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Abstract-Results of experiments to determine the point of onset of significant void (OSV) for up-flow 
boiling of water at low pressure (N 150 kPa) and low velocities (~0.5 m s-‘) show that the sub-cooling at 
OSV increases as liquid inlet velocity increases. According to the Saha and Zuber OSV correlation there 
should be no effect of velocity under the experimental conditions since the Peclet number is less than 70 000. 
At higher Peclet numbers, empirical evidence and existing correlations and models show that the sub- 
cooling at OSV decreases as liquid velocity increases. A model, based on the findings of Winterton on 
bubble departure, has been developed which predicts the observed trend of sub-cooling at OSV with 

velocity in these experiments as well as the opposite trend observed by others at higher velocities. 

INTRODUCTION 

THE PREDICTION of void behaviour in low-pressure, 
low-velocity, sub-cooled boiling flows is very difficult 
because of the existence of non-equilibrium conditions 
and the sensitivity of void behaviour to various par- 
ameters. An experimental program to measure the 
onset of significant void and void growth in low- 
pressure (N 150 kPa), low-velocity (< 1 .O m SK’) ver- 
tical boiling up-flow of water in an internally-heated 
annulus was undertaken jointly by researchers at the 
University of Ottawa and Carleton University. 

The work was done under contract to Atomic 
Energy of Canada Ltd., in support of the development 
of the low-power (2-10 MW) SLOWPOKE nuclear 
reactor for space- or industrial-heating purposes [l]. 
The core of a SLOWPOKE reactor is located in a 
deep pool of water and is cooled by natural circulation 
of the pool water up through the core. The pressure 
at the core exit is established by the head of water 
over the core, about 6 m. Accurate knowledge of void 
behaviour in the core is necessary to determine core 
pressure drop, and hence circulation flow rate, void 
reactivity effects, critical heat flux behaviour and flow 
stability limits. 

Details of the work for the experimental program, 
which also included measurements of critical heat flux, 
are given in refs. [2,3]. Results of the critical heat flux 
work were published earlier [4], and certain results for 
void behaviour in a heater tube with cosine axial heat 
flux distribution have also been published [5]. 

t Present address : Department of Mechanical Engin- 
eering, University of British Columbia, Vancouver, British 
Columbia, Canada. 

In this paper, results are presented for the onset 
of significant void under low-pressure, low-velocity 
conditions, and an analytical model which predicts 
the observed behaviour is developed. 

BACKGROUND 

Although there is considerable information avail- 
able in the literature on void behaviour in sub-cooled 
boiling-water flows, much of this information was 
obtained at higher pressures and velocities than those 
of interest in the present study and models and cor- 
relations based on this information may not be valid 
for the pressure and velocities of concern here. 

Results of such studies show that void growth in 
a steady-state boiling flow along a uniformly-heated 
channel under sub-cooled conditions generally fol- 
lows the behaviour shown in Fig. 1. The sub-cooled 
void length can be divided into two regions. In the 
first region, AB in Fig. 1, the highly sub-cooled region, 
the wall temperature and the liquid temperature near 
the wall are high enough for bubble nucleation, but 
the bubbles collapse rapidly as they grow into the 
highly sub-cooled core of the flow. In this region, the 
bubbles collapse before departure from the wall, 
although they may slide along the wall before collapse. 
The location of point A, generally called the point of 
onset of nucleate boiling (ONB) can be determined, 
for water, by the empirical model of Bergles and 
Rohsenow [6] or the analytical model of Davis and 
Anderson [7] which give excellent agreement with each 
other. The models of Griffith et al. [8], Bowring [9] or 
Costa [lo] can be used to estimate the void fraction 
in the highly sub-cooled region. 

In the second region, BC, the region of low sub- 
cooling, the bubbles condense only slowly as they 
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NOMENCLATURE 

cross-sectional area of flow channel 
empirical constants in Levy’s equation 
for bubble departure, equation (1) 
bubble drag coefficient 
specific heat 
empirical correction factor in equation 
for surface tension force, defined by 
equation (11) 

*, C, functions of equilibrium contact 
angle, defined by equations (14t( 16) 
equivalent diameter 
heated equivalent diameter, 4(A/P,) 
buoyant force on a bubble 
drag force on a bubble 
empirical factor to allow for rough 
surface effects, equation (21a) 
net surface tension force on a bubble 
friction factor, based on Fanning 
definition, z,/(p,(U’/2)) 
mass velocity 
acceleration of gravity 
heat transfer coefficient 
thermal conductivity 
Nusselt number at OSV, q”d,/k( T, - TJ 
heated perimeter of channel 
Peclet number, C,,Gd,/k 
Prandtl number 
heat flux at wall 
Reynolds number, p,tidJp, 
bubble Reynolds number at departure, 
defined by equation (9) 
bubble radius at departure 
Stanton number at OSV, q”/C,G( T, - TJ 
spacing between bubble centres 
liquid temperature at bubble tip 
saturation temperature 
wall temperature 
liquid bulk temperature at OSV 

non-dimensional temperature difference 
between the wall and the liquid, 
defined similarly to equation (23) 

Tb’ non-dimensional temperature difference 
between the wall and the liquid at the 
bubble tip, defined by equation (23) 

ATd liquid sub-cooling at OSV (bubble 
departure point), T, - T, 

ATo,, liquid sub-cooling at ONB 
u liquid velocity 
6 channel average liquid velocity at inlet 

;; 
liquid velocity at Yr 
non-dimensional velocity, u/u* 

u* shear stress velocity, J( T, /pf) 

vd vapour volume at bubble departure 
point 

Yb distance from the wall to the tip of the 
bubble at departure 

Yc one-half the distance from the wall to the 
tip of the bubble at departure 

Y+ non-dimensional distance from the wall, 
defined similarly to equation (2) 

Yb’ non-dimensional distance from the wall 
to the tip of the bubble at departure, 
defined by equation (2). 

