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Abstract— An experimental study was carried out in which the effects of heat flux and velocity on the
incipient-boiling superheat were determined for turbulent flow of sodium in an annular channel. The
heating surface was polished type-316 stainless steel having a profilometer roughness of 14-18 pin. (rms).
The rate of temperature rise of the heating surface was maintained constant in each incipient-boiling run,
by gradually increasing the inlet sodium temperature to the test section, while the heat flux on the heater
was held constant. In this way, the independent variables of heat flux and rate of temperature rise were
separated.

For a finite rate of temperature rise, it was found that the greater the heat flux. the greater was the in-
cipient-boiling superheat, other things being equal. It was also found that the greater the rate of tempera-
ture rise, the greater was the effect of heat flux. The flux was varied over the range 25 000-300 000 Btu/hft>.

In general agreement with published results of previous investigators, the incipient-boiling superheat
was found to have a strong dependence on the flow rate, falling off exponentially as the flow rate was
increased.

The axial location of boiling inception was determined by means of a series of voltage taps spaced
along the outer wall of the test section; and the results presented herein represent superheat values for,
and nucleations at, the upper end of the heater, or at the highest heating-surface temperature in the test-

section channel.

NOMENCLATURE Prs static pressure at nucleation
Cp specific heat [Btu/lb,, °F]; site [1bg/in®];
D,, dm: Do vapor pressure of sodium
Je conversion factor = 3217 (corresponding to t;) at time
[1b,, ft/Ib; s2]; of 1B [1b./in?]:
h, heat transfer coefficient [Btu/h q heat flux at heating surface
ft> °F]; [Btu/hft?];
1B, incipient boiling ; r, bubble radius at boiling in-
k, thermal conductivity of liquid inception [in.];
[Btu/h ft°F]; Fe radius of mouth of cavity [in.];
m, (cross-sectional flow area)/ r inner radius of annulus [in.];
(wetted perimeter) [ft]; r2 outer radius of annulus [in.];
L, heated length [ft]; R, gas-constant
P vapor  pressure of liquid = 1-987 Btu/lbmole°R];
[1bg/in?]; Re, D.vp/p. = Reynolds  number
[dimensionless];
* This work was performed under the auspices of the Re*, Re corresponding to y =y,
United States Atomic Energy Commission. [dimensionless];
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t, temperature [°F];

by bulk temperature [°F];

T, temperature [°R];

Ligs temperature of inlet stream to
test section [°F];

L, temperature of bubble at boiling
inception [°F];

Ty temperature of bubble at boiling
inception [°R];

Eeats saturation temperature [°F];

Toars saturation temperature [°R];

Eros temperature of heating surface
[°’FL;

T,, temperature of heating surface
[R];

{t, — te)*, incipient boiling superheat
corresponding to r=r, =y,
[°F];

u*, J(1,.9./p) = friction  velocity
[ft/n];

v, average linear velocity [ft/h];

Vg, specific volume of vapor
[ft3/1bmole];

Vi, specific volume of liquid
[ft*/lbmole];

¥, distance normal to heating sur-
face [ft];

y*, yu*/v = dimensionless distance
normal to heating surface;

Vers value of y when y* = 5 [ft];

0, time [h];

A, latent heat of vaporization
[Btu/lbmole};

i, viscosity [1b,/fth];

v, u/p = kinematic  viscosity
[ft*/h];

o, density [1b,/ft*];

o, surface tension [1by/in.];

Ty wall shear stress [1b/ft?].

INTRODUCTION
THis paper presents results obtained in an
experimental study of incipient-boiling (IB)
superheats with sodium in turbulent flow. The
effects of heat flux, linear velocity, and running
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time, on the magnitude of the superheat were
determined, for flow in an annular channel with
heat transfer from the inner wall only. This
paper is a sequel to a previous one [1] in which
the effect of rate of temperature rise (or tempera-
ture ramp) was covered. Each paper is based on
a different portion of the same experimental
study, where the equipment and general opera-
ting procedures were the same for both. There-
fore, for detailed descriptions of these, the
reader is referred to [1]. Briefly, the test section
was about 3 ft long and consisted of a 0-52 in. dia.
rod heater centered in a 093 in. i.d. tube. The
heated length of the rod was 11:5 in.; the heating
surface and remainder of the test section were
made of type-316 stainless steel; the heating
surface was polished to a toughness of 14-18
pin. ; thermocouples were imbedded underneath
the 0-013 in. thick cladding; and fully developed
turbulent flow was obtained at the upstream
end of the heated zone of the test heater.

All of the experimental results presented in
this paper were obtained at a static pressure of
3-9 psia.

