat-flux meter is a very useful tool for obtaining

boiling data quickly, since a rapid transient method can be employed.



H. RECOMMENDATIONS

The present study was done to provide some general information on
the hydrodynamic behaviour and heat transfer to turbulent liquid films
under boiling conditions. During the study a heat-flux meter was
developed; the use of such a meter for the measurement of boiling heat

fluxes is possible and further work should be done on the meter.

1. Experimental Technique

(1) The heat-flux meters should be calibrgted using steady-state
pool boiling in all the boiling regimes.

(i1) The conduction along the centre thermocouple should be reduced
or at least measured such that a correction can be applied to the data.
The thermocouple conduction error can be reduced by using a thinner
thermocouple wire and by decreasing the temperature gradient in the wire.
The temperature gradient was high in the present apparatus because of

the large heat transfer resistance between the copper block and the

copper plate. This joint, at which the thermocouple was embedded,
was at a high temperature.

(iii) At present only one heat-flux meter was used for the entire
study., It would be desirable to check two similar heat-flux meters
agaiﬁst each other. Also the effect of the geometry of the heat-
flux meter should be studied further. Different meter sizes should
give the same heat flux under the same conditions. This should lead
to the development of a heat-flux meter which measured the large heat

fluxes of subcooled water films more accurately.
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(iv) The liquid entry and outlet sections of the boiler assembly could
be improved. It was difficult to obtain a uniform film thickness at
large angles of incline. Also the liquid should be removed more directly,
since at large angles of incline liquid accumulated at the outlet and
this increased leakages. The leakages that occurred were due to the

deformed teflon.

2. Ep}ling of Liquid Films

(1) The present experiments should be repeated under controlled
surface oonditions and the present data range should be expanded into
the forced convection and film boiling regime.

(11) The boiling heat transfer to thin liquid films (b = 0.003 - 0.030
in,) might be investigated using the heat-flux meters.

(i1i) The effect of wetting on the boiling heat flux, particularly the
maximum heat flux, should be examined. In these experiments surface
treatments (such as with benzene) or addition of surface-active materials
or non-newtonian materials might be considered.

(1v) The thermal conductivity of the boiling plate affects the move-
ment of the break-up region of the liquid film. The break-up behaviour
of the liquid film using different boiling plafe materials might be

investigated.



I. NOMENCLATURE

a) - a5 constants

b liquid film thickness ft

c specific heat BTU/1bOF

D diameter ft

g acceleration of gravity ft/hre

G mass flow rate per unit wetted perimeter lb/hr.ft

h heat transfer coefficient BTU/hr.sq.£tOF

k thermal conductivity BTU/hr.sq.£tOF/ft

n/A number of nucleating sites per unit area per sq.ft

o pressure 1b/nr2et (= 0.239 x 10-8 -l-P-lil;EC—e)
ft

ap pressure difference 1b/hreft

Pe pressure of vapour thrust 1b/hraft

a/A  heat flux BTU/hr.sq.£t

r radius of bubble or cavity £t

t time hr

T1, bulk liquid temperature OF

TH temperature of superheated liquid Op

Tsat boiling point of liquid OF

T surface temperature °F

AT temperature difference (surface superheat) OF

u streamline velocity in liquid film ft/hr

u average velocity of liquid film ft/hr

Yy distance from heating surface ft

179
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Re

Np

We

Fr

thermal diffusivity

coefficient of cubical expansion
thermal boundary layer thickness
angle from the horizontal

latent heat of vaporization

viscosity

- density

surface tension

contact angle

Subscrigts

liquid
vapour

film

180

£t2/nr
per OF

ft

BTU/1b
1b/ft.hr
1h/cu.ft

1b/hr2

properties evaluated at the mean film temperature

Dimensionless Numbers

film Reynolds number

film thickness number

Weber number

Froude number

Richardson number
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Ra
Rayleigh nunmber
2
¢} bd ¢
g B
£ (Ty - T1,)
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l, Heat Flux Meter

The heat flux meter consists of a thin metal disc, which is in
the heating surface and is insulated from below (Figure 69). When heat
flows from the disc surface, the centre temperature of the disc is lower
than the edge temperature. The magnitude of this two-dimensional temper-
ature difference indicates the heat flux from the disc surface. The heat
flux meter has been based on the design by Gardon (GlO).

le.1 Assumptions

The following assumptions have been made for an analysis of the
heat-flux meter when used under boiling conditions:

(1) Since boiling is a local transient process sufficient
bubble nucleating sites must be on the disc such that a statistical
average heat flux is measured at all times.

