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ABSTRACT

The possible improvement of film boiling heat
transfar through the use of surface macro-roughness
elements is the subject of the present study. A
macro-roughened heating surface was fabricated with
a flush-mounted micro-thermocouple in the protrud-
ing end of one of the macro-roughness elements.

The temperature measurements obtained from this
micro-thermocoupie indicated that intermittent,
direct Tiquid-solid contact occurred between the
boiling 1iquid and the instrumented macro-roughness
element at bulk surface temperatures significantly
above the smooth surface minimum film boiling
temperature. The boiling heat transfer on the
macro-roughened surface was found to be as much as
500% greater than that measured for the same liquid
on a smooth surface at the same bulk surface
temperature.

1. INTRODUCTION

The most fundamental characteristic of fiim
boiling is the presence of a vapor layer that
essentially maintains a separation between the
heating surface and the Tiquid. This separating
vapor Tayer constitutes a restriction to heat
transfer. This restricticn to heat transfer due to
the vapor layer is the logical focal point on which
to concentrate research efforts to improve the
thermal effectiveness of film boiling heat transfer
(i.e. to re-establish and/or increase direct contact
between the heating surface and the boiling liquid).
Direct contact between the liquid and the heating
surface in film boiling has been reported by a
number of investigators (e.g. [1-6]). One method
of improving the thermal effectiveness of film
boiling heat transfer which has been shown to be
successful [4,5] is that of introducing macro-
roughness to the heating surface. Bradfield {1]
aliuded to this method of improving the thermal
effectiveness of fiim boiling heat transfer in his
statement: "Liquid-solid contact can be achieved
at stable film boiling temperatures by any means
which will induce surface roughness elements to
tickle the iiguid-vapor interface ... It may become
desirable to control heat flow by controlling
iiquid-solid contact in the stable film boiling
regime."

The relationship betwean liquid-solid contact
and improved film boiling heat transfer rates on

macro-roughened surfaces has not been thoroughly
investigated and specific data is scarce. The
objectives of the present study have been (1)

to obtain quantitative measurements of 1iquid-
solid contact in film boiling on a macro-roughened
surface, {2) to obtain overall heat transfer co-
efficients for film boiling on a macro-roughened
surface, and (3) to obtain a fundamental under-
standing of the physical mechanisms operative in
preducing the observed changes in heat transfer
on a macro-roughened surface.

2.  EXPERIMENTAL APPARATUS AND PROCEDURE

A macro-rougnened heating surface was fabri-
cated by press-fitting 492 0.162 cm diameter
cylindrical pins into an otherwise smooth surface,
each pin having a height of 0.127 cm and arranged
in a square array having an in-3ine center-to-
center spacing of 0.305 cm (see Figure 1). The
surface and pins were fabricated from mild steel.
One of the pins was fitted with a flush-nounted
micro-thermocouple junction at the protruding
tip (see Figure 2). This thermocouple/pin was
fabricated by drilling a hole in one of the
cylindrical pins and inserting a 0.0254 cm dia-
meter constantan wire and a ceramic insulator
from the bottom, brazing the exposed junction
with 24K gold, miiling the brazed junction until
flush with the top of the pin, press-fitting the
assembly into the heating surface, and glating
the entire surface and pins with approximately
0.005 cm of nickel to inhibit corrosion. The
output of the thermocouple junction was calibrated
against a chromel-alumel thermocouple. The
signal from the thermocouple/pin was ampiified by
a Honeywell Accudata Model 122 differential
amplifier. The measured response rate of the
thermocouple/pin assembly was determined to be at
Teast 12,000°C/sec. The bulk temperature of the
heating surface was determined from a chromel-
alumel thermocouple inserted in the 0.178 cm
diameter hole detailed in Figure 1. The bulk
surface temperature and the temperature of the
Jjunction in the tip of the thermocouple/pin were
displayed on an oscilloscope and recorded on a
strip chart. The surface was heated from beneath
by a gas burner or an electric hot piate. A1l
experiments were conducted at atmespheric condi-
tiens.
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Figure 1. Detail of Heating Surface CP54
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Figure 2. Detail of Micro-Thermocouple/Pin

