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Paper 8

HEAT TRANSFER FROM A WIRE IN THE CRITICAL REGION

By U. Grigull* and E. Abadzic*

This work deals with experimental results on boiling from a horizontal platinum wire, 0-1 mm in diameter,
submerged in saturated liquids as carbon dioxide (CO,) and Freon 13 (CF;Cl) in the critical region. Three
discrete regimes without steady transition could be observed: natural convection, nucleate boiling, and film
boiling. Near the critical point particular flow patterns appeared in the rising vapour in film boiling: regular
bubbles, vapour columns, and vapour hazes with garland-like boundaries. These flow patterns could be
simulated in model experiments with liquids and were also photographed with a high-speed camera.

EXPERIMENTAL PROCEDURE

A PLATINUM WIRE of 0-1 mm in diameter was arranged
horizontally in a pressure vessel made of non-corrosive
steel. This cuvette had an inside height of 60 mm, an
inside length of 150 mm, and an inside depth of 20 mm;
two opposite long sides were provided with glass windows.
Carbon dioxide (CO.) (critical values p, = 73-8 bar,
6, = 31-1°C) and Freon 13 (CF;Cl) (P, = 38:6 bar,
0, = 28-8°C), were used as test fluids and the test region
covered normalized pressures p/p, from 0-75 to 1. The
test fluids were cleaned from oil-contaminations by multiple
distillation. In order to measure the potential drop two
potential leads, 100 mm apart, were welded to the heating
wire. The heat flux and wire temperature were deter-
mined from this and the measured current. Digitally
indicating instruments were used for electrical measure-
ments. In all instances the liquid temperature was close
to that of boiling.

EXPERIMENTAL RESULTS

Measured values of heat flux ¢ for CQ, and Freon 13 were
plotted against the temperature difference 46 = 8,,—6,
(Nukiyama plot), where 6, is the heating wire temperature
and 6, is the saturation temperature; 6, was determined
from the measured pressure of the system. In Figs 8.1
and 8.2 three discrete regimes with no steady transition
can be observed: natural convection, nucleate boiling, and
film boiling.

The MS. of this paper was first recerved at the Institution on 23rd
October 1967 and in its revised form, as atcepted by the Council for
publication, on 26th Fanuary 1968. 33
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Natural convection

Cleaning the heated wire by annealing and the fluid by
multiple distillation ensured excellent moistening of the
wire. It could be heated above saturation temperature
without bubble boiling setting in. The natural convection
regime can be observed in the lower left-hand side of
Figs 8.1 and 8.2. The possible superheating in CO,, for
example, amounted to 40 = 2-4 degC at p = 55-7 bar,
and decreased to 0-1 degC at p = 71-2 bar. Above this
permissible superheating value nucleate boiling suddenly
occurred with a considerable decrease in wire temperature.
The nucleate boiling regime was retained when the heat
flux was reduced below that original value at which boiling
first set in. Only after a complete disconnection of the
heating wire and a few minutes’ break could the natural
convection regime again be observed. The values measured
for natural convection in CO, can be obtained by the
equation

Nu = 0-94(Gr.Pr)t® .. B0

The Nusselt number in this instance is defined by Nu =
gd[[A(8,— 0,)], where d (= 0-1 mm) is the diameter of the
wire. The Grashof number, Gr, is also based on d; Pr is
the Prandtl number. For natural convection all physical
properties were taken at mean film temperature. Owing to
the lack of necessary physical properties, measurements in
Freon 13 could not be evaluated.

Nucleate boiling

The experimental results for nucleate boiling are shown in
the upper left of Figs 8.1 and 8.2. The slightly bent curves
are limited in their upper part by the maximum heat flux
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Fig. 8.1. Heat flux density q as a function of temperature difference 46 = 8,— 0 for carbon dzoxzde

density, which is also known as the burn-out heat flux.
This will be discussed in the following section.

In a linear plot of ¢ versus wire temperature 6, using
the saturation pressure p as a parameter, straight lines are
obtained up to the value of ¢,,,.. This is shown for Freon
13 in Fig. 8.3. Very similar results are obtained for CO,.
The intersection of these straight lines with the abscissa
indicates a wire temperature which we may call #, and
which is larger than or at least equal to the saturation tem-
perature 0;. The 0; values are given as black dots on the
abscissa of Fig. 8.3. If the heat transfer coefficient 4 is
defined by the equation

k= Q/(ew_es) . (8.2)
the inclinations of the straight lines in Fig. 8.3 correspond
to '

B* =q/(0,—0) >h . . . (83)

Neglecting some scattering which is probably due to
measuring uncertainties, 4* is constant in the entire region

Proc Instn Mech Engrs 196768

covered by Fig. 8.3, For Freon 13 a value of 2* & 9-5x10*
W/m? degC is obtained, while 4* x 21-4x10* W/m?
degC is found for CO,. Dividing equation (8.3) by equa—
tion (8.2) results in

R 6,—0, fo— 0,

W 6,—6, " 6,—8,
The temperature difference 6,— 8, can be considered as
that excess temperature at which bubbles begin to appear.
It decreases with increasing pressure and assumes a value
of zero at the critical pressure. The value of 6,— 6, as a
function of pressure or saturation temperature resembles
that of the surface tension, as is feasible from the physical
meaning. Equation (8.4) demonstrates that the heat
transfer coefficient % as a function of 1/(6,,— 6,) is linear
with a negative, pressure-dependent slope. The portions
on the co-ordinates correspond to A* and 1/(6,—6,).
The value of A* depends on the kind of liquid and the
kind of geometry of the heating surface.