(11) The heat flux from the disc should be the same at
every point on the disc.

(iii) The thin disc should not interfere with the boiling'
?henomenon. Bolling heat flux is quite sensitive to the temperature
difference (wall temperature) and thus the centre temperature should
not be more than 5°F below the edge temperature:

Tw - Tsat > Tw - Tc
The materlal of the heat flux meter must have a high thermal conductivity
(14e, copper or silver), in order to keep (Ty - Tg¢) small under the con-

ditlons of the high heat fluxes encountered in boiling.
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(iv) No cqnduction of heat along the thermocouple wires
which measure the edge temperature Ty and the centre temperature Tg.

(v) A true two-dimensional conduction problem such that
at the centre of the disc the top surface has the same temperature as
the bottam, |

(vi) The thin disc has a very fast response time, such
that when the disc is subjected to a varying heat flux, the instant-
aneous heat flux is indicated by the steédy-state temperature difference
at all times, A material of high thermal conductivity is required for
the heat-flux meter disc, if the time constant should be small.

1,2 Two-Dimensional Analysis

The following equation for steady-~state conditions of the thin

disc can be written (Figure 69):

ar
Grm =k 2=

q = ('Qr+61") - (-ar)

w1y @ 4 (. ar aT
(q/A)v 2mér = 2n(r +857) b [k = * 3 (k dr) 5% - 2mtk =

{a/n) kdr & /, 4T
Tt fraotT(Fa
14 x 4T
=T & (KT

The equation is solved with the following boundary conditions:

(1) r=0 T = Tg & .o
. dr
(i1) r = R T = Ty

and k sk, (1 +aAT) where AT =T - T,
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t a '
oo (a/A) = f*_;ig,_ (Tw - Tc) [l +3 (aTy +ATC)] (k-1)
o}
The thermocouple voltage is given by the equation

E=gaT + yAT2
AE = By - Eg = B(NI‘W-A‘I‘c)+Y(ATw2-AT02)
= (v - Tc) [B + v (o1 + 81c))

Substituting
a
Ro® [8+ vy (aTy +aTe)]
since T — Ty My + ATg = 2Ty

and then writing

1 1l 404
g Esl mmw:;

L kot AE
L] A = ___Q_.—. s—— -
7/ Ro2 p (xk-2)

'For the thin copper disc t = 0.010 in. Ry = 0.078 in.

(a/A) = 17,700 -QE (x-3)
For the thick copper disc 1t = 0.0575 in. Ry, = 0.078 in.
(o/a) = 102,000 ZE (K-1)

c

. These equations have been used for the evaluation of the boiling
heat flux, The function C has been plotted in Figure TO using values
o, B and Y which have been obtained from the International Critical
Tables,

Copper~Constantan thermocouple :

E = 0.038L AT 4 0.4y x 10°% 72 o
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Thermal Conductivity of Copper (T76° - 362°C):
k = 0.925 (1 - 0.00009 AT) cals/cmsec.C/cm
where AT is in °C and Ty = 0°C.
Converting to °OF
E = 0.0212 AT + 0.137 x 10°% 272  mwy
k = 224 (1 - 0.00005 AT)  BIU/hr.sq.ft.CF/ft
where AT is in OF and Ty = 32°F.

1,3 Heat Flux Meter Calibration

The thermocouples of the thin copper disc heat-flux meter were
checked individually with a potentiometer. Comparisons were made when
the boller assenbly was at two uniform temperatures; one in air and the

other when hot benzene was flowing over it.

TABLE 2
Air Benzene
Edge thermocouple 4,080 mv 2.800 mV
Centre thermocouple 4,080 nv 2.800 niv

——

The closed circuit of the heat-flux meter already carried a
small current, when there was no temperature differential at the meter.
The magnitude of the e.m.f. was +0.010 mV and probgbly arose from other
Junctlions in the circuit. By use of the Deviation Amplifier it was
shown that the e.m.f. source was on the galvanometer side of the
clrecult, (Figﬁre T7L). The initial current changed during the warm-up

period of the Visicorder, because cf the change of resistance of the
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galvanometer coil. The resistance remained constant after 15 minutes
warm-up of the Visicorder.

For calibration of the heat-flux meter a Honeywell single-pen
recorder was adjusted to the range of O - 2 mV and connected across
the terminals AB (Figure T1). Thus a measurement of the voltage, V. was
obtained, Water was passed on the heat-flux meters such that the
deflections on the single-pen recorder and Visicorder were steady.
Steady deflections were compared and plotted as shown in Figure T2.