In forced-convection IB studies, it is possible
to carry out the experiments in several different
ways [1]. However, in most studies reported to
date [2-4] with sodium, the inlet temperature
to the test section and the flow rate are held
constant, while the power to the test heater is
applied in a single step. In this method, called
method (c¢) in [1], the temperature of the
heating surface goes through a transient. In
their study with sodium, Logan et al. [5] fixed
the inlet temperature and the flow rate, and then
increased the power on the heater at a uniform
rate over a very short period of time such that
“the time period between the start of power
increase and the onset of boiling was typically
about 40 s.” In that study, the temperature ramp
was so high that it was of the same order as
those in the experiments described in [2-4].

On the other hand, in the present study, the
method of conducting an IB run was to main-
tain the heat flux and flow rate constant and
increase the inlet temperature at a fixed rate.
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This method, made possible by the use of a
preheater, was called method (d) in [1].

In the experiments reported in [2-5], the
temperature ramp, ot,,/00, was coupled with the
manner in, and the rate at, which the power on
the test heater was increased. And Dwyer et al.
[1] have shown experimentally that the tempera-
ture ramp during an IB experiment is a
very important variable. Thus, in the above-
mentioned experiments, g was not isolated and
studied as an independent variable. In the
present study, however, the independent vari-
ables of heat flux and temperature ramp were
separated.

TIME-TEMPERATURE TRACES
First of all, it is important to explain our
definition of boiling inception, and what we
looked for on the instrument recorders. In the
first weeks of operation, we sometimes observed
spikes on the temperature, pressure, and flow-
meter charts, that lasted for a second or two.
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FI1G. 1. Temperature trace (for a wall thermocouple near the
axial location of boiling inception) that illustrates the
occurrence of a low-temperature spike.
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On the temperature (¢,) chart, there was an
instantaneous and relatively large drop followed
by a very quick recovery (Fig. 1). These so-called
spikes rarely occurred more than two or three
times during the heating-up period of a given
run, and they showed no apparent tendency to
come at either relatively low or high superheat
levels. We discovered that these spikes could,
for all practical purposes, be eliminated by
subcooling the system after each run. For
example, in the Series-6A runs*, this pheno-
menon was almost entirely eliminated. We
suspect that it was caused by small uncondensed
vapor pockets left behind after an IB event.
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F1G. 2. Temperature trace (for a wall thermocouple near
the axial location of boiling inception) that illustrates the
onset and continuance of slugging, or unstable boiling.

Following nucleation, bubble growth was so
rapid that the test section often became entirely
filled with vapor, and the vapor pockets could
have been formed on the test-section surfaces

* This paper is based on the results of two series, SA
and 6A.
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during the subsequent, very rapid, re-entry of
the liquid. These temperature spikes were, at no
time during the study, taken to indicate the
onset of boiling.

An IB event had to meet the following
criteria in order to be counted: (1) there had to
be at least 10 min of undisturbed temperature
rise prior to the event, (2) there had to be at
least one minute of continuous boiling after the
event, and (3) in case boiling stopped, another
boiling inception had to occur within 5 min.
In some runs, the boiling (after IB) took the
form of “slugging” (Fig. 2), when the pressure
drop across the pump was not great enough. In
at least 90 per cent of the runs, there was no
temperature disturbance prior to inception, and
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F1G. 3. Temperature trace (for a wall thermocouple near the
axial location of boiling inception) that illustrates the onset
and continuance of stable, forced-convection boiling.

the boiling that followed took the form of stable
boiling (Fig. 3) and continued until the power
on the test heater was shut off.

EFFECT OF HEAT FLUX
Review

Hsu [6] was the first to produce a theoretical
relation for predicting the effect of wall heat
flux on IB superheat. Later, Bergles and
Rohsenow [7] extended his concept and de-
veloped a relationship for forced-convection
boiling of water that enabled one to predict the
dependency of IB superheat on wall heat flux.
We shall now examine the Hsu-Bergles—Rohse-
now model and see why it is not applicable to
liquid metals.

Nucleation occurs in small cavities in the
heating surface, and the equivalent radii of such
cavities for smooth surfaces generally lie in the
range 10 < r, < 1073 in. This means that the
hemispherical bubble shown in Fig. 4 lies well

i
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F1G. 4. Graphical illustration of the relationships between
bubble radius, wall temperature, and heat flux at boiling
inception, for an ordinary liquid.

within the so-called laminar boundary layer.
Curve A represents the well known thermal-
mechanical bubble equilibrium equation
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for a spherically shaped interface, after p, is
converted to t by means of the vapor-pressure/
temperature relationship for the liquid. Theo-
retically, an infinitesimal increase in r would
cause the bubble to grow and become unstable,
thereby causing boiling inception. Line B in
Fig. 4 represents the temperature gradient (in
the liquid) normal to the wall and is given by
the conduction equation

t =t, —(qg/k)y. @

Line B is drawn tangent to curve A at y = r,
which means that the temperature of the bubble
decreases from ¢, at y = 0 to ¢, at y = r. This
further means that the average temperature of
the bubble is >t; and therefore more than
adequate to produce bubble growth.