Greek symbols 

Gld void fraction at bubble departure 
point 

6, dynamic advancing contact angle, at 
upstream stagnation point of bubble 

6, static or equilibrium contact angle 

0, dynamic retreating contact angle, at 
downstream stagnation point of 
bubble 

n dynamic viscosity 

P density 
a surface tension 

Tw shear stress at the wall. 

Subscripts 
f liquid 

g vapour. 

grow and detach, so that the void fraction increases 
rapidly with length after point B. Point B, the point 
of onset of significant void (OSV), or the initial point 
of net vapour generation (IPNVG), is generally con- 
sidered at the point at which bubbles first detach from 
the wall. Several methods are available to predict the 
location of the OSV point (e.g. refs. [9-16]), the void 
fraction at this point (e.g. ref. [12]) and the subsequent 
growth rate of the void fraction (e.g. refs. [8, 9, 12, 
17-201). 

Beyond point C, the fluid bulk temperature 
approaches the saturation temperature and saturated 
boiling occurs. In this region the void fraction can be 

predicted by correlations such as those of Zuber and 
Findlay [20]. 

MECHANISTIC MODELS OF ONSET OF 

SIGNIFICANT VOID 

To predict the void fraction in the SLOWPOKE 
reactor core under various operating conditions, it is 
necessary to predict the point of onset of significant 
void, point B in Fig. 1, as well as the void fraction at 
this point, which can be significant (h 510%) at the 
low pressure of concern here, as will be shown later. 
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FIG. 1. Void fraction in sub-cooled boiling. 

The empirical models for OSV briefly reviewed in 
the previous section are based mainly on data 
obtained at higher pressures. For example, Bowring’s 
correlations [9] are not valid for pressures less than 
about 1100 kPa. Accordingly, attention was focused 
on the well-known mechanistic models of Levy [12] 
and Staub [ 131 for the OSV point in vertical up-flow 
sub-cooled boiling for water to assess their appli- 
cability to the present conditions. 

Levy postulated that OSV occurs when steam bub- 
bles detach from the wail. He assumed a simple force 
balance on a single bubble, with buoyancy and wall 
shear forces acting to detach the bubble and with 
surface tension force tending to hold it on the wall. 
From the force balance, he derived the following equa- 
tion for the non-dimensional distance from the wall 
to the tip of the bubble at the departure point : 

Yb = c 

where 

(2) 

and C and C’ are empirical constants. 
Levy assumed that the liquid temperature at y, 

could be specified by the Martinelli temperature pro- 
file for fully-develo~d turbulent flow. He postulated 
that the bubble could grow and detach only if the 

liquid temperature at the bubble tip was at least equal 
to the saturation temperature. Assuming that the heat 
transfer coefficient at the OSV point is given by a 
conventional correlation for fully~evelo~d tur- 
bulent flow, he derived equations for the liquid sub- 
cooling at bubble departure from the appropriate 
Martinelli equation. He also assumed that the wall 
shear stress at bubble departure could be calculated 
using a friction factor for smooth surfaces in fully- 
developed turbulent ffow. By applying the model to 
experimental results for water, he established the fol- 
lowing values for the empirical constants 

c = 0.015 

C’ = 0. 

The value of C’ being equal to zero implies that 
the buoyant force plays a negligible role in bubble 
detachment. 

It should be noted that the lowest pressure in the 
experiments used to develop this correlation was 
about 410 kPa, considerably higher than that of con- 
cern here, but that the lowest velocity used was about 
0. I5 m s-‘, within the range of interest here. 

The Staub model, a generalization of the Bowring 
model, is similar to the Levy model in many respects. 
However, the force balance is made on a layer of 
hemispherical bubbles rather than a single bubble as 
in the Levy model. This model yields the following 
equation for the non-dimensional distance from the 
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wall to the tip of the bubble at the departure point : 

I/2 3,2 

yb’ = 0.75 pf rw 
S(Pf - Pg )K 

X H . 1 +5 333 f(Qobg(Pf-P,) “2 _ 1 

2 
zw I 1 (3) 

where f(O,) is a function of the bubble contact angle 
which exists at the point of departure. 

From experimental data for forced convection sub- 
cooled boiling at high pressures (4.24 MPa), Staub 
established that f(6,) = 0.030. 

As in the Levy model, Staub postulated that bub- 
bles could grow and detach only if the liquid tem- 
perature at the bubble tip was at least equal to the 
saturation temperature. However, he integrated the 
temperature profile over the portion of the channel 
diameter beyond the bubble tip, assuming a uniform 
velocity profile, to establish the liquid sub-cooling at 
the bubble departure point. Also, he assumed that the 
wall shear stress could be calculated by using a friction 
factor for a rough instead of a smooth surface, with 
the relative roughness equal to rb/de, i.e. proportional 
to bubble radius. 

Staub showed reasonable agreement between 
experimental results and the predictions of his model 
for sub-cooled boiling of water at pressures as low as 
170 kPa, almost in the range of interest, but at vel- 
ocities much higher (G > 3 m s-‘) than those of con- 
cern here. However, it must be noted that the value 
of the function f(Q,) was established from results 
obtained at very high pressures. 

