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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 protilometer 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/hftz. 

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. 
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NOMENCLATURE 

specific heat [Btu/lb, OF] ; 
4m; 

conversion factor = 32.17 
[lb,,, ft/lbr s’] ; 
heat transfer coefficient [Btu/h 
ft* OF] ; 
incipient boiling; 
thermal conductivity of liquid 
[Btu/b ft “F] ; 
(cross-sectional flow area)/ 
(wetted perimeter) [ft] ; 
heated length [ft] ; 
vapor pressure of liquid 
[lb,/in*] ; 

* This work was performed under the auspices of the 
United States Atomic Energy Commission. 

971 

PLT 

P “7 

Re, 

Re*, 

static pressure at nucleation 
site [lbr/in*] ; 
vapor pressure of sodium 
(corresponding to tL) at time 
of IB [lb,/in*] ; 
heat flux at heating surface 
[Btu/hft*] ; 
bubble radius at boiling in- 
inception [in.] ; 
radius of mouth of cavity [in.] ; 
inner radius of annulus [in.] ; 
outer radius of annulus [in,]; 
gas-constant 
= 1.987 Btu/lbmole”R] ; 
D,vp/p = Reynolds number 
[dimensionless] ; 
Re corresponding to y = y,, 
[dimensionless] ; 
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temperature [“I;] ; 
bulk temperature [“F] ; 
temperature c”R] ; 
tem~ratu~ of inlet stream to 
test section [“F] ; 
temperature of bubble at boiling 
inception [“F] ; 
temperature of bubble at boiling 
inception YR] ; 
saturation temperature C”F] ; 
saturation temperature PR] ; 
temperature of heating surface 

[“F] ; 
temperature of heating surface 
[“R-j ; 
incipient boiling superheat 
corresponding to r = rc = ycr 

[“F-j; 
$ip) = friction velocity 

average linear velocity [ft/h] ; 
specific volume of vapor 
[ft3/lbmoleJ ; 
specific volume of liquid 
[ft3/lbmole] ; 
distance normal to heating sur- 
face [ft] ; 
yu*/v = dimensionless distance 
normal to heating surface ; 
value of y when y+ = 5 [ft] ; 
time [h] ; 
latent heat of vaporization 
[Btu~bmole] ; 
viscosity [lb,/fth] ; 
pJp = kinematic viscosity 
[ft’/h]; 
density [lb,/ft3] ; 
surface tension [lb&r.] ; 
wall shear stress [lb,/ft’]. 

INTBODUCTION 

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 

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 [I] 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 [l]. Briefly, the test section 
was about 3 ft long and consisted of a 052 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 
uin. ; thermocouples were imbedded underneath 
the 0013 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 El]. 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 [Ill, 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 Bow rate constant and 
increase the inlet temperature at a fixed rate. 



INCIPIENT-BOILING SUPERHEAT FOR SODIUM 913 

This method, made possible by the use of a 
preheater, was called method (d) in [l]. 

In the experiments reported in [2-51, the 
temperature ramp, &,/c%, was coupled with the 
manner in, and the rate at, which the power on 
the test heater was increased. And Dwyer et al. 
[l] have shown experimentally that the tempera- 
ture ramp during an IB experiment is a 
very important variable. Thus, in the above- 
mentioned experiments, 4 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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RUll NC. SP-iJ 
THERMOCOUPLE TTH 8 

TEMP. RAMP = 1.85OF/min 

q=ZOO.OOO Btu/(h.ftZ) 

4 17.4 OF /+ 

FIG. 1. Temperature trace (for a wall thermocouple near the 
axial location of boiling inception) that illustrates the 

occurrence of a low-temperature spike. 

On the temperature (t,) 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. 

RUN No. 5A-72 

THERMOCOUPLE TTH 6 

pL = 3.4 psm 

Re = 5650 

TEMP. RAMP = 0.3’F/min_ 

q = 299.600 13tu/(h*ftL) 

4 17.2 OF b 

FIG. 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, 5A 
and 6A. 