We have assumed that the presence of the
bubble did not disturb the temperature pattern
near the wall, which is probably not true; but
the effect is a matter of considerable conjecture
[8-10]. In view of this, Bergles and Rohsenow
assumed that the temperature obtained from
the point of tangency of curves A and B (in Fig.
4) closely approximated the minimum tempera-
ture required to produce bubble growth. A
more realistic value of the wall temperature
would probably be that indicated by ¢, in
Fig. 4 which would be obtained from a tempera-
ture line such as C, ie. one having the same
slope as that of B but giving an average, effective
bubble temperature equal to ;. But, the
problem is that one does not know how to
locate such a line.

We have also assumed that the heating
surface contained an active cavity of radius r.
If it did not, then IB would not occur at wall
temperature t,,. Suppose the surface contained
no potentially active cavities having effective
bubble radii >r, then the next largest available
cavity could be activated by raising the wall
temperature by increasing g. This would call
for the tangency of curves A and B occurring at
some smaller value of r. Based upon this
argument, Bergles and Rohsenow, and later,
Sato and Matsumura [8], and Davis and
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Anderson [10] derived (by somewhat different
assumptions and methods) analytical expres-
sions for (t, — t,) =f(g) for water. These
equations cannot be modified to work satis-
factorily for liquid metals, as was first pointed
out by Marto and Rohsenow [11]. This will
now be discussed.

Let us look at Fig. 5, which is for a liquid metal.
Curve A there represents a typical bubble-
equilibrium curve, comparable to curve A in

FIXED p_

tw

FiG. 5. Graphical illustration of the relationships between
bubble radius, wall temperature, and heat flux at boiling
inception, for a liquid metal.

Fig. 4. If we were to attempt to draw a conduc-
tion line tangent to curve A, we would find that
the point of tangency would occur at a very
large value of y (or r). Curve D is such a line,
and its point of tangency is beyond the scale of
the figure. This happens because of the very
high thermal conductivities of liquid metals, i.e.
the conduction line is nearly horizontal.

It is obvious that if one were to apply the
Hsu—-Bergles-Rohsenow model to a liquid metal,
it would yield an extremely large value of r and
a very low value of (¢, —t,,), for boiling
inception. Since liquid metals often wet solid
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metal surfaces extremely well, the larger cavities
in a heat transfer surface are generally filled
with liquid and are therefore inactive for
nucleation purposes. Now, referring again to
Fig. 5, suppose that r, is the radius of the
largest available active cavity. Then, for the
same heat flux, the surface temperature is now
t,, at boiling inception. Also, because the
conduction line is so flat, the wall temperature
actually does not increase miuch for large
increases in the wall flux ; and therefore (¢, — t..)
at IB does not change significantly for a con-
siderable change in flux.

For the sake of illustration, heat-conduction
curve B in Fig,. 5 is drawn tangent to curve A at
y = r, (as was done in Fig. 4), but in this case it
represents an impossibly high heat flux.

It is thus apparent that the Hsu—Bergles—
Rohsenow model, when adapted to liquid
metals, would predict a negligible dependency
of the IB superheat on wall heat flux. This can
also be illustrated analytically, as follows.

The Clausius—Clapeyron equation can be
written in the form

d A .
R 3)
dT Tz — V)
Neglecting the specific volume of the liquid, and
employing the perfect-gas law for the vapor,
this equation becomes

dp AdT

w2 4

S =RTE @
an approximate integration of which is

Ap

(=T ()

Py —PL=

where Ap/RT? is assumed constant over the
temperature range t, to t;. Combining this
with equation (1) gives

2RT?¢

TL - Tsat = Tpr* (6)

If we now combine this equation with equation

(2), replacing T2 by T, T, and substituting T,
for T;, we end up with

20RT,T,
—t =rq+o. WSB!’

sat z‘ (7)

v Apr
where 4 may be evaluated at (¢, + t,)/2 and p
taken equal to (p, + pL)/2.