A comparison of the two theoretical curves of Ey and V against
the Visicorder deflection is also shown. The galvanometer sensitivity
was 0.243 uA/inch. The experimental curve of V had a greater slope
then expected. The reasons for this are unknown. The experimental
curve was taken as the calibration curve of the heat-flux meter.

The circuit of the thick disc heat-flux meter was electrically
equivalent to the thin disc heat-flux meter. The calibration of this
meter is also shown in Figure T2.

1.4 Three-Dimensional Analysis

The simplicity of the two-dimensional analysis presented above
permits a direct relation between the heat flux and the differential
e.n,f, The dependence of the thermal conductivity, although small in
the case of copper, has also been incorporated in that expression.

The following analysis (HL7) was performed in order to determine the
magnitude of the three-dimensional effects, the time constant of the

heat~flux meter and the thermocouple conduction error.
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The energy equation for heat conduction in a solid cylindrical

system exhibiting radial symmetry and constant properties can be written

as 5
2r 1 om (R A 5
B2 YT v t\%® 922 = 20 -5

where each variable has been normalised with

1 1 [
r Z ad
b 4 iy VA ———
= = 8 = —

The primed variables are defined in Figure 69.

Steady-state analysis

Under steady state conditions equation (K-5) can be

written

%;Tz+%§§-+(%ﬂ)2%§rz=o (k-6)
where T = T' - Ty and Ty is the temperature along the edge of the disc,
i.e. at r' = Ry for all z. In order that the analysis may be more
general the heat-flux density was considered to be operable over the
region O ¢ r' ¢ Ry and over the remaining annular ring, i.e. Rj¢ r' < Rg

the heat flux was considered to be zero.

The boundary conditions may be written

4aT

(1) r=0 - 0, =~ radially symmetrical temperature distribution
(i1) r=1 T =0, - temperature at edge of disc for all z is Ty

. aT .
(1i1) z =0 & = 0, - no heat loss from underside of disc

(iv) =z =1 %E-z‘ = 'Sﬂé\-ﬁ, - uniform heat flux away from upper
0 §r €r] region of disc. 1] = R
Ro
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By the separation of variables with the equation
T(r,z) = R (r) . F(z)

two ordinary differential equations arise

2R =0

) -

where X is the Eigenvalue. These equations are easily solved to yield

R= C1 :]0 (ar) + Co yo()‘r)

T= Cz sinh (%)z + Cy cosh (%E)z

o)

SU @'%

ale ples
TJ > 'f\lwm
(_6

The constants are evaluated by utilizing the boundary conditions

and a Fourier-Bessel series representation (C 13) of the function

fisp]

k
The final solution is ' (A 2
n
o - (Agry) | r) cosh R )
Tyg = -2(q/A)RO Jl n ] n . -——-‘;;%— (XK-7)
E A2 k1 []o( oF1) +Jl (Anrl] sinh(_.ﬁ_o.)

n=l
where A\, are the roots of ]o (Ap) =0

With ry) = 1 the steady-state temperature profile within the
heat-flux meter can be compared with that predicted from the two-
dimensional equation (K-l1). The value of the thermal conductivity of
copper has been taken at 220 BTU/hr.sq.ft.°F/ft. Figures 73 and T4
indicate this comparison for the meters used in this study. It can
be seen that the two-dimensional equation predicts satisfactory

results for the thin disc. For the thick disk there is a significant
temperature difference between the top and bottom of the disc.
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Equation (K-7) reduces to equation (K-1) when the average temper-
ature T ave along the axis of the disc is calculated. The summation in
the equation shown in Figure 69 equals l/8. However the thermocouple
e.n.f. is not directly related to this average temperature, because the
e.mn.,fy is not a linear function of temperature. Thus the three-dimensional
equation is necessary for the proper evaluation of the heat flux from the
measured e.m.f., when the temperature gradient along the axis is large

(as in the thick disc heat-flux meter).

Unsteady-state analysis

The equation (K~5) may also be written

3%y 1 o7 Ro) 2 39T o7
T FT R +<.,3) %2 = W (x-8)
Where T = T" = Tss Tss = T' (I', Z‘) - %’

"

% = T'(r;z0) - Ty
and To5 is the steady-state temperature distribution given by equation
(K-7)+

The boundary conditions in this case are

(i) r=0 af . o for all 6 and z
dr
: ar _
(ii) =z =0 T 0 for all 6 and r
(1ii) 2z = for all 6, since
@
osrsr dz ar" _ 9Tgs _ _ (a/A)t
dz dz k
(iv) r=1 T=0 for all 8 and z