From the foregoing assessment, it appears that 
neither of the models of Levy and Staub would be 
directly applicable for the present case. 

Therefore, an approach has been developed, based 
on the analytical and experimental results of Al-Hayes 
and Winterton for gas bubble departure from a wall 
in a liquid flow [21]. Their model and empirical data 
have been shown by Winterton to be applicable to the 
prediction of bubble departure in low-pressure, low- 
velocity boiling flows, at least for horizontal Aows 
with average velocities greater than 0.15 m s ’ [22]. 

As in the models of Levy and Staub, Al-Hayes and 
Winterton assume that bubble departure occurs when 
the forces tending to detach the bubble overcome 
those tending to hold it on the surface. The forces 
tending to detach the bubble, in vertical up-flows, are 
the buoyant force, as in the previous models, and a 
bubble drag force, rather than a wall shear force. The 
force tending to hold the bubble on the wall is the 
surface tension force, as in the other models. 

The bubble-detachment forces are calculated by 
treating the bubble as a truncated sphere with a con- 
tact angle at the surface equal to the equilibrium con- 
tact angle Bo. The buoyant force is given by 

Fb = pIs~[2+3cosu,-cos’8,]. (4) 

The drag force is proportional to the projected area 
of the bubble facing the flow and the dynamic pressure 
of the coolant 

Fd = C,$r:[n-B,+cosB,sinR,] (5) 

where u, is the velocity at a distance from the wall 
equal to one-half the distance to the tip of the bubble 
from the wall. i.e. at 

y,=~=~(l+cosB,). (6) 

From their experimental results, Al-Hayes and 
Winterton established the drag coefficient as 

C, = 1.22 for 20 < Re, < 400 (7) 

Cd = 24/Re, for 4 < Reb < 20 (8) 

where Reb is a bubble Reynolds number defined as 

Re 

b 
= pfG%) 

Pf 

Note that the equation for C,, for bubble Reynolds 
numbers below 20 is consistent with Stokes drag law 
for low velocities. 

The surface tension force is given by an equation 
which recognizes that the bubble distorts under the 
influence of buoyancy and drag forces, which modifies 
the contact angle around the bubble. The limiting 
values of the modified contact angles at the upstream 
and downstream stagnation points are known as the 
advancing (0,) and receding (6,) contact angles. 
Assuming a reasonable variation of contact angle at 
intermediate points around the periphery of the line 
of contact, the net surface tension force is given by 

F, = C,~r,asine,(cosB,-cosB,) (10) 

where C, is an empirical correction factor given by 

(11) 

where O. is in degrees. 
Although this model was developed for the detach- 

ment of gas bubbles from the wall in a flowing liquid, 
Winterton [22] showed that it gives excellent pre- 
dictions of the bubble diameters at departure from a 
smooth surface measured by Koumoutsos et al. [23] 
in horizontal sub-cooled boiling flows at a pressure of 
101 kPa and inlet water velocities of O.lw.35 m s-l, 
in the ranges of interest here. This agreement was 
achieved by assuming 8, = B,,+ 10” and 8, = O,- lo”, 
based on the experimental data on gas bubble depar- 
ture in liquid flows. 

Since this model of bubble departure is a more 
fundamental model than those of Levy or Staub and 
has been shown to give good agreement with exper- 
imental results for sub-cooled boiling flows at a pres- 
sure and velocities in the ranges of concern for this 
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study, it was incorporated into a model to predict the 
liquid sub-cooling at the bubble departure point in a 
sub-cooled boiling flow, following the approach of 
Levy. 

From a force balance on a bubble using this model, 
the non-dimensional distance to the tip of the bubble 
at the departure point is given by 

yb+ = $ 
pr J( > z (1 +cose,) (12) 

where rb is given by 

X 
8n2 C,C, C, ga I’*_1 

‘+Tc’Fs 
1 1 (13) 

2 d I r 

where 
C, = 2+3cos&-cos’0, (14) 

Cz = x-0,+cos0,sin0, (15) 

C3 = sin 8, (cos 0, -cos (3,). (16) 

To calculate the velocity u,, at yr, the universal vel- 
ocity profile for turbulent flow on a smooth surface is 
used. 

In the viscous sub-layer, y+ < 5.0 

u+ =y+. 

In the buffer layer, 5.0 < y + < 30 

U+ = 50ln(y+)-3.08. 

(17) 

(18) 

In the turbulent core, y+ > 30 

U+ = 2.5ln(y+)+5.5. (19) 

To calculate z,, the friction factor is assumed to be 
given by a conventional equation for fully-developed 
single-phase turbulent flow over smooth surfaces 

f = 0.046Re-a.2. (20) 

The sub-cooling at the bubble departure point is 
established, as in the Levy model, by assuming that a 
bubble can grow and depart only when the liquid 
temperature at the bubble tip, y,, is at least equal to 
the saturation temperature. The resulting equation is 
given by 

AT, = q” [; - &I. (2’) 

In equation (21), h, is the heat transfer coefficient 
for fully-developed single-phase turbulent flow over a 
smooth surface given by 

~ = 0.023Re0.’ PrF.4 
k 

f (22) 

and Tl is the non-dimensional temperature difference 
between the wall and the liquid at the bubble tip, 
ybf , defined by 

T+ = cd@ 
b 4,,(T,--T,) 

where Tb is set equal to the saturation temperature, 
as explained above. 

The temperature profile is given by the Martinelli 
equations. 