Equation (7) says that the wall superheat at
boiling inception increases with an increase in
g. But, r/k is such a small number that the first
term on the right-hand side of equation (7) is
negligible compared to the second. This is the
same as saying that, for liquid metals, line C in
Fig. 5 is essentially horizontal, for any practical
heat flux ; and (¢,, — t,,,) at boiling inception is,
practically speaking, independent of heat flux.
This, however, has not been borne out by the
IB results reported for liquid metals (in channel
flow) in the past, which have clearly shown that

‘the IB superheat increases with increase in wall

heat flux. For example, Peppler and Schultheiss
[3] observed an average increase in (t,, — tga),
at boiling inception, of =86 °F (=65 to ~151)
for sodium, when the heat flux was increased
from 203000 to 488 000 Btu/hft2. Also, Schleisiek
[4] reported an average increase in (t,, — fg)
at boiling inception, of *99°F (x113 to x212)
for sodium, when the heat flux was increased
from 600000 to 1190000 Btu/hft®. And finally,
Logan et al. [5] reported an average increase in
(t, — t.a) at boiling inception, of ~55°F (x40
to ~95) for sodium, when the heat flux was
increased from 300000 to 400000 Btu/hft?, and
for an inlet subcooling of 100°F.

It has been suggested [12] that the observed
heat-flux dependence of the IB superheat may
be only apparent and most probably results
from nucleation at rogue sites beyond the axial
location of highest temperature in the test
section. However, as will be shown later, the
results of the present study do show that heat
flux is an important independent variable, when
inception occurs at the point of highest tempera-
ture in the test-section channel. An explanation
of the discrepancy between experimental IB
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results and those predicted by the Hsu—Bergles—
Rohsenow model will be offered later.

Results

Figure 6 presents some IB results for a
temperature ramp of 0-7°F/min and for the
other conditions listed on the figure. It is seen
that the observed effect of heat flux is large. The
figure shows all the data that were taken, i.e. no
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Fic. 6. Effect of wall heat flux on IB wall superheat for
turbulent flow of sodium in an annular channel. Reynolds
number equals 11300.

points were discarded. As IB data for alkali
metals generally run, those in Fig 6 are fairly
precise. When making the experimental runs,
it was not always possible to hit the desired
ramp just right When that happened, the
superheat was corrected to the reference ramp
by means of the (t, — t,,) vs ramp curves
shown in Figs. 3-5 in [1]. The curve in Fig. 6
was drawn “by eye” and, when extrapolated to
zero heat flux, gave an IB superheat value of
40°F. For this limiting situation, the average
deviation of the data is estimated to be +12°.
Figures 3-5 in [1] show (t,, — t) vs ramp
curves for heat fluxes of 50000, 100000 and
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superheat for turbulent flow of sodium in an annular
channel, with wall heat flux as parameter. Reynolds number
equals 11300.
200000 Btu/hft?, respectively. The precision of
the data points in these figures is about the same
as that in Fig. 6 herein. The curves in the three
figures are reproduced in Fig. 7 in this paper,
where it will be quickly noticed that as the
temperature ramp approaches zero, the super-
heat, independent of heat flux, also approaches
~40°F. By cross-plotting the curves in Fig. 7,
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FiG. 8. Effect of wall heat flux on IB wall superheat for
turbulent flow of sodium in an annular channel, with

temperature ramp as parameter. Reynolds number equals
11300.
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and adding the curve in Fig. 6, we obtain the
family of curves shown in Fig. 8. The symbols
therein represent the values taken from the
curves in Fig. 7. Even at finite temperature
ramps, the results strongly suggest that, as the
heat flux approached zero, the superheat
approached a common value of ~40°F. In
other words, as either the temperature ramp or
the heat flux approached zero, the IB superheat
approached ~40°F, for a flow rate of 0-80 ft/s,
which is equivalent to a Reynolds number of
11 300.

The curves in Fig. 8 are, of course, uncertain
at very low heat fluxes, particularly for the
higher temperature ramps. That is why they are
drawn dashed. It was not possible to obtain IB
data at the very low heat fluxes due to the fact
that rogue nucleation occurred either in the
preheater or in the inlet region of the test
section. It occurred in these places because of
the relatively high temperature of the sodium
leaving the preheater.

The main conclusion to be drawn from Fig. 8
is that the effect of heat flux on the IB superheat
was found to vary with the temperature ramp—
the smaller the ramp, the less the effect, until, as
the ramp approached zero, the effect was
negligible.

The two curves in Fig. 8 for a temperature
ramp of 07 represent data taken at different
times. The Series-5A data were taken during the
period 11-17 December, while the Series-6A
data were taken during the period 15-25 January.
The total number of runs in each series was 66
and 84, respectively. There was no significant
tendency for the superheats to change with
passing of time in either series. A period of 28
days passed between the two series of runs,
during which the loop was drained and main-
tained at room temperature, it was filled with
argon under a pressure of 1-5 psig, and the
sodium adhering to the test heater remained
frozen. Thus, it is difficult to explain the difference
between the two curves. Between the Series-5A
and Series-6A runs, the oxygen content of the
sodium increased from 5 to 8 (4-1) ppm. It is

O. E. DWYER, G. STRICKLAND, S. KALISH, P. HLAVAC and G.A. SCHOENER

difficult to see how any of these changes could
significantly affect the magnitude of the IB
superheat. Increase in oxygen concentration has
generally been found [5, 18] to decrease the
superheat, but the difference between 5 and 8
ppm is not believed to be significant.