(8.4)

Vol 182 Pt 31



54

U. GRIGULL AND E. ABADZIC

10 W/iem?
70 /
qE8 :
30 | f
20 .
QoY ik . /.9}
‘?/C, ,,;:-'é'
1[] 4 ,,;,‘ '.-d r\i\;ﬁ ;; :4’/
/ v NS
5 s sl
b S A g 2
I/ 4 4 l;
mE AN 5
2 Il I. " ,'?* r\%@r;—’:” F13
ERE=s <?’L:)F' Por e
sfE el 3 B
o — = an o729 .
U T T a3 182
05— Lk %323 194
O+ T #3338 214
B ey /] +3B1 230
: Pl g ©355 238
02—+ RS ©362 247
W a370 255
01 % 0382 269
| 200 300

02 03 0405 07 1 2 345710

20 304050 70 100 600800 degC
A%

Fig. 8.2, Heat flux density q as a function of temperature difference 46 = 6,— 0, for Freon 13

Film boiling

On the right of Figs 8.1 and 8.2 the experimental results
for film boiling are presented. If the maximum heat flux
density gn.. is exceeded, film boiling will occur in the
first instance in an arbitrary point of the heating wire and
spread out rapidly along the entire heating wire. At pres-
sures in the vicinity of the critical only, a vapour film is
formed spontaneously along the entire length of the heat-
ing wire, If the heat flux is decreased during film boiling,
spontaneous bubble boiling will set in at a certain value
gmin- A steady transition region between film boiling and
bubble boiling could not be observed in any of the experi-
ments. The measured values of gy, and ¢,;, are compiled
in Table 8.1, which also gives the function M according
to the definition

M = [(p'—p")og]"4p" %r (8.5)
where p’ and p” are the saturation densities of the liquid
and the vapour respectively, o the surface tension, g the
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gravitational constant, and r the vaporization enthalpy.
According to some authors (1)* (2) the quotient ¢,,,/M is
independent of pressure for horizontal, flat heating sur-
faces.

It is shown in Table 8.1 that such a relation is not
accomplished for thin horizontal wires in the critical region
of CO, and Freon 13; similarly it does not hold for g,/ M.

The influence of pressure on the ¢ versus (6,—6,)
relation is significant only in the vicinity of ¢, as shown
in Figs 8.1 and 8.2. Outside this region the valid relation is

g = const. (8,— 8,)3/% (8.6)
with the constant being independent of pressure and in
agreement with a relation given by Bromley (3).

In the pressure region 0-7 < p/p. < 0-9 in film boiling,
individual vapour bubbles detach from the heating wire
and rise in regular patterns, occasionally in an arrangement
like a chess-board (Fig. 8.4). In the pressure region

* References are given in Appendix 8.1.
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Fig. 8.3. Heat flux density q in nucleate boiling of Freon 13 as a linear function of wire temperature 0,,. Saturation
temperatures 0, are marked as black dots on the abscissa

Fig. 8.4. Film boiling of carbon dioxide at p = 70 bar, g = 5:2 W[cm?, 46 = 8,—0, = 19-4 degC
'roc Instn Mech Engrs 1967-68 Vol 182 Pr 31
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Fig. 8.5. Film boiling of carbon dioxide at p = 73 bary ¢ = 4:8 Wjem?, 40 = 0,— 0, = 14 degC

Fig. 8.6. Film boiling of carbon dioxide at p = 73-4 bar, ¢ = 5-5 Wfem?, 40 = 0,— 0, = 24 degC
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Table 8.1. qmax and @uy, and related values for CO,
and CF;Cl
Carbon dioxide (CO,)
085 qma.xa qmln: M’ qmax/M qmin/M
°C W/cm? | W/em? | W/cm?
20-0 40 175 344 0-166 0-051
225 32 14 292 0-109 0-055
250 23 10 233 0-099 0-043
275 14 6 161 0-087 0-037
30-0 4-5 2 79 0-057 0-025
310 " X0 ~0 — —_—
Freon 13 (CF,;ChH
N O, Jmaxs Jmins M, dmax/M dmin/M
°C Wiem? | W/ecm? | W/cm?
10-0 20 11 198 0-101 0-055
15-0 15 84 171 0-088 0-049
200 92 55 132 0-068 0-041
25-0 35 2 79 0-044 0-025
280 20 ~0 &0 —_ —

p/p. > 0-9 vapour columns are formed with regular
distances (Fig. 8.5). These will change into vapour hazes
with garland-like boundaries on increasing the heat flux
(Fig. 8.6). These highly dissimilar flow patterns do not
influence the heat transfer, they are principally of hfdro-
dynamic nature.

MODEL EXPERIMENTS

The flow patterns of rising vapour could be simulated by
hydrodynamic model experiments (4) (5). A liquid flowing
down a rounded well-wettable edge forms, according to the

——
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mass supplied, individual drops in regular distances as
shown in Fig. 8.4, or liquid jets which after a certain
length break up into drops as displayed in Fig. 8.5. At a
still larger liquid flow one consistent film is obtained with
constrictions corresponding to the patterns of Fig, 8.6. As
in Fig. 8.5, the distances of jets and vapour columns
respectively, when related to the Laplace constant
a = [o/g(p’—p")]*'%, are both of the same order of
magnitude.

VISUALIZATION

The transition from bubble boiling to film boiling, and
vice versa, in addition to various flow patterns of rising
vapour, were made visible in a slow-motion film (1200
frames/s) which can be ordered from the Institut fiir den
Wissenschaftlichen Film, 34 Gottingen, Nonnenstieg 72,
West Germany, under the number W 792 and the title
‘Blasen- und Filmsieden von Kohlendioxid im kritischen
Gebiet’.

APPENDIX 8.1
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