In the viscous sub-layer, y+ ,< 5.0 

T+ = Pr,y’. 

In the buffer layer, 5.0 < y + < 30 

(24) 

T+ = 5[Pr,+in {l+Pr, tG-- I)}]. (25) 

In the turbulent core, y+ > 30 

T+ = 5 Pr,+ln(l+5Pr,)+0.5ln . (26) 
A computer program was written to calculate ATd 

and rb for a given pressure, average velocity, heat flux, 
equivalent diameter and equilibrium contact angle. 

In the model derived above it is assumed that the 
friction factor, heat transfer coefficient, velocity pro- 
file and temperature profile at the bubble departure 
point can be determined from relationships estab- 
lished for smooth surfaces. Of course, the heated sur- 
face at this point will be fairly well covered by bubbles, 
so that the relationships to use for the above par- 
ameters should more appropriately be those for rough 
surfaces. 

Rough surface behavior would affect both the terms 
within the square brackets in equation (21), so that 
the difference between the two terms, and hence the 
predicted sub-cooling at OSV, could be sensitive to 
surface conditions. As a first approach to allow for 
departures from smooth-surface conditions, an 
empirical correction factor was inserted into equation 
(21). It is arbitrary as to which of the two terms is 
adjusted by this factor; the first term was selected. 
Thus, the modified form of equation (21) becomes 

Voidfraction at OSVpoint 
Levy proposed a simple model to predict the void 

fraction at the OSV point. The model assumes that 
there would be sufficient wall superheat at this point 
for the existence of many nucleating sites so that bub- 
ble distribution would not be constrained by surface 
nucleating characteristics. It assumes that bubbles 
would be spherical at departure and would form a 
square configuration with spacing between bubble 
centres of s. 

The vapour volume in a length of channel s near 
the OSV point is then 

The void fraction can then be determined by divid- 
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ing Vd by the total volume of the channel in length s, 
to give 

He assumed that bubbles would be essentially iso- 
lated from each other at departure and that bubble 
interference would begin at rb/s N 0.25. Thus, the 
maximum value of rb/s would be 0.25. Recognizing 
that rb = y,/2, equation (27) becomes 

(29) 

Substituting for y, from equations (1) and (2), the 
void fraction at OSV becomes 

c(,j = (30) 

A similar approach can be used to estimate an upper 
limit to the void fraction at the OSV point from the 
present model. It is assumed that the upper-limit void 
fraction is that corresponding to a maximum-packing 
(i.e. rb/s = 0.50), square array of bubbles. The vapour 
volume in a length of channel s near the OSV point 
would then be 

P, m-i 
Vd =T3c,. 

The resulting upper-limit void fraction is then given 

by 

c[d = 1.05+,. (32) 
eh 

It is emphasized that this represents an upper limit to 
the void fraction at the OSV point since the assump- 
tion of maximum packing of bubbles at the OSV point 
is not consistent with the drag force equation used in 
the analysis, which is valid for an isolated bubble. 

EXPERIMENTAL APPARATUS AND 

INSTRUMENTATION 

In a SLOWPOKE heating reactor, the core is com- 
posed of a large array of small-diameter vertical fuel 
elements arranged on a square pitch. Internally- 
heated annular test sections were used in these experi- 
ments to represent a single fuel element. The outer 
diameter and length of the electric heaters were ident- 
ical to those of the actual fuel elements (13.1 and 480 
mm? respectively) and the inside diameters of the 
outer glass tubes of the test sections were selected 
to provide test section heated equivalent diameters 

t In some experiments, a 600 mm long test section was 
used. 

$ However, it is shown in ref. [5] that the OSV point is the 
same for cosine and uniform axial heat flux distributions, 
other factors being equal. 

Table 1. Dimensions of test section 

di, m 
d,, m 
L, m 
d,, m 
dshr m 
Length of entrance calming 

section, m 

0.0131 
0.022,0.025,0.030 
0.48, 0.60 
0.0089,0.0119,0.0169 
0.0239, 0.0346, 0.0556 
0.25 

Length of exit unheated 
section, m 

0.30 

Table 2. Operating conditions for experiments 

Outlet pressure 15&155 kPa 
Inlet temperature 1%51°C 
Test section mass velocity 70-450 kg m-* s-’ 
Test section inlet velocity 0.07M.45 m s-’ 
Heat flux (uniform) 3&120 W cm-’ 

covering the range considered for the reactor core 
itself. Glass tubes were used for the outer walls of the 
test sections to permit visual observation of the flow 
patterns. 

Heaters were directly heated thin-wall Inconel 718 
tubes. Inconel 718 was used since it has a very low 
temperature coefficient of resistivity, making the elec- 
trical resistance of the test section fairly constant over 
the operating range. Heaters with both uniform and 
chopped-cosine axial heat flux distributions were 
used. Results for uniform axial heat flux only are con- 
sidered in this paper.1 The dimensions of the test 

sections used in the particular experiments discussed 
here are given in Table 1. 

Power was supplied by a 64 kW transformer with 
controlled variable output voltage from 0 to 32 V. 

The experimental loop uses pumped flow to simu- 
late the natural circulation flow in a SLOWPOKE 
heating reactor while maintaining outlet pressures, inlet 
temperatures and test-section velocities consistent 
with reactor operating conditions. To help ensure 
loop flow stability, the flow control valves were 
located upstream of, and close to, the test section. No 
loop flow instability was observed during the experi- 
ments. 

The ranges of operating conditions used in this 
phase of the experiments are given in Table 2. 