Inspection of the test heater, after completion
of the experimental program, showed that the
heating surface in the maximum-temperature
zone had developed a crystalline appearance,
although its profilometer roughness had re-
mained unchanged. In the remainder of the
heated zone, the original polished stainless-steel
surface had developed a satin sheen.

Some investigators [3, 19] have found the IB
superheat to increase with passing of time, for
sodium in turbulent flow, while others [5] have
found it to decrease. It can be postulated that in
relatively short exposure times, depletion of gas
from, and increased wetting of, heating-surface
cavities could cause an increase in the IB super-
heat. On the other hand, in long-term exposures,
pitting of stainless-steel surfaces with exposure
of poorly-wetting nitrides and carbides at the
grain boundaries could conceivably decrease
IB superheats.

In the present study, over 100 IB runs had
been made with the same heater prior to
December 11, but the results were not worked
up, for two reasons: (1) premature nucleation,
apparently caused by the presence of gas, and
(2) nucleation downstream from the end of the
heated zone of the test heater. Extended opera-
tion took care of the first, and greater cooling
beyond the heated zone of the test section took
care of the second. During that break-in period,
the short-term effects (mentioned above) had
presumably disappeared.

Discussion

In the present study, temperature ramp and
wall heat flux were, for the first time, separated
as independent variables. This was done, in a
given run, by fixing the flux and the flow rate,
and then increasing t,, (by increasing t;,) at a
fixed rate, until IB occurred. This was referred
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to earlier as experimental method (d). This
method contrasts with method (c), also described
earlier, whereby the flow rate and inlet tempera-
ture are fixed and the power (corresponding to
a given steady-state heat flux) is applied in-
stantaneously to the heater. In this method—the
one generally employed by investigators in the
past-—temperature ramp and heat flux are
covariant.

p =0 CONSTANT

v =a CONSTANT

tn =0 CONSTANT

(y=tsat) —

a line does not give the effect of gon (t,, — t,,) at
IB, when all other independent variables, in-
cluding the temperature ramp, are held constant.
According to the results of the present study,
this would be given by an “‘incipient-boiling”
curve, such as fcg, where heat flux is the
independent variable, and where pressure, velo-
city, and temperature ramp are held constant.
By contrast, the heat-balance line abcd, as

HEAT-BALANCE LINE
9

¢ 81,/80=0 CONSTANT \

1

INCIPIENT-BOILING CURVES

81,/88=0 /

b

h

qQ—>

Fi1G. 9. Effect of wall heat flux on IB superheat, showing the
relationship between a typical IB curve and a typical heat-
balance line. The IB curve is a function of the rate of rise of
the heating wall temperature; the heat-balance line is given

by equation (8).

Let us now turn to Fig. 9. There, we see a
heat-balance line, given by the equation

; P 1 + 2r,L
w sat — q h UPCP(Y% _ r%)
+ (tin - tsat)s (8)

and two incipient-boiling curves—one for a
finite temperature ramp, and the other for a
ramp of zero. Equation (8) assumes negligible
heat losses from the test section. Incipient-
boiling measurements obtained by method (c)
would fall along the portion bed of the heat-
balance line abcd, if steady-state thermal condi-
tions were approached by the time each IB
event occurred, which is generally observed to
be true, except at very high heat fluxes. But, such

equation (8) shows, represents fixed values of
pressure, velocity, inlet temperature, and test-
section geometry.

Still referring to Fig. 9, IB runs carried out by
method (c) would give superheat values that
would fall along the heat-balance line, if
inception did not occur until steady-state con-
ditions were approached. On the other hand,
IB runs carried out by method (d) would give
superheat values falling along the incipient-
boiling curve, according to the results of the
present study. For heat fluxes below that
corresponding to point e, IB values by method
(d) would be greater than those by method (c),
and vice versa.

Referring back to Fig. 8, as either the heat
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flux or the temperature ramp approaches zero,
the IB superheat approaches a lower limit of
~40°F; which indicates, that for very long
waiting periods, the IB superheat is more
equilibrium (than kinetics) controlled. However,
there is still a velocity effect, as long as the flow
is turbulent. Therefore, in order for equilibrium
to be completely controlling, the flow should be
laminar.