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 

Review 

EFFECT OF HEAT FLUX 

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 10m6 d rc d 10m3 in. This means that the 
hemispherical bubble shown in Fig. 4 lies well 

TEMP. RAMP = 0.5’F/m1n 

q = 25,150 Eiu/(h.ff21 

I 
-_i 17.4 OF i_ 

FIG. 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. 

FIG. 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 

the boiling that followed took the form of stable 
boiling (Fig. 3) and continued until the power __ 
on the test heater was shut off. 
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for a spherically shaped interface, after p, is 
converted to r by means of the vapor-pressure/ 
temperature relationship for the liquid. Theo- 
retically, an infinitesimal increase in t 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 

r = t, - (#)Y. (2) 

Line B is drawn tangent to curve A at y = r, 

which means that the temperature of the bubble 
decreases from t, at y = 0 to t, 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 
[S-lo]. 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 tk in 
Fig. 4 which would be obtained from a tempera- 
ture line such as C, i.e. one having the same 
slope as that of B but giving an average, effective 
bubble temperature equal to t,. 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 q. 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 

Anderson [lo] derived (by somewhat different 
assumptions and methods) analytical expres- 
sions for (t, - tsat) = f(q) for water. These 
equations cannot be modified to work satis- 
factorily for liquid metals, as was first pointed 
out by Marto and Rohsenow [ll]. 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 

I 

I 

r2 

Y- 

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, - 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 r2 is the radius of the 
largest available active cavity. Then, for the 
same heat flux, the surface temperature is now 
t wz at boiling inception. Also, because the 
conduction line is so flat, the wall temperature 
actually does not increase much for large 
increases in the wall flux ; and therefore (t, - 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 = r2 (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 

dp 1 . 

dT = T(VG - V,)’ (3) 

Neglecting the specific volume of the liquid, and 
employing the perfect-gas law for the vapor, 
this equation becomes 

dp A dT -_=-- 
RT2’ P 

(4) 

an approximate integration of which is 

where Ap/RT’ is assumed constant over the 
temperature range tsti to t,. Combining this 
with equation (1) gives 

2RT’a 
TL - T,,, = p. 

APT 
(6) 

If we now combine this equation with equation 

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

t, - tsat = T + 2uRTwLt 
lpr ’ (7) 

where A may be evaluated at (t,,, + t,)/2 and p 
taken equal to (p, + pJ2. 

Equation (7) says that the wall superheat at 
boiling inception increases with an increase in 
q. 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, - t,,J 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, - tsat), 
at boiling inception, of ~86 “F (x65 to z 151) 
for sodium when the heat flux was increased 
from 203 000 to 488 000 Btu/hft’. Also, Schleisiek 
[4] reported an average increase in (t, - tsa,), 
at boiling inception, of ~99 “F ( x 113 to ~212) 
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 
(tb - t,,& at boiling inception, of ~55°F (~40 
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- 320 I I I I I I I 

Rohsenow model will be offered later. 
280 - 

Results 

Figure 6 presents some IB results for a 
240 - 

temperature ramp of 07”F/min and for the 200--q= 300,000 
other conditions listed on the figure. It is seen 5. (SERIES 5-A) 

that the observed effect of heat flux is large. The ~~ 16o- 
figure shows all the data that were taken, i.e. no Ls 

Y = 0.80 tt,s*c 
Rs= 11.300 

I I I pL* 3.9 psia 

160. 
OXYGEN = 5-6 Ppm 

@a e HEATER A-7 

140- 
SERIES 6-A 

0 I I I I I I I 

IZO- 
g, 0 2 4 6 6 IO 12 14 16 

TEMPERATURE RAMP. mF/min 

FIG. 7. Effect of rate of rise of wall temperature on IB wall 
superheat for turbulent flow of sodium in an annular 
channel, with wall heat flux as parameter. Reynolds number 

equals 11300. 