Void fractions at different axial locations were mea- 
sured by a traversing gamma-ray densitometer. The 
count-mode densitometer, based on a design of 
Banerjee and Chan [24], used a 10 mCi “Co source 
with a scintillator and detector assembly. 

Other instrumentation included thermocouples to 
measure inlet and outlet temperatures, a pressure 
transducer to measure pressure and orifices and pres- 
sure transducers to measure flow rate. The instru- 
mentation was interfaced with a micro-computer for 
data acquisition and processing. 

Additional information on the apparatus and 
instrumentation is given in refs. [2, 31. 
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Table 3. Estimated errors in directly measured quantities Table 5. Estimated errors in void fraction 

Outlet pressure 
Inlet temperature 
Coolant flow rate 
Test section voltage drop : 

k3.0% 
kO.5”C 
+2.5% 
1-5 V range, f 0.15 V 
5-20 V range, kO.35 V 

Test section current kl.1 A 

Table 4. Estimated errors in calculated quantities 

a 6a 

0.05 kO.027 
0.10 kO.027 
0.20 rfrO.028 
0.30 *0.028 
0.40 kO.029 
0.50 kO.030 
0.60 kO.031 

da/a: 

+0.54 
kO.27 
+0.14 
f 0.093 
kO.073 
k 0.060 
kO.052 

Test section mass velocity 
Test section velocity 
Heater resistance 
Heat flux : 

&2.5% 
k2.5% 
+ 1.1% 

at 30 W cn-* 
at 120 W cm-’ 

Coolant exit temperature 

*2.9% 
+3.2% 

(sub-cooled) &l.O% to *3.4%t 
Thermodynamic exit quality1 kO.0013 to +o.o07t 

t Calculated error depends on heat flux, velocity and inlet 

The total estimated errors in void fraction readings, 
determined as described above, are given in Table 
5, over the range of void fractions of interest here. 
Statistical counting errors do not make a large con- 
tribution to the total errors shown in Table 5. 

Again, the void fraction errors in Table 5 represent 
one standard deviation. 

temperature. 
$ Values quoted are in terms of actual absolute errors in 

quality. 

It is apparent from Table 5, that the relative errors 
in void fraction, while low at high void fractions are 
quite high at low void fractions. Therefore, there will 
be large uncertainties in measured void fractions 
below about 10%. 

Error analysis 
Uncertainties in the measured parameters have 

been estimated from manufacturer’s data and from 
calibrations, in general. In some cases, judgement has 
been used to modify the estimated uncertainties. 
Errors in most directly measured quantities are listed 
in Table 3. These errors represent one standard devi- 
ation. 

Care was exercised in the experimental program to 
ensure that the water in the test section was de-gassed 
before any experimental readings were taken. De- 
gassing was accomplished by running the loop at an 
elevated temperature for at least an hour before the 
start of the run and by periodically bleeding air from 
the loop, using the air bleed cocks, during this period. 

From these estimates, errors in calculated quantities 
were determined, as given in Table 4, using standard 
methods for the propagation of errors, and con- 
sidering errors in physical properties and test section 
dimensions to be negligible. Again, these errors rep- 
resent one standard deviation, i.e. a 68% confidence 
level. 

The gamma-ray densitometer was calibrated by 
using lucite inserts of various sizes, since lucite has 
approximately the same attenuation of gamma rays 
as does water [24, 251. 

To confirm the effectiveness of the de-gassing pro- 
cedure, two runs of 10 h duration each were made 
with periodic de-gassing under constant conditions 
with measured exit void fraction in the range of 5- 
10%. There was no evidence of a downward trend in 
void fraction over this period of time, as might be 
expected if dissolved gases coming out of solution 
contributed significantly to the measured void frac- 
tion. 

Inserts providing equivalent void fractions from 
about 0.04 to 0.70 were used in the calibration. In 
most cases, for a given void fraction, separate inserts 
with the equivalent void at the inside or at the outside 
of the annulus were used, so that effects on the mea- 
sured void fraction of the radial location of the void 
in the annulus could be assessed. The uncertainty in 
void fraction resulting from the uncertainty in radial 
location of the void was accounted for in the standard 
deviation of the least-squares linear curve-fit of the 
calibration curve. Densitometer count readings were 
taken for periods of 0.03 s and 3.50 readings were 
taken at each condition to reduce statistical counting 
errors. Corrections to void fraction readings, equi- 
valent to a void fraction of 0.0175, were made to allow 
for the clearances required for the inserts to fit into 
the experimental annulus. 

To confirm that any dissolved air remaining after 
de-gassing would not significantly affect the low void 
fraction readings should it come out of solution in 
passing through the test section, an air solubility 
analysis was undertaken for typical experimental con- 
ditions. Over the range of outlet temperatures used, 

the void fraction equivalent of the air released from 
solution was estimated in this way to range from about 
0.005 to 0.007, thus resulting in no significant con- 
tribution to void fraction error. 

Heat loss rates from the test section were measured 
under zero-power conditions for various inlet water 
temperatures. The measured heat loss rates were equi- 
valent to less than about 2%, at the most, of the power 
inputs over the experimental range. For each test run 
with sub-cooled outlet conditions, a heat balance was 
calculated between the measured electrical power 
input and the measured rate of enthalpy gain by the 
coolant. In all tests reported here, the heat balance 
errors were less than 5%. 
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FIG. 2. Typical void fraction profile. 