(v) 0 =0 T = -Tgg i.e. T =0 for all r and z.
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By the separation of variables with
T (r,Z,G) = R (r) L] F (Z’e)

the following differential equations are obtained
P L8 L

d
e

Applying the separation of variables technique a second time with

F (2,0) = J(z).® (o)

the result is

i, g

d e

2 2
%z-;+ (r2 . xa)go) Y« o
Remembering that
T (r,2,0) = R(r) . J(z) - @ (o)

Jo )+ Yo (a)
T = C) sin l}rQ - A2)1/2 (ﬁf) {l+ Cs cosl}l‘e—xz)l/2(§%) z]

@ = 03 e-r2e

From boundary conditions (i) C, = O and from (ii) Cy = O. Applying

glg &%
n B

boundary condition: (iii) then

2 . [(55_) nnT + 22

Boundary condition (iv) yields
]o (Ag) = O
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and hence

re Ro 2 2

2 = [(T) n'ﬂ:l * Anm
Boundary condition (v) is applied to the remaining equation for T with
the result, in which the constant of integration Am,n remains to be
evaluated :

- Tgg = Ap,n ]o (Ap ) cos nmz

In order to represent the steady-state temperature profile Tgg by a
Fourier-Bessel series both sides are multiplied by r] o (Ay r) cos jmz

“Tgs r]o (Ay r) cos jnz = Am,n:]o(km r) COS nnZ. ]o()\i r) cos jnz

Integrating

1,1

[ { ~Tyg ':r]o (A r) dr:l cos jnz dz
070

1,1
= { { Am,n I:rJo (J\mr):lo (A r) dIZl cos nmz.cos jnz dz
0’0

Both double integrals are equal to zero unless m= 1 and n = j.

By substituting equation (K-7) for Tgg and performing the necessary

integrations Am,n can be evaluated.

Then :l . (Rg )\nﬂ
(Ap r1) (-1) t .
_ L AR 1\Am *1
Am,n = T{J}"%ITO . []g(xm r1) +Jf (Amrl{[ [(RO n'n)2 % Ai:'
t

except when n = 0, in which case

o(a/AR 3]_ (A1) - R
Amo = ES%‘I.LJ.‘O []g (Ap 1) +]f (A rl)] (T:E)
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Therefore

) 2(q/A)R ]l(*mrl ] (hir) R rm a8
T e -ZEF——Q [J5 Guzp 45 G rl)] Amt exp ]

\ 2
Z qu/A)R 10w Gur )y (-1)" ( e 2) cos Fm,nae
g [ Jo0) + )30 l)][(&“fn—? :l (K-9)‘

With r; = 1 the equation describes the behaviour of each point

in a norrally operated heat-flux meter at any instant of time. Although
it does not have the same form as equation (K-7) it does yield the same
prediction of the steady-state temperature at zero time.

The equation (K-9) was used to predict the time constant of the
thin disc meter used in the present study. Figure 75 shows a plot of the
centre surface temperature as a function of time, when a uniform heat
flux of 200,000 BTU/hr.sq.ft is suddenly applied. The time constant is
predicted to be approximately 7 milliseconds, when based on 65.2% of
the steady-state temperature difference.

1.5 Thermocouple Conduction Error

The results obtained with the heat-flux meter were always lower
than those obtained with the vapour collection method in the steady-
state pool boiling of benzene. (Figures 58 and 6l). The difference
was of the order of 10,000 to 20,000 BTU/hr.sq.ft. Also a change in
the zero position of the galvanometer was frequently observed, particu-
larly during an accidental dry-out in the pool boiling experiments,

(Figure 68). The zero deviation was always negative and was found to
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be approximately -0.025 mV (15,000 BTU/hr.sq.ft) for boiling benzene

and -0.060 mV (35,000 BTU/hr.sq.ft) for boiling water. Heat conduction

into the thin disc by conduction along the centre thermocouple wire

could lead to "low" measured heat fluxes and to such negative deviations.
The actual boiling heat fluxes of benzene were about 60,000