This all points to the conclusion that, if the
flow is laminar, and if either the temperature
ramp or the heat flux approaches zero, then the
IB superheat should approach that given by
equation (1), and the Hsu-Bergles—Rohsenow
model would then be correct in predicting no
significant effect of heat flux on IB superheats
for liquid metals.

EFFECT OF FLOW RATE

Review

The general situation regarding the effect of
flow rate on IB superheats for liquid metals is
similar to that regarding the effect of heat flux.
All of the experimental results that have been
published to date [4, 5, 13, 14] show a strong
effect of flow rate on the magnitude of the IB
superheat, the superheat falling off exponentially
with increase in flow rate. But, a generally
acceptable explanation of the effect has not yet
been found. Chen [15] suggested that the effect
was probably due to pressure fluctuations at the
heating surface caused by the stream turbulence;
but Bankoff [16] showed by a random-walk
theoretical analysis that, in order to explain the
velocity effect in terms of local pressure fluctua-
tions, the linear velocities would have to be at
least an order of magnitude greater than those
used in the experiments.

There is another phenomenon that could
help to explain the velocity effect, and that is the
existence of relatively large temperature fluctua-
tions of the heating surface for heat transfer to
liquid metals in turbulent, channel flow. Such
fluctuations have been reported by Dwyer et al.
[17] for mercury flowing inline through an
unbaffled rod bundle. In the view of the present

authors, it is possible that the combined effects
of pressure fluctuations at the heated surface
and temperature fluctuations of the heated
surface could explain the often observed velocity
effect. In other words, the coincidence of low-
pressure and high-temperature “‘spikes™ at a
nucleation site could conceivably produce a rise
in p, and a drop in p; (see equation (1)), such
that the IB superheat is reduced appreciably
below the laminar-flow value.

Pezzilli et al. [14] have proposed a mathe-
matical model for predicting the effect of flow
rate on IB superheat, that is based upon a
number of assumptions. Among these, is the
assumption that the heat of vaporization re-
quired for the explosive growth of the incipient
bubble comes not only from the energy stored
in the superheated liquid and the heating wall,
but to a slight extent from the kinetic energy of
the turbulent eddies as they slow up when they
approach the outer bound of the laminar layer
(i.e. at y* = 5). It is this energy that is claimed
to trigger the inception. Another assumption is
that the radius of the incipient vapor bubble
decreases as it emerges (from the cavity) above
the plane of the heating surface, reaching the
radius of the cavity as the lower limit.

Pezzilli et al. assumed that the height, y,, of
the (most stable) bubble sitting over an active
cavity in the heating surface is equal to the
classical laminar distance corresponding to
y* = 5. When y,, equals the radius, r_, of the
mouth of the cavity, the IB superheat attains its
maximum possible value. Thus, there is a
critical Reynolds number, Re*, that will give a
y (=5v/u*) value equal to r.. At this Reynolds
number and below, the IB superheat will be the
same as that for pool or laminar flow boiling.
In other words, Re* is the lowest Reynolds
number for which there is a velocity effect on
the IB superheat. As the Reynolds number
increases above Re*, y will be less, r will be
greater, and the IB superheat will be lower, and
therefore, the greater the Reynolds number the
less will be the IB superheat. Through y.,
Pezzilli et al. related r (and therefore the IB
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superheat) to Re. It is not appropriate to take
the necessary space here to give the derivation
of their final correlating equation, which is

¢ = 2(tw - tsat)*
=T Re*\] N Re\%’
Re Re*

where (t,, — t.,)* corresponds to the maximum
IB superheat, corresponding tor =r, = r,.

L, — (9)

Results

Unfortunately, the present study was ended
before a good amount of data showing the
effect of flow rate on IB superheat was obtained.
However, they are worth showing, because they
are the first such data that were obtained under
conditions where the axial location of nucleation
was rather carefully measured. The experimental
results are shown in Figs. 10 and 11, for heat
fluxes of 50000 and 200000 Btu/hft?, respec-
tively. Although the actual data points are few,
the large effect of flow rate on the superheat is
unmistakably evident.
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In both figures, (t, — t,,) represents the
superheat at the highest temperature of the
heater, even though in some cases, nucleation
was found to occur two or more inches down-
stream from that point. The curves shown on
the figures were drawn simply by sight and are
considered to be only approximate.

Discussion

In both Figs. 10 and 11, there are several data
points for Reynolds numbers in the vicinity of
5000, for runs where IB occurred slightly down-
stream from the end of the heated zone, or where
the axial location of inception was not measured.
In those cases, we can say that the (¢, — )
values shown are at least as great as, and
probably somewhat less than, the (¢, — ¢,,)
values would have been, had IB occurred at the
highest-temperature point. In other words, the
true velocity effect was at least as great as that
indicated on the plots.