RESULTS AND DISCUSSION 

Pre-OSV region 
Typical measured void fraction profiles are shown 

in Figs. 2 and 3. It can be seen that the measured 
void fraction at OSV is in the range of 5510%. Void 
fractions at OSV within or close to this range were 

obtained in all the experimental runs. Figures 2 and 3 
also show relatively large ranges of quality over which 
voids exist before the OSV point. This behaviour is 
also typical of that observed in all of the experimental 
runs. 

The observed large ranges of quality before OSV 
are consistent with predictions of the ONB point using 
the Rohsenow and Bergles equation, which indicate 
that relatively large differences in quality will exist 
between the predicted ONB point and the observed 
OSV point, i.e. the region AB in Fig. 1.t The extent 
of this region of low void and very slow void growth 
results in the measurements giving the appearance of a 
plateau of fairly uniform low void before OSV, as in 
Figs. 2 and 3. However, because of the large uncer- 
tainties in measured void fractions around 10% and 
less, as shown in Table 5 and by the error bars in Figs. 
2 and 3, it cannot be concluded that such a relatively 
uniform void plateau actually exists. It is pointed out 
that similar long regions of measurable low voids 

t This analysis also predicted that the region of attached 
or wall void, AB, would extend over almost the entire heated 
length of the test section once the heat flux was raised slightly 
above that corresponding to the ONB point. Again, exper- 
imental observations were consistent with this prediction. 

before OSV have been observed in some experiments 
at even higher pressures, e.g. those of Ferrell at 825 
and 1650 kPa, as shown in Figs. 11 and 12 of Levy’s 
paper [12]. 

It should be noted that visual observations during 
these experiments indicated that bubble detachment 
from the heated surface occurs to some extent before 
the observed OSV point. The implications of this 
observation for the model developed here require fur- 
ther investigation. 

Liquid sub-cooling at OSVpoint 
Since the simple empirical correlation of Saha and 

Zuber [ 111 is convenient to use and has been shown 
to give reasonably good predictions of the OSV point 
under most conditions, the experimental results were 
first compared to the predictions of this correlation. 
The Saha and Zuber correlation has two forms, 
depending on the value of the Peclet number. For 
Peclet numbers less than 70000, the onset of sig- 
nificant void is governed by thermal effects only, 
according to Saha and Zuber, and is defined by 

NuO = 455 (331 

where Nu,, is a form of Nusselt number, at the OSV 
point 

d’dc 
Nuo = k(T, - Tl)’ 

For Peclet numbers greater than 70000, OSV is 
governed by dynamic force only, according to Saha 
and Zuber, and is defined by 
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St,, = 0.0065 (35) 

where St, is a form of Stanton number, at the OSV 
point 

,I 

Sto = c& - Tl)’ 

In all of the present experimental runs, the Peclet 
number is well below 70000, so that equations (33) 
and (34) were used to predict the OSV points by the 
Saha and Zuber correlation for the present experi- 
ments. 

A comparison of the bulk liquid temperatures at 
the OSV point, T,, determined from the experimental 
results at the test section outlet, for an annulus o.d. 
of 0.022 m, plotted as a function of heat flux, with 
the values of T2 predicted by the Saha and Zuber 
correlation is shown in Fig. 4. 

It can be seen that the present results lie somewhat 
above the Saha and Zuber predictions, particularly at 
higher heat fluxes. In addition, examination of the 
experimental results shows that, contrary to the 
assertion of Saha and Zuber, there is a dynamic force 
effect on the OSV point in that there is, in general, a 
definite, consistent trend of T, with average velocity, 
as can be seen in Table 6. 

Furthermore, the observed trend of TL with 
velocity, decreasing as velocity increases, is opposite 
to that predicted by the Saha and Zuber correlation 
for Peclet numbers greater than 70 000. 

The experimental results for an annulus o.d. of 0.022 
m were then analyzed on the basis of the present 
model to determine the value of the rough-surface 
empirical factor, FR, in equation (21a), assuming a 
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range of equilibrium contact angles from 30” to 80”, 
a range that might be expected for water on smooth 
Inconel surfaces. The values obtained for FR were 

F, = 1.11 kO.036 for 8, = 30” 

FR = 1.06 f 0.022 for B. = 80” 

where the quoted errors represent one standard devi- 
ation. 

Values of FR obtained at other assumed values of 
B. fell between the above values and consistently 
decreased as B0 increased. 

The facts that the best-estimate values of FR are 
close to unity, show very little scatter and a consistent 
trend with assumed 0, suggest that the approach used 
here to allow for the effect of wall bubbles causing 
rough-surface behaviour is a reasonable one. 

To investigate this observed behaviour further, 
values of AT,/q” were plotted against U from the 
experimental results and from the predictions of Saha 
and Zuber, Levy, Staub and the present model. These 
plots are shown in Fig. 5, for the pressure of 155 kPa 
and for the test-section o.d. of 0.022 m. 

