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3. RESULTS AND DISCUSSIONS

The variation of the non-dimensional bulk temperature fg,
is presented in Fig. 1. It is observed that g, continues to vary
beyond the location of 6, =1 for Pr=01 and 10
corresponding to cases (i) and (ii). The thermal development is
delayed till the flow is hydrodynamically developed.

Numerical corroborations are noted in Tables 1(a) and (b).
The thermal boundary layers meet at £ = 0.0053 whereas the
99% invariance of 0, is attained at { = 0.057 for Pr=0.1
(T, = C). In case of Pr = 1.0, 0y, attainment is again at ¢
= 0.057, although the meeting of é,s was at ¢ = 0.048. The
corresponding values for the constant heat flux boundary are
given in Table I(b).

Variation of the free stream temperature in the thermal
development region are observed for Pr = 0.1 and 1.0. Apart
from confirming the needed corrections, the y values are
helpful in deciding the useful length of a heating duct. For
example,anisothermalduct of ¢ = 0.47isnot wholly useful for
Pr = 0.1, whereas the full length is effective for a fluid with
Pr = 100 [Table I(a)].

As long as the thermal boundary layers meet in the fully
developed hydrodynamic zone, as for example when Pr
= 10.0 (case iii), the boundary layer meeting criterion is
synonymous with full thermal development.

In this light the values of thermal entrance lengths as
EPr~' =0.051 (T, = C) and 0.069 (Q, = C) reported by
Bhatti and Savery [2, 3] stand reviewed for low Prandtl
numbers.

The average heat transfer rates for the constant wall
temperature computed in the manner

— 1[4
Nu=- J Nu, dx,
¢ Jo
following Kays [7], are summarized through correlations,
within accuracies of + 10%. These are
Nu = 3.77+0258"%78 P38 for 0.1 < Pr<30, (6)

Nu = 37740258078 py3sP°2  for 065 < Pr < 100.
Y]
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The correlation given at (6) valid for all gases and water, is
particularly simple and affords convenient design
calculations.

4. CONCLUSIONS

The salient features of the present study of simultaneous
hydrodynamic and thermal developments in a parallel plate
channel are (i) the inclusion of the hydrodynamic filled region,
and (i) accounting for variation of the centre-line temperature
after the meeting of the thermal boundary layers. The latter is
particularly important for low Pr fluids.
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1. INTRODUCTION

TRANSIENT boiling phenomena have been receiving con-
siderable attention due to their significance to the safety of
water-cooled nuclear reactors. A number of researchers have
tackled this problem before, and have used a variety of
experimental techniques ranging from heating a thin metallic
strip by a laser beam [ 1], to electrically heated foils [2, 3] and
wires [4, 5] immersed in water and various organic fluids.
Perhaps the most relevant work to that described here is the
contribution by Sakurai [6]. The author used a platinum wire
heated electrically by exponentially increasing power, thus
simulating a step input of reactivity in a nuclear reactor.
The purpose of this study was to investigate the heat transfer
mechanisms accompanying rapid heating of a fine platinum

wire(0.025 mm in diameter) immersed in sub-cooled waterata
range of pressures up to 14 bar and of rates of increase of the
heating surface temperature up to 107 K s™! [7]. With such
rapid heating, especially at elevated pressures, nucleation
occurs in a homogeneous rather than heterogeneous manner.
The results presented here, however, were obtained from
transient boiling tests with relatively low heating rates, ie.
below 10° K s~ ! and at atmospheric pressure. Such rates of
heating were found to lead to stable nucleate boiling following
a brief period of local and highly unstable film boiling.

2. EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus is shown in Fig. 1. Its primary part is a test
heaterin the form ofa platinum wire 0.025 mm in diameter and
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F1G. 1. Schematic diagram of experimental arrangement.

approximately 10 mm long, immersed in pure, demineralized
and degassed water at atmospheric pressure and ambient
temperature. Before tests, the wire is cleaned first in acetone
and then rinsed in clean boiling water. The wire constitutes a
part of a resistance bridge circuit, which is fed by a power
supply producing a constant voltage pulse. The amplitude and
duration of the pulse can be varied.

The elements in the bridge are chosen so that the power
inputinto the wire remains almost constant as its temperature
varies between 20 and 300°C, even though the wire resistance
changes. The power supply is controlled by a pulse generator
which also triggers a storage oscilloscope for recording the
output of the bridge. The pulse generator also controls a
delaying circuit which controls the triggering of a high speed
flash at a required instant of time during the wire heating
period.

The flash used is an argon-stabilized electrical discharge
devicefed froma 10kV high voltage source and discharging2J
of energy in less than 1 us. It should be appreciated that
although the resistance bridge used for wire temperature
measurements is generally not in balance during the pulse
(except for one instant), its response can be calibrated by
placing the wire in a fluid at a range of known temperatures
and noting the value of R3 required to balance the bridge.

The cumulative error in the transient temperature
measurement is estimated at about 469 owing to stray
capacitance and inductance of the bridge, end effects in the
wire, as well as inaccuracies in the calibration procedure.