BTU/hr.sq.fte. Then the temperature gradient across the copper plate

was
60,000 = 220 AL a/a = kAT
1/12 Ax
AT = 23 OF

Under these conditions the chromel-alumel thermocouples indicated a
copper block temperature of L20CF. Thus for the heat transfer resistance
between the copper block and the copper plate a value of 130°F was
estimated. This figure increases with time due to increasing oxidation
and distortion of the contact areas; this is the position where the
thermocouples leads are embedded. The heat flux through the con-

stantan thermocouple wire was then approximately

= 23 + 130
/A = 15.0 ﬁ“’ijﬁﬁ?“l

27,000 BTU/hr.sq.ft

Figure 76 shows the increase of the centre temperature of the
thin copper disc with the heat flux through the constantan wire. This
graph was obtained by solving equation (K-7) and setting r = 0.038.
It is shown that a heat flux of 27,000 BTU/hr.sq.ft through the con-

stantan wire increases the centre temperature by about 1.7 OF.
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Such an error would decrease the measured heat flux by approximately

o/A = 17,700 x 1.7 = 30,000 BTU/hr.sq.ft
using equation (K-3). Hence the "low" heat fluxes indicated by the heat-
flux meters and the negative deviations can be accounted for by heat
conduction along the centre thermocouple. However, no quantitative
correction can be applied to the heat fluxes because the temperature
gradient in the constantan wires is not exactly known at any time.
Since in most experiments the copper block temperature was about 450°F
the calculated correction of 30,000 BTU/hr.sq.ft represents roughly the
maximum correction.

Experiments were performed in which the boiling plate was
rapidly heated with the electric heater. Both were initially at the
same temperature. The Honeywell Deviation Amplifier, calibrated in
the range 0-0.1 mV, was used to measure the zero shift. During rapid
heating a negative deflection of the zero position was observed; which
amounted to a maximum of -0.025 mV. When heating was discontinued
and the boiler assembly attained a uniform temperature again the
negative deflection was found to decrease markedly. However it not
necessarily returned to the initial zero position after lAhour, but
sometimes required much more time. Uafortunately no accurate evalua-
tion of the zero-shift with the temperature gradient across the
boiiing plate could be made, because no proper.thermocouples were
located at the bottom of the boiling plate. This effect was repro-
ducible, but was not obtained during slow heating of the boiler

assembly.
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The problem of thermocouple conduction errors for thermocouples
attached to an infinite slab has been treated by Burnett (Bl5). The

method however is not recommended for correction purposes.

2. Electric Heater Design Data

The electric heater was designed to sustain a nucleate boiling
heat flux of 310,000 BTU/hr.sq.ft over an area of 6 in. x 4 in. The
electric heater was divided into 6 indpendently controlled sections,
each capable of supplying 8,600 BTU/hr (2.52 KW).

Three windings, each 2 ft long, were fitted into each section
(Figure 21). Two windings in series were used for 2.52 KW operation
and the three windings in series were used for 1.0 KW operation. Each
section was designed with 4 copper fins, 2 1/2 in. long, 6 in. wide
and 1/8 in. thick. The temperature at bottom of the fin at the maxi-
mum heat load was calculated to be 650°F using the equation applicable

to rectangular fins. The design data are shown in Table 3.

3. Experimental Difficulties

The surface thermocouples introduced into the boiling plate
necessitated a separation between the electric heater and the boiling
plate. The contact surfaces were machined flat and tinned together for
good fhermal contact. However over long periods of steady-state runs
with water the tin oxidized and formed a heat transfer resistance. The
elecﬁric heater was subsequently overheated leading to slight deforma-
tion. During the unsteady-state runs these difficulties were not so

significant.


http:BTU/hr.sq.ft

Operating Length of Surface
P;;er Wigiing Resisﬂtance waii?gzr.l?n 1 o __qhiﬁ._ Kﬁiﬁlﬁl
1.25 2 0.11k 35.0 0.057 315 |3/4 in. x 0.015 in.
2'551.25 2 0.11k4 35.0 0.057 | 315 |3/4% in. x 0.015 in.
0.2 2  0.114 - - - 3/4 in. x 0.015 in.
1.040.2 2 0.11k4 - - - |3/% in. x 0.015 in.
0.6 2 0.348 33.4 0.17T4 50 |3/8 in. x 0.015 in.

(% oA



Some of the surface thermocouples proved unreliable. The
electroplated, press-fitted thermocouples worked very well near the
bottom of the boiling plate, where they were not subjected to the
large temperature gradients. Some of the surface thermocouples near
the thin section of the boiling plate failed after a few ruans and
sometimes mushroomed out of the boiling plate. Unfortunately the
silversoldered thermocouples were not silversoldered properly and
gave erratic readings. This difficulty however can easily be over-
come.

Due to the high temperatures of the boiling plate the teflon
deformed extensively. The leakage of benzene vapour into the room
was a safety hazard although substantial ventilation was provided.

The connections of the cables to the electric heater
oxidized leading to large contact resistances. This limited the
power of the electric heaters considerably.

Further difficulties were experienced in the synchronisation
of the camera with the flash stroboscope. A modification of the

camera pick-up was suggested.
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