Figure 5 shows that the predictions of the present 
model are not very sensitive to the assumed equi- 
librium contact angle and that the magnitudes and 
trends (AT,/q” decreasing as velocity increases) of the 
predictions of the present model are in reasonable 
agreement with those of the Saha and Zuber model at 
velocities above about 0.8 m SC’. In this range, the 
predictions of AT,/q” by the models of Levy and Staub 
are lower than those of the present model and of Saha 
and Zuber, but the predicted trends with velocity are 
similar, i.e. AT,/q” decreases with increasing velocity. 
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Table 6. Effect of velocity on T, 

4' (W cm-‘) 27 (m s-‘) 7-1 (“C) 

32 0.070 104.5 
0.072 103.5 
0.073 102.5 
0.087 101.5 

74 0.206 95.0 
0.338 98.0 
0.438 97.0 

79 0.192 97.0 
0.272 96.0 
0.380 95.0 

99 0.230 94.5 
0.265 93.0 
0.336 90.5 

118 0.342 92.0 
0.389 89.0 
0.453 86.5 

However, for lower velocities, in the range of those 
investigated in the present study, the predicted behav- 
iour of AT,/q” with velocity is quite different for the 
different models. The Staub and Levy models predict 
a monotonically increasing value of ATJq” as U 
decreases, the Saha and Zuber model predicts, of 
course, no effect of ii on AT,/q”, and the present model 
predicts a decrease of ATd/q” as ii decreases. 

All the experimental results were obtained at vel- 
ocities below 0.5 m SK’, and therefore, the predictions 
of the various models at low velocities are the relevant 
ones to compare to the present experimental results. 
First of all, it should be noted that the predicted trends 
of AT,/q” with U of the present model for low zi are in 
agreement with the trends of the observed exper- 

imental results as given in Table 6, since an increase 
of T2 with a decrease of U for a given q” means, of 
course, a decrease of AT,/q” as 1 decreases. 

Values of AT,/q” for all the experimental runs at 
U > 0.15 m ss’ at an annulus o.d. of0.022 m, for both 
heater lengths of 0.48 and 0.60 m, are seen in Fig. 5 
to agree quite well with the predictions of the present 
model, considering the possible errors in AT,/q”, as 
shown by the typical error bars in the figure. The 
errors in ATJq” are somewhat large mainly because 

ATd (i.e. T,- TJ is relatively small compared to the 
absolute value of T*. 

It can be concluded from Fig. 5 that the present 

model gives better predictions of the magnitudes and 
trend of AT,/q” than the other models considered here 
for the low pressure and the low range of velocities 

studied. 
The change in the trend of ATJq” with P predicted 

by the present model can be explained from an exam- 
ination of the model. As velocity increases, both the 
drag on a bubble attached to the wall and the heat 
transfer coefficient at the wall increase. The increase 

in drag tends to cause bubble detachment to occur 
earlier, i.e. at lower TL and thus higher AT,/q”, but 
the increase in heat transfer coefficient reduces the 
temperature gradient throughout the thermal bound- 
ary layer for a given q” and thus, the temperature near 
the tip of the bubble. This inhibits bubble growth and 
tends to cause bubble detachment to occur later, i.e. 
at higher Tn and thus lower AT,/q”. At lower veloci- 
ties, the effect of bubble drag predominates over the 
effect of the heat transfer coefficient, so that AT*, and 
thus ATJq”, increase as U increases, while, at higher 
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prevails over that of the bubble drag coefficient, so the predictions of the present model and those of the 
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earlier, and as indicated by the typical error bars in 
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The measured void fractions at the OSV point at very small void fractions are quite large, so that firm 
the pressure of 155 kPa and the annulus o.d. of 0.022 conclusions as to the validity of the model cannot be 
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drawn. All that can be said is that the magnitudes of 
the predicted values are similar to those of the mea- 
sured values over the low velocity range examined. 

Relative importance of drag and buoyant forces at 
OSV 

Since the present model gives reasonably good pre- 
dictions of the experimental results for OSV at this 
low inlet pressure and these low velocities, it can be 
used to provide an insight into the relative importance 
of buoyant and drag forces on bubble detachment for 
these conditions. The results are shown in Fig. 7 for 
the range of equilibrium contact angles from 30” to 
80” and for & > 0.15 m SC’, the expected range of 
validity of the model. The bubble radius at the depar- 
ture point predicted by the present model is also 
shown in Fig. 7. 

Figure 7 shows that the drag and surface tension 
forces are the dominant ones for most of the exper- 
imental range. Even at a velocity as low as 0.5 m SC’, 
the predicted buoyant force at OSV is less than 5% of 
the drag force. This conclusion supports the empirical 
result of Levy, that the buoyant force does not govern 
OSV, in general, and indicates that it applies even at 
very low pressures and at quite low velocities. But as 
shown in Fig. 7, the present model predicts that at 
very low velocities the buoyant force at OSV becomes 
significant, approaching the drag force at velocities of 
about 0.2 m SC’. At still lower velocities, buoyancy 
may become dominant, but other forces, such as vap 
our thrust, which have been ignored in the present 
model may also become important; the model 

developed here will not apply at these lower velocities. 
Again, Fig. 7 shows that the relative forces on a 

bubble at OSV are quite insensitive to contact angle 
over the range from 30” to 80”. 

CONCLUSIONS 

A model to predict the liquid sub-cooling and other 
conditions at the OSV point has been developed, 
based on the model and measurements of Al-Hayes 
and Winterton. The model has been shown to give a 
reasonably good prediction of ATd for water flowing 
upwards in a narrow annulus at a pressure of 155 kPa 
and over a velocity range of 0.15-0.5 m SC’. 

Values of ATd and cl* predicted by the model can 
be used to establish the OSV point for the pressure and 
velocity conditions of concern for the SLOWPOKE 
heating reactor. The predictions of the model for these 
parameters are shown for typical conditions in Figs. 
2 and 3. It can be seen that reasonable agreement with 
the experimental results is obtained, considering the 
difficulties of the measurements of these parameters. 