Stationary discrete {Leidenfrost) drops were
introduced by gently pouring saturated 1iquid onto
the heating surface. The vertically projected
area of the drops was photographed at 2 second
intervals throughout the vaporization process with
a Bolex Model HI16RX5 16 mm single-frame/movie
camera which was positioned directly above the
heating surface (Tense facing downward). Instan-
taneous heat transfer coefficients were calculated
from the vaporization rate of the drops as deter-
mined from the photographs. The heat transfer
coefficient for a film boiling drop as defined in
the present study is given by Equation 1.

%

Ps Ahv dt

h = - - (])
D AptTw TL5

In Equation 1 it is assumed that all of the heat
transferred to the drop results in vaporization.
The vertically projected drop area, Ap, was

obtained from the photographs by projecting these
onto a drafting table and measuring the area with
a polar planimeter. The drop volume, Vn, was
determined from the vertically projecteg drop area
through a numerical solution to the Laplace Capil-
lary Equation for sessile drops (a detailed
description of this solution may be found in Ref-
erence 7).

Four 1iquids were investigated: water,
denatured ethanol, iso-propanol, and ethylene-
chloride. A total of 674 heat transfer coeffici-
ents were obtained for the four 1liquids with bulk
surface temperatures ranging from 220°C to 620°C
and drop sizes ranging from 0.01 to 10.0 cc. The
transient temperature of the protruding tip of
the instrumented thermocouple/pin throughout 45
drop lifetimes was recorded. The contact period
and duration were determined from the temperature
of the junction at the tip of the thermocouple/
pin. The liquid-solid contact duration was taken
to be the time during which the temperature of the
junction was falling and the contact period was
taken as the time between successive maxima in the
temperature of the junction. The pin tip temper-
ature (characterized by the temperature of the
junction in the top/center of the pin) experienced
a maximum and a minimum during each contact period.
The maximum is referred to as the recovery temper-
ature and the minimum is referred to as the
quench temperature. The difference between the
temperature of the pin tip and the bulk surface
temperature is referred to as the temperature
depression across the pin.

3. RESULTS

The 674 heat transfer data points are pre-
sented in the following form: percent increase
in the heat flux on the macro-roughened surface
as compared to that which would occur on a smooth
surface for the same liquid, drop volume, and
bulk surface temperature. The corresponding .
smooth surface heat flux was determined from the
correlation given in Reference 8. Thus, the heat
flux as measured in the present study may be
computed from the percent increase given in
Figures 3 through 6 and the corresponding smooth
surface heat flux determined from the correlation
given in Reference 8.
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Figure 3. Increase in Heat Flux for Water on
Surface CP54
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Figure 4. Increase in Heat Flux for Ethanol on
Surface CP54
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Figure 5. Increase in Heat Flux for Iso-Propanol
on Surface CP54
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Figure 6. Increase in Heat Flux for Ethylene-
Chloride on Surface CP54

This particular smooth surface discrete drop film
boiling correlation was used to reduce the data
as it was in good agreement with 714 additional
data points obtained in the present study on a
smooth nickel plated carbon steel surface using
the same four liquids. In the figures, the

percent increase in heat flux is shown rather than

the actual measured heat flux so that the effect

of the macro-roughness elements will be readily
discernible. The increase in heat flux can be
seen to vary significantly for the four different
liquids investigated as well as the bulk surface
temperature (represented by dimensionless super-
heat, A) and the size of the drop (represented by
dimensionless drop volume, V*). Some typical
temperature traces from the micro-thermocouple are
shown in Figures 7 through 9 (actual strip chart
records).