Table 1 presents a comparison of the present
IB superheat results on sodium with those
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published by Pezzilli et al. [14]. Those published
by Schleisick [4] and by Logan et al [5],
although clearly showing a strong dependence
on flow rate, exhibited so much scatter of the
data points that the present authors hesitated
to draw curves through them. The observed
superheats at four different Reynolds numbers
are given in the table under item 6. A direct
comparison between the Pezzilli results with
those of the present study is not possible,
because both the surface roughness and heat
flux in the Pezzilli study are not known. More-
over, Pezzilli et al. made their IB runs by
method (c), while the present authors made
theirs by method (d). Also, owing to the scarcity
of data points at the low Reynolds numbers, the
values of (t,, — t..)* and Re* for the present
results must be considered approximate.

Whether or not the model of Pezzilli et al. is
correct, equation (9) can be used to correlate IB
superheat data. But, unfortunately, the quantity
(t, — t)* must be obtained from pool-boiling
data on the same heating surface that was used
to obtain the forced-convection data. A more
practical approach is to evaluate (f,, — t.0)*,
Re*, and the exponent directly from the forced-
convection data to be correlated. When that
was done for the Pezzilli results and those of the
present study, the results shown under item 7 in
Table { were obtained.

The quantity (z,, — t.,)* theoretically repre-

sents the value of the IB superheat at 0 < Re <
Re*, and the values of (¢,, — t,,)* in the table are
consistent with the superheat values given under
item 6. The Re* values also look quite reason-
able. Moreover, the values of the exponent are
not greatly different from each other or from the
theoretical value of § in equation (9), as originally
proposed by Pezzilli et al. [14]. Since the +alue
of the exponent indicates the IB dependency on
the Reynolds number, we can conclude (allowing
for the scatter of the data) that the effect of flow
rate on the IB superheat observed in the present
study was very similar to that found by Pezzilli
et al.
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SURCHAUFFE EN DEBUT D’EBULLITION DU SODIUM DANS UN ECOULEMENT
TURBULENT EN CANAL: EFFETS DU FLUX THERMIQUE ET DU DEBIT

Résumé-—On a mené une étude expérimentale dans laquelle les effets du flux thermique et de la vitesse
sur la surchauffe en début d’ébullition ont été déterminés pour un écoulement turbulent de sodium dans
un canal annulaire. La surface chauffante polie est en acier inoxydable de type 316 ayant une rugosité,
déterminée au profilométre, entre 0,356 et 0,457 um. On maintient constante la vitesse de croissance de
la temperature de la surface chauffante dans chaque essai de début d’ébullition, en élevant graduellement la
température d’entrée du sodium dans la section d’essai, tandis que 'on maintient constant le flux thermique
sur le chauffoir. De cette maniére, les variables indépendantes, flux thermique et vitesse de croissance de la

température, sont séparées.

Pour une vitesse finie de montée de température, on trouve que plus le flux thermique est grand, plus
grande est la surchauffe en début d’ébullition, les autres choses restant égales par ailleurs. On a aussi con-
staté que plus la vitesse de croissance de la température est grande, plus important est I'effet du flux ther-

mique. Ce flux varie entre 79 et 950 kW/m?2.

En accord général avec les résultats publies antérieurement, la surchauffe en début d’ébullition dépend
fortement du débit, diminuant exponentiellement.

UBERHITZUNG VON NATRIUM BEI SIEDEBEGINN IN TURBULENTER
KANALSTROMUNG. -DER EINFLUSS DER WARMESTROMDICHTE UND DER
MASSENSTROMDICHTE

Zusammenfassung—In einer experimentetlen Untersuchung wurde der Einfluss der Warmestromdichte
und der Geschwindigkeit auf die Uberhitzung im Siedebeginn bei turbulent strémendem Natrium in
einem Ringkanal bestimmt. Die Heizfliche bestand aus poliertem, rostfreiem 316-Stahl mit einer gemessenen
Rauhigkeit von 350450 um (RMS). Die Temperaturanstiegsrate der Heizfliche wurde bei jedem
Siedeversuch konstant gehalten, indem die Temperatur des in die Versuchsstrecke eintretenden Natriums
stetig erhoht wurde, wihrend der Wirmestrom der Heizung konstant blieb. Auf diese Weise wurden die
unabhiingigen veranderlichen Gréssen Warmestrom und Temperaturanstieg getrennt.
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Bei einem endlichen Anstieg der Temperatur zeigt sich, dass die Anfangsiiberhitzung beim Sieden um
so grosser ist, je grosser der Wiarmestrom ist, solange andere Parameter gleich bleiben. Weiterhin wurde
beobachtet, dass mit grosserem Temperaturanstieg der Einfluss des Warmestroms wichst. Der Warmestrom
wurde zwischen 80 und 950 kW/m? variiert.