Further work can be undertaken to improve the 
model by utilizing relationships for friction factor, 
heat transfer coefficient, velocity profile and tem- 
perature profile which are appropriate for rough sur- 
faces. It should then be possible to eliminate the 
empirical factor I;,+ Also, work should be undertaken 
to develop methods for more accurate measurements 
of void fraction at the low void levels experienced at 
OSV, and in identifying more closely the actual OSV 
point under experimental conditions. Ex~~ments at 
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velocities greater than 0.5 m s-’ should be done to 
investigate the behaviour of the sub-cooling at OSV 
in the heat transfer dominated region. Finally, further 
experiments and analysis at very low velocities (< 0.2 
m SC’) should be undertaken to investigate OSV under 
conditions where buoyancy and other forces become 
important. 
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APPARITION DUN VIDE SIGNIFICATIF DANS L’ECOULEMENT ASCENDANT 
D’EAU BOUILLANTE A FAIBLES PRESSION ET VITESSE 

R&m&Des experiences faites pour determiner le point d’apparition d’un vide significatif (OVS) pour 
l’tcoulement ascendant d’eau bouillante a faible pression (- 150 kPa) et faible vitesse (< 0,s m s-‘) 
montrent que le sous-refroidissement a OSV augmente lorsque la vitesse dent&e croit. En accord avec la 
formule da Saha et Zuber, il n’y a pas d’effet de vitesse pour les conditions experimentales consider&es car 
le nombre de P&let est inferieur a 70 000. Aux grands nombres de P&let, l’evidence empirique, les formules 
et les modeles existants montrent que le sous-refroidissement B OSV diminue lorsque la vitesse du liquide 
augmente. Un modele, base sur les rbsultats de Winterton sur le depart des bulles, predit le comportement 
observe du sous-refroidissement a OSV avec la vitesse dans ces experiences, aussi bien que le comportement 

oppose observe par d’autres aux vitesses les plus tlevtes. 

DER BEGINN SIGNIFIKANTER DAMPFBILDUNG BEIM SIEDEN VON 
AUFWARTSSTRGMENDEM WASSER BE1 GERINGEN DRUCKEN UND 

STRCrMUNGSGESCHWINDICrKEITEN 

Zusammenfass~g-Die Ergebnisse der Untersuchungen zur Bestimmung des Beginns signifikanter Dampf- 
bildung (OSV) beim Sieden von aufwiirtsstrijmendem Wasser bei geringem Druck (- 150 kPa) und 
geringen Geschwindigkeiten (< 0,s m s-‘) zeigen, dat3 die Unterkiihlung bei OSV m.it zunehmender 
Eintrittsgeschwindigkeit der Fliissigkeit zunimmt. Nach der OSV-Korrelation von Saha und Zuber sollte 
bei den experimentellen Bedingungen kein EinfluD der Stromungsgeschwindigkeit vorhanden sein, da die 
Pecletzahl kleiner als 70000 ist. Bei griil3eren Pecletzahlen zeigen die Empirie sowie bestehende Kor- 
relationen und Modelle, da5 die Unterkiihlung bei OSV mit zunehmender Fliissigkeitsgeschwindig- 
keit abnimmt. Es wurde ein auf den Untersuchungen von Winterton zum Blasenabreil3en basierendes 
Model1 entwickelt, welches den beobachteten Einflut3 der Unterkiihlung auf den OSV sowohl bei kleinen 
Geschwindigkeiten (in diesen Experimenten) als such das entgegengesetzte Verhalten bei hijheren 

Geschwindigkeiten (bei anderen Autoren) beriicksichtigt. 

OI-IPEAEJIEHHE TOHKH 3AMETHOf’O HAPOOEPA30BAHBB B BOCXOJDHBEM 
HOTOKE BOAbI HPM KHIIEHHH AJDI HM3KMX AABJIEHMH R MAJIbIX CKOPOCTEH 

I-IOTOKA 

~oTn~3KcnepnMenTTanbHble pe3ynbrarbt no onpenenesuro roqroi 3ria9nrenbuoro napoo6pasosa- 
H&in (311) I3 BOCXOLUlUIeM IIOTOKe IIPH KHIleHIIB BOlIbI Ma HHJKHX AaBJleEiEiii (u 150 Kna) U MiUIblX CKO- 

pocreti noroxa (CO,5 M c- ‘) norca3bmaror, YTO nenorpen ysenmnieaercn c pocroM crropocru xcmocrri 
Ha BXOAe. CornacHo Caxa ri 3y6epy npu abreamuxcs 3KCIIepHMeHTaJIbHbIX ycnosurx BnwImie CKOpOCTH 

He nonxcH0 nponannrbcr, Tax xax wcno neKne B ATOM cnysae Meriee 70000. Hpri 6onee B~ICOKHX 

4HC,IaX n’SK,Ie N3 3MnHpHYeCKHX AaHHbIX H Ii3BeCTIibIX 3aKOHOMepHOCTei-i H MOAe,Efi C,,en,‘W, 970 

HenOrpB ITpH 3H yMeHbmaeTCII C POCTOM CKOPOCTU. Ha OCHOBaHWB naHHbIX YHHTePTOHa IlO OTpbIBy 

IIy3bIpbKOB pa3pa60TaHa MOAeJIb, IlptiBOLlKIUaf4 K Ha6JImAaBUIetiCH B 3KCIIepIiMeHTaXTeHneHlIHH HenOr- 

lEBa npu 3H B K npOTHBOnOJIOmHOfi TeHIIeHuUU, Ha6JtmnaeMOfi npn 6onbmux CKOpOCT%lX. 