TEMP. RAMP : 070 ‘F/mm 
v=O.80 ffhec 

p1=3.9 psi0 

0XYGEN:Sppm 
HEATER A-7 
SERIES 5-A 

200000 Btuhft’, 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- 

00 
, I / I 1 

heat, independent of heat flux, also approaches 
50 100 150 200 250 300 ^ * -4O’F. By cross-plotting the curves in Fig. 7, 

FIG. 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 

III 

240 
(SERIES 6 A) 

TEMPERATURE 

200 

metals generally run, those in Fig. 6 are fairly p 160 
precise. When making the experimental runs, Li 

(SERIES 6 A) 

7 

it was not always possible to hit the desired 
ramp just right. When that happened the = 
superheat was corrected to the reference ramp 

pL =3.9 pa 
v=O.BO wsec 
Re~11.300 
OXYGEN=%3ppm 

HEATER A-7 

PROFILOMETER 
ROUGHNESS= 
14-18 p in.(rmsl 

by means of the (t, - t,,,) vs ramp curves 
shown in Figs. 3-5 in [l]. The curve in Fig. 6 
was drawn “by eye” and when extrapolated to 
zero heat flux, gave an IB superheat value of 0 40 80 120 160 200 240 280 320 

40°F. For this limiting situation, the average 
-3 

q.~Bfu/(h~f:)~ x IO 

deviation of the data is estimated to be k12”. FIG. 8. Effect of wall heat flux on IB wall superheat for 

Figures 3-5 in [l] show (t, - t,,,) vs ramp turbulent flow of sodium in an annular channel, with 

curves for heat fluxes of 50000, 100000 and 
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 -4OOF. In 
other words, as either the temperature ramp or 
the heat flux approached zero, the IB superheat 
approached -400F, for a flow rate of 080 ft/s, 
which is equivalent to a Reynolds number of 
11300. 

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 0.7 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 (& 1) ppm. It is 

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, 181 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, 191 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 ti”) at a 
fixed rate, until IB occurred. This was referred 
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to earlier as experimental method (d). This a line does not give the effect of q on (t, - t,,J at 
method contrasts with method(c), also described IB, when all other independent variables, in- 
earlier, whereby the flow rate and inlet tempera7 cluding the temperature ramp, are held constant. 
ture are fixed and the power (corresponding to According to the results of the present study, 
a given steady-state heat flux) is applied in- this would be given by an “incipient-boiling” 
stantaneously to the heater. In this method-the curve, such as fcg where heat flux is the 
one generally employed by investigators in the independent variabIe, and where pressure, velo- 
past-temperature ramp and heat flux are city, and temperature ramp are held constant. 
covariant. By contrast, the heat-balance line abed as 

pL = o CONSTANT 
/” 

v = o CONSTANT 
HEAT- BALANCE LINE 

9 

= o CONSTANT 

t 
L; 
P INCIPIENT-BOILING CURVES 

I 

z* 

h 

FIG. 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 

4v 4at 4 [ 1, 2r,L - = h upc,(rq - rf) 1 
+ (4, - LA (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 gbcd, 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. 

Review 

EFFECT OF FLOW RATE 

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, 141 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 pv and a drop in pL (see equation (l)), 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 I,. 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, I 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 

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

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 5OOOtl 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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FIG. 10. Experimental results showing the effect of flow rate 
on incipient-boiling superheat, for sodium in turbulent, 

channel flow. Heat flux = 50000 Btu/hft’. 
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FIG. 11. Experimental results showing the effect of flow rate 
on incipient-boiling superheat, for sodium in turbulent, 

channel flow. Heat flux = 200000 Btu/hft2. 

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 (t, - t,,) 
values shown are at least as great as, and 
probably somewhat less than, the (t, - t,,,) 
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 Schleisiek [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, - tsat)* 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 (t, - t,,)*, 
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 1 were obtained. 