In U'bereinstimmung mit verdffentlichten Ergebnissen fritherer Untersuchungen wurde beobachtet,
dass die Uberhitzung bei Siedebeginn stark vom Massenstrom abhéngt. Sie fillt exponentiell mit steigendem
Massenstrom.

Der axiale Ort des Siedebeginns wurde durch ¢ine Anzahl von Spannungsabgriffen entlang der dusseren
Wand der Versuchsstrecke bestimmt. Die hier wiedergegebenen Ergebnisse liefern Uberleitungswerte und
Angaben zur Blasenbildung am oberen Teil der Heizstrecke oder an der Stelle der héchsten Temperatur

der Heizfliche im Versuchskanal,

IIEPETPEB HA HAYAJBHOU CTAILUM KUIEHHA HATPUA IIPH EI'O
TYVPBYJEHTHOM TEUYEHUN B HAHAJIE B 3ABHCHUMOCTH OT TEIIJIOBOIO
ITOTOHA M CKOPOCTH TEYUEHHUSI

AHHOTAaNHA— BHIOIHEHO SHCTIEPUMEHTANLHOE NCCARIOBARIG, B KOTUPOM BIHHAHUE TEIJIOBOTO
HOTOKA ¥ CKOPOCTH TEUEHMA HA IePerpes Ha HAYAILHOI CTAJMN KUIEHHA OHpeICNAINCh IS
TypOyNeHTHOTO TeYeHMs HATPHA B KOJBLEBOM KaHase. [[OBEpXHOCTBIO HArpeBa CIYHILIA
MONMPOBAHHAA HEPHABEIOWIAA CTAJIb, HMEIOWAA [MepoXOBATOCTL HORepxHOCTH oT 14 mo 18
MUKPOIONMOB (CpefiHe-KBALPATHYHOE BHAYEHME). B KAMIOM ONLITE M0 KHIECHHUID CHOPOCTh
POCTA TEMIIePATYPEI IOBEPXHOCTH HAIPEBA MONNEPHUBATACE NOCTOAHHON TVTEM LOCTENeHHOTO
YBEeJHUYEHHH TEeMOEpPATYPH HATPHA HA BXOe B OOMTHHIH yuyacrox. Beanuusa TenmoBoro
HOTOKA HA HarpeBaTele TAIKe MONASMUBAKACh NOCTOANHON. Tarum obpasom 6niin
pa3feNeno BINAHNE TEILIOBOTO MOTORA Il CKOPOCTH POCTA TEMIEPATYPH HA meperpes.

JLasl KOHEYHOH CKOPOCTH POCTA TEMITEpATyPHl HAllJeHO, YTO NPk MPOUHX PABHBIX VCIOBHAX
Meperpes Npu KHIEHUH TeM 00ablue, deM foaplue TenroBoil norok. lIoKasaHo Tarke, 4T0 4eM
G0JIbIIE CKOPOCTH POCTA TEMIEPATVDHI, TeM (oJibliee BIUAHUE TellNIOBOM MOTOK OKA3LIBAET
Ha IeperpeB. BeJWYnHa TEINIOBOTO INMOTOKA M3MeHAA4ck B guanazoue or 25000 mzo 300000
BTE/uac k8. pyr.

B nonsoM COOTBETCTBMIL € paHee oNyGIHKOBRHHMME PesyibTaTaMIl HalleHo, YTo neperpes
HA HAYAJLHON CTAIHM KUIIEHUA CIIBHO 33BHCHT OT CROPOCTH TRUSHUH, YMEHBINAACH DRCNO-
HEHIMANBHO [0 Mepe VBEJMYEHHA CKOPOCTH TeUeHIIA.

AKCHAJIbHOE paclpefeNieHne HCTOYHHKOB HUNEHHA ONpPEJeIUINOCh HIMePeHHeM Hamps-
KEHHIl Ha TOKOOTBOAAX, PACIIONOMKEHHBX HA HEKOTOPOM DACCTOAHHH IPYT OT Apyra BREOJIb
BHEIIHEH CTEHKH ONBITHOrO y4actka. B padiore npegcraBiens sHAYCHUA Neperpesa u olpaso-
BaHHA [YBLIPHKOB, NOJYUEHEbE B BepXHel 4acTH HATpeBaTeIls, a Al HanGoIblIero 3Ha4eHn s

TEMOEPATYPH NOBEPXHOCTH HATPEBA-3HAYEHUH, NOJAVICHHBe B OUBITHOM YY4CTKE KAHAJA.