High speed photographs were taken with a standard SLR
camera coupled to a laboratory microscope. Various stages of
bubble growth were recorded by varying the delay of the flash
with respect to the beginning of the heating pulse, but only one
exposure during each heating pulse was possible.

3. EXPERIMENTAL RESULTS

An example of experimental results obtained from a typical
transient boiling test illustrating the change of the wire
temperature with timeis shown in Fig. 2. The powerinput was
34 x 10° W m™ 2 (surface area) which was sufficient to raisc the
wire temperature before nucleation at an average rate of
047 x 10% K s™'. The wire temperature during this period
conforms to the theoretical values based on transient con-
duction to water, Thereis a certain temperature overshoot im-
mediately following the transient conduction period and from
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F1G. 2. Wire temperature as a function of time (atmospheric

pressure, water temperature 20°C, average rate of heating

T = 0.47 x 10° K s~ !, average power input into the wire per
unit surface area g = 34 x 10° Wm™2

there the temperature falls to what appears to be an
equilibrium value. No burn-out will occur if the heating is
maintained beyond the period shown in Fig. 2.

The example of experimental results in Fig. 2 has been
chosen from a family of traces obtained from tests at a variety
of different heating rates. It has to be emphasised that the
curves obtained, as well as the photographed stages of boil-
ing, were remarkably reproducible. For higher values of
power input, the temperature trace rose more steeply, whilst
displaying similar basic features (i.e. fast initial rise, overshoot
and then fall to a steady state value), for rates of heating up to
10°K st

Photographs of the wire surface taken during the rapid
heating-up period reveal no vapour bubbles. The wire surface
during this period is in direct contact with superheated liquid.
It should be appreciated that for the experimental conditions,
the theoretical predictions of the thermal layer thickness give a
value of about 2.5 um after 300 ys (i.e. just before nucleation)
which is much smaller than the wire diameter of 25 um.

The process of nucleation begins from a few isolated active
sites on the wire surface from which the bubbles grow and
spread rapidly along the wire [Figs. 3(a) and (b)]. The bubbles
grow toaconsiderable sizecompared to the wirediameter,and
in particular the thickness of the thermal layer, at the expense
of the energy stored in the superheated layer during the
transient heating-up period; shortly after initiation they
penetrate well into the cold liquid [Fig. 3(c)] and cover a
considerable portion of the wire length.

Figure 3(d) shows the subsequent collapse of this short-lived
local form of film boiling. The collapse of large bubbles and
growth of much smaller secondary bubbles creates rapid
movement of liquid near the wire surface and mixing of cold
and hot liquid [Fig. 3(¢)]. This mechanism is presumably
responsible for cooling the wire from its peak temperature to
the steady state value. The subsequent stage is a steady sub-
cooled nucleate boiling with a larger number of nuclei, as
shown in Fig. 3(f). The bubbles formed now are much smaller,
as there is no possibility of accumulating enough energy to
facilitate the growth of large ones, as was the case at the
beginning of nucleation.

It is of interest to compare at various time intervals the
amount of energy generated during the transient E,,, with the
amounts of energy transferred into the liquid, E,,, stored in the
wire itself, E,, and finally the amount of energy present as
visible vapour, E,,,. As shown in Fig, 3, the latent energy
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F1G. 3. Development of vapour bubbles on the wire surface (t*, exposure delay time): (a), (b) t* = 350 ps;
(c) t* = 370 ps; (d) t* = 380 ps;(e) t* = 410 ps; and (f) t* = 550 ps.

present in the bubbles is negligible in comparison with the
energy transferred by conduction and convection into the
liquid, E,..

Thegraphalsoshows theamount of heat generated Q',"l and
transferred into the liquid @), per unit time and per 1 cm of the
wire length.

The interesting conclusion from the observations is that a
state of stable sub-cooled nucleate boiling on a wire followed a
brief stage of highly unstable film boiling covering a
considerable portion of-the wire length. An incoherent

collapse of isolated regions of film boiling improves the heat
transfer from the wire, reduces its temperature and leads to a
prolonged period of nucleate boiling. This was found to be true
for transient heating at an average rate below 105 K s™!.
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Fi1G. 4. Energy balance and heat transfer during the boiling transient shown in Fig. 2.
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NOMENCLATURE
D, equivalent diameter
f friction factor
N dimensionless distance normal to the duct wall
Nuy, Nusselt number—constant axial heat flux, iso-
thermal local periphery
Nuy, Nusselt number—constant axialheat flux, uniform

heat flux on the periphery at a given axial location
P pressure

D duct perimeter
Pr Prandtl number
Re Reynolds number
u axial velocity

s arc length

T temperature

x,¥,2z spatial coordinates
Subscripts

b bulk

w wall

1. INTRODUCTION

HEXAGONAL passages are the subject of some modern
engineering problems. Examples can be quoted from the
design of hexagonal compact exchangers [1] and from the