The thermal response of the instrumented
macro-roughness element to the liquid-solid
contact observed could be classified into three -
distinct cateqories:

1. Intermittent Tiquid-solid contact resulting
in a staircase-like reduction in temperature
to an asymptotic value where stable film
boiling is maintained (see Figure 7).

2. Intermittent 1iquid-solid contact resulting
in a staircase-like reduction in temperature
until a certain value of temperature is
reached,at which time the liquid-solid
contact becomes essentially continuous and
the film boiling process evolves into quasi-
nucleate-type boiling (see Figure 8). (In
the present paper, film boiling and quasi-
nucleate boiling are distinguished by
whether the Tiquid solid contact is inter-
mittent or continuous, respectively.)

3. The first contact is essentially sustained
throughout the lifetime of the drop and
quasi-nucleate-type boiling begins almost
immediately upon introduction of the drop
to the surface (see Figure 9).

This variation in boiling behavior on & macro-

roughened surface necessitates clarification of

the definition of film boiling and the minimum
film boiling temperature.

Nishio and Hirata [2] (who dealt with im-
pinging, rather than stationary, drops) obtained
photographic evidence showina that under certain
circumstances, when the 1iquid comes into direct
contact with the heating surface and the tempera-
ture of the surface at the point of contact is
above some minimum value, rapid local vaporization
will occur causing the liquid to be forced away
from the surface at the point of contact, thus
re-establishing the vapor layer separating the
heating surface from the boiling liquid. This
Tocal minimum temperature that must be maintained
in order to subsequently maintain the vapor layer
characteristic of film boiling is herein termed
the "local minimum film boiling temperature",
abbreviated LMFBT. The bulk surface temperature
required to maintain the LMFBT at every point on
the heating surface where liquid-solid contact
occurs is herein termed the "bulk minimum film
boiling temperature" abbreviated BMFBT.

This definition of the LMFBT inherently
associates a locally intermittent character with
1iquid-solid contact in film boiling. Bradfield
[1] stated that the liguid-solid contact in what
he termed "stable film boiling" could be
"neriodic" (intermittent) or "quasi-steady"
{presumably not intermittent).

Photographs taken in the present study
indicate that liquid-solid contact on the macro-
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roughened surface investigation primarily occurs at
the top of the cylindrical pins. It is for this
reason that the temperature of the thermocouple
junction in the top/center of the instrumented pin
is thought to be characteristic of the liquid-solid
contact process in the immediate vicinity of con-
tact. The liquid-solid contact period, duration,
and temperature depression data taken in the pre-
sent study is the only data of this type for film
boiling on a macro-roughened surface known to the
authors at the present time.

The BMFBT in the present study was determined
from the thermocouple/pin temperature fluctuaticns.
When the contact duration became essentially equal
to the contact period (thus the liquid-solid
contact became continuous) the bulk surface temper-
ature was said to be equal to the BMFBT. The
BMFBT for water, ethanol, iso-propanol, and
ethylene-chloride on the macro-roughened surface
investigated in the present study.wWere determined
to be approximately 600°C, 240°C, 240°C, and 235°C
respectively. The smooth surface BMFBT tor the
same fluids are 235°C, 155°C, 150°C, and 150°C
[9]. The temperature of the thermocouple/pin tip
just prior to the time when the liquid-soiid
contacts became continuous was said to be equal to

the LMFBT. The LMFBT for water, ethanol, iso-
propanol, and ethylene-chloride on the macro-
roughened surface was determined to be approxi-
mately 275°C, 230°C, 230°C, and 225°C respect-
ively.

The thermal response of the instrumented
macro-roughness element to intermittent Tiquid-
solid contact in film boiling is summarized in
Table 1. Each series represents one complete
drop lifetime (from introduction to the surface
to complete vaporization). The letters following
the series numbers indicate selected segments of
the drop lifetime. The number of contacts in
each segment of each series is indicated in the
table. The contact period, duration, and char-
acteristic temperatures were averaged over the
number of contacts in the segment. Average values,
as well as the standard deviation (where applic-
able), are given for each quantity.