The quantity (t, - tsat)* theoretically repre- 

sents the value of the IB superheat at 0 < Re < 
Re*, and the values of (t, - 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 J in equation (9), as originally 
proposed by Pezzilli et al. [14]. Since the I 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 

Rbsumb-On a men& une etude expkrimentale dans laquelle les effets du flux thermique et de la vitesse 
sur la surchauffe en dkbut d’kbullition ont ttC dtterminb pour un tcoulement turbulent de sodium dans 
un canal annulaire. La surface chauffante polie est en acier inoxydable de type 316 ayant une rugositt, 
dCtermin& au profilom&tre, entre 0,356 et 0,457 ym. On maintient constante la vitesse de croissance de 
la temperature de la surface chauffante dans chaque essai de debut d’tbullition, en tlevant graduellement la 
temp&ature d’entrke du sodium dans la section d’essai, tandis que l’on maintient constant le flux thermique 
sur le chauffoir. De cette man&e, les variables indkpendantes, flux thermique et vitesse de croissance de la 
temp&ature, sont s&par&es. 

Pour une vitesse linie de montee de tempt?rature, on trouve que plus le flux thermique est grand, plus 
grande est la surchauffe en dtbut d’&bullition, les autres chases restant &gales par ailleurs. On a aussi con- 
stat& que plus la vitesse de croissance de la tempkrature est grande, plus important est l’effet du flux ther- 
mique. Ce flux varie entre 79 et 950 kW/m’. 

En accord g&n&al avec les rtsultats publies anttrieurement, la surchauffe en d&but d’tbullition dtpend 
fortement du d&bit, diminuant exponentiellement. 

UBERHITZUNG VON NATRIUM BE1 SIEDEBEGINN IN TURBULENTER 
KANALSTROMUNG. ,DER EINFLUSS DER W;iRMESTROMDICHTE UND DER 

MASSENSTROMDICHTE 

Zusammenfassun~ln einer experimentellen Untersuchung wurde der Einfluss der Wlrmestromdichte 
und der Geschwindigkeit auf die ijberhitzung im Siedebeginn bei turbulent striimendem Natrium in 
einem Ringkanal bestimmt. Die Heizflache bestandauspoliertem, rostfreiem 3 16-Stahl mit einer gemessenen 
Rauhigkeit von 350-450 pm (RMS). Die Temperaturanstiegsrate der Heizfliiche wurde bei jedem 
Siedeversuch konstant gehalten, indem die Temperatur des in die Versuchsstrecke eintretenden Natriums 
stetig erhiiht wurde, wlhrend der WLrmestrom der Heizung konstant blieb. Auf diese Weise wurden die 
unabtingigen verlnderlichen Grijssen WIrmestrom und Temperaturanstieg getrennt. 
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Bei einem endlichen Anstieg der Temperatur zeigt sich, dass die Anfangstlberhitzung beim Sieden um 
so grosser ist. je grosser der Warmestrom ist, solange andere Parameter gleich bleiben. Weiterhin wurde 
beobachtet, dass mit grosserem Temperaturanstiegder Einfluss des Warmestroms wachst. Der Wlrmestrom 
wurde zwischen 80 und 950 kW/m2 variiert. 

In ~~r~nstimmung mit ver~ffen~ichten Ergebnissen friiherer Unte~uchungen wurde beobachtet, 
dass die ‘Uberhitzung bei Siedebeginn stark vom Massenstrom abhlngt. Sie f2lt exponentiell mit steigendem 
Massenstrom. 

Der axiale Ort des Siedebeginns wurde durch eine Anzahl von Spannungsabgriffen entlang der lusseren 
Wand der Versuchsstrecke bestimmt. Die hier wiedergegebenen Ergebnisse liefem Uberleitungswerte und 
Angaben zur Blasenbildung am oberen Teil der Heizstrecke oder an der Stelle der hochsten Temperatur 

HEPEI’PEB HA 
TYPBYJIEHTHOM 

der Heizflache im Versuchskanal. 

HAtIAJIbHOH CTAflIill HHIIEHHR HATPHH HPII El’0 
TE’IEHHH B HAHAJIE B :~ABHC:HMOCTH OT TEHJIOROI’O 

rIOTOR I4 ClCOPOCTkl TEYEI-IMFI 

il~~~~srtrrsr-Bb~n~,naelio 3~c~ep~r~eKT~~bHO{~ r~~l'~e~u~3Hiie,~ KUTO~OM II;IIIXHII~‘~~)~~ORUI‘O 
IiOTOIEa If CKOpOCTJITeYeHITfI Ha JIeperpeJS Ha Ha'JaJIbHOir CTGl&JfIl KilileHJiR OII[le;lenHJIlfcb ,QJIfJ 

Typ6yJIeJJTHOrO TeqeHkfR HaTpWl B KCVlbI~eBOM KZlHaJIe. nORepXHOCTbJO HWFN?ISa CqDKIlJJa 

no~nponannan neprfraseron~an cranb, JlMeI0IJ&UJ LLIeJ)OXOB3TOCTb JIOnepXHOrTlI OT 14 x.0 18 

MJlKpO~IdiMOB (cpeaue-nsa~paruynoe aaauenne). B irarirF,?o5r OIlbITe no IFLlII?HIlK) C,iOI,OCTb 

pocTaTe~nepaTypbInoBepxtroc~J~~arpeBaJIo~~ep~~iBanacbn0~~o~~~o~ II~TBM nocTeneiwor0 
yBeJWJeHHR TeMJIeI)Z,TyphJ HaTI'"" Ilk-i BXO#.? B OIJbiTHhJfi )‘%KTOH. ~e.lIWJJlH~ TellJJOBORZI 

JJOTOG, Ha HarpeBaTejrO TatEZKe TIO~~e~~~JBa~~Cb ~O~~TO~IIflO~. TaKJfM OrijA,ZGJOM 6hUJO 

pa3$&?ZeHO BJIIIRHJfe TeII~OBOrO IIOTOKa II CKOPOCTH f'OCT3 Te~Ilell3Tyf~bJ Ha JWpeFpeB. 

Ans KOHe'JHOfi CKOpOCTMpOCTa TeMJIepaTypbI HafifieHO, 'IT0 Ill'"' JJpOWS I'"JSHbIX )WIOJ%IRS 

neperpee npri nnnennn TC"M 6onbLLJe,qen RoJJbme Tenno~oiimTOK. Ilo~a3arJo TaJme,v~o 9eM 

6OnbLLIe CKOpOCTh POCTa TeMJIepaT)'I1hI, TeM 6OJIbLIJeC J?JIJlFlHll~ TelIJI0BOfi JIOTOJE OK33hIBaeT 

Ha neperpee. BemmlHa Tennonoro noToKa Jimewmacb n ~Jfananow 0T 25000 20 .u10000 

BTE/Yac KB.~;YT. 

B IJOSIHOM COOTBeTCT3~~Ji C I.'aHee 0Ily6~Jfi~O~~HHhIM~l ~""~;'bT~~T3.#~1 11di~efI0, 'iT0 rIe&mf'eLS 

Ha Ha~a~bHO~ CT3~~fJf ~IfneJJ~~ CIlJIbHO 3aBHCWT OT CKOpOCTJi TeVeHmJ, y~eJibiII3~Cb 3JiCIIO- 

HeHr(HaJJbHO II0 hfepe yBeZll%HIGI CKOpOCTIl TFJeHIfR. 

AKmanbHoe pacnpeneneane rrcT0Y~nnOn fEIinennti onpeiu5annorb nnzirprwrrea nanpn- 
?KeHLlti Ha TOKOOTBOAaX, paCJIOJLOWeHHhIX J-ra HeKOTOpOM paCCTOfJHHL1 ;Ipyr OT AI'ylYi BROJIb 

BHeIJIHEii CTeHKLf OIJhITHOt'O yWCTK3. B par',OTf? IlpeRCTaBJWHM RHa~eHllH rlelJW~f?Ba II Of-+ZO- 
BaHHR JJYWpbKOB, JIOJIj'tJeHHbIe B BepXHefi ~Ja(:TliIIarpPR3TenFI, a AJlFJ HaJl6O.?bLIIL'rO 3Ha9eHblFJ 

TeMJJepaTypbI IJOBepXHOCTJi HarpeRa-aHaseaw4, JIonywHrrhIe 1% OIILITHOM )=iacTI<e KaHana. 