Temperature depressions across the instru-
mented thermocouple/pin of up to 147°C were
recorded with water (series 17d), resulting from
intermittent liquid-solid contacts having an
average period of 0.069 sec. and an average dura-
tion of 0.032 sec. If this temperature of the
thermocouple/pin tip and the contact duration and



Table 1. Summary of thermocouple/pin data for
surface CP54
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period are used with the equation for contact heat
flux employed by Yao and Henry [6] (which is the
standard error function solution for the contact

of two semi-infinite static media), the local heat
flux during,liquid-solid contact is calculated to
be 1.6 MW/m~, which is slightly,above the critical
heat flux for water of 1.4 MW/m~. Both the contact
duration and the calculated heat flux are of the
same order of magnitude as that predicted by the
analysis of Yao and Henry. The applicability of
the error function solution for liquid-solid con-
tact in the present case was investigated by noting
the initial temperature depression of the pin tip
as the liquid was first introduced to the heating
surface. The initial temperature depressions
measured in the present study were in good agree-
ment with those predicted by the error function
solution for the contact of two semi-infinite
static media, indicating that this formulation may
be applicable to the liquid-solid contact phenom-
enon on macro-roughened surfaces, provided the
temperature within the macro-roughness elements is
initially uniform and the heat transfer is essent-
ially one dimensional. Although this relatively
targe heat flux resulting from intermittent liquid-
solid contact occurs only over a relatively small
fraction of the heating surface (the surface area

of the pin tip accounts for only about 20% of the
total area of the heating surface) a substantial
increase in film boiling heat flux can be realized
(see Figures 3 through 6). The BMFBT which marks
the transition between quasi-nucleate and film
boiling is ciearly distinguishable from both the
temperature traces of the flush-mounted micro-
thermocouple in the protruding tip of the instru-
mented macro-roughness element and the cverall
heat flux. The distinction between quasi-nucleate
and film boiling can be clearly seen by comparing
the first data sequence to the subsequent data
sequences in Figures 4 through 6.

4. CONCLUSIONS

Direct liquid-solid contact may occur in
film boiling. Furthermore, this occurrence may be
significantly increased by the introduction of
macro-roughness elements to the heating surface.

If the macro-roughness elements protrude above

the heating surface enough to bridge the vapor
layer that characteristically separates the heating
surface from the 1iquid in film boiling, an enhance-
ment in heat transfer will result. The magnitude
of the effect of introducing macro-rouchness
elements to the heating surface was found to depend
on the Tliquid, the drop size, and the bulk surface
temperature (as can be seen from Fiqures 3 through
6). The BMFBT as well as the LMFBT can be determined
when Tiquid-soTlid contact is present through the

use of a micro-thermocouple. The increase in BMFBT
on a macro-roughened surface as compared to a smooth
surface is greater than the correspondina increase
in LI'FBT. This is thouaht to be evidence of the
Targe Tecalized heat flux in the vicinity of Tiquid-
solid contact.

5. NOMENCLATURE

Ap Mertically projected drop area
C constant pressure specific heat of saturated
P9 vapor
hpy drop heat transfer coefficient (Egn. 1)
;TL liquid (saturation) temperature
T instantaneous temperature at the tip of the
. P instrumented pin
’TQ quench temperature (the minimum value of Tp
: during a contact)
’TR recovery temperature (the value of Tp Just
| prior to contact)
ij bulk surface temperature
-VD drop volume
e o 99, -2
Yk = VD[@TE;:5;7_J dimensionless drop volume
AT = T,-T the excursion of T_ during a
¢ RQ contact P
AT = TN'T the instantaneous pin tip tempera-
p p ture depression
T
.6 = ;5 the contact duration/period ratio



c_(1,-T)
A= —EEZEH——E— dimensionless superheat
v
PE density of saturated liquid
fq density of saturated vapor
T contact period (the time between contacts)
Te contact duration
Superscripts
—_— indicates average quantity
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