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Abstract

Critical heat flux has been measured during natural circulation boiling of water on uniformly heated outer tube in
vertical annular tube. The experiment was carried out using water at atmospheric pressure for the clearance of 1.0—
4.0 mm, the heated tube diameter of 9-17 mm, and the annular tube length of 100—1000 mm. The similarity of
CHF between annular configurations of either inner or outer heated tubes and a simple heated tube can be clearly
elucidated based on the characteristics of heated equivalent diameter. The CHF measured for s=1 mm can be
predicted well by existing correlation for the annular tube and for s=3 and 4 mm by existing correlation for the

single tube. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

One author [1,2] has extensively measured critical
heat flux (CHF) during natural circulation boiling in a
vertical tube and annular tube with a wide range of
density ratio, pi/p, and combination of heated tube
length to tube diameter, and proposed the following
correlations (1), (2) and (3) to predict the critical heat
flux in vertical tube and annular tube.

For the tube [1], the characteristic of CHF can be
categorized into two and accordingly the correlations
become:

in the case of a small tube:

* Corresponding author..

qco/pghlg _ 0.16
4 /Gg(pl _ pg)/pé 1 +0.025(L/D) 0

for D/,/a/g(p) — pg)<13

in the case of a large tube:

Geo/ Pghig 0.16

= 172
4 /G'g(pl _ pg)/Pé 1+ 0.003Bo .
for D/\/a/g(p; — p,) > 13

For the annular tube with an inner tube heated [2], its
characteristic appears in a single mode independent of

Die/\/5/8(p) — p,) and the correlation becomes:
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AT,  wall superheat

Greek symbols
pg, p1 - density of vapor and liquid
o surface tension

Nomenclature

Bo Bond number [= L?/6/g(p1—ps)]

D; inner diameter of outer tube in annulus

d, outer diameter of inner tube in annulus

Dy heated equivalent diameter [ =4 (flow area)/heated perimeter]
g acceleration due to gravity

hig latent heat of evaporation

Ku Kutateladze number [= qco/pghlg/4 ag(p; — pg/pé]
L length of heated tube

q heat flux

qco critical heat flux

S clearance of annular passage

qco/pghlg . 0.16
4 /O.g(pl _ pg)/pé 1 4+ 0.075(L/Dye)

Comparing Eqgs. (1) and (3), one may notice that both
equations become the same in form except for the fac-
tors on L/D or L/Dye.

Recently, Islam et al. [3] have measured critical heat
flux in a concentric-tube thermosyphon in which an
outer tube is heated and a tube inserted serves as a
feed of liquid from a liquid reservoir at the top of the
thermosyphon and implied that the characteristic of
the CHF appears to gradually shift from Eqgs. (3) to
(1) with increasing the clearance of annular passage
through which vapor generated on the outer heated
tube flow out. The transition of the CHF from Egs.
(3) to (1) may be attributed to characteristics of heated
equivalent diameter, which is defined for the inner or
outer tubes heated, respectively as:

©)

for the inner heated tube

pal(2))

for the outer heated tube

d( (D’
b= ((2Y ).

According to the definition of the heated equivalent di-
ameter, for example, in the case that the outer diam-
eter of inner tube, d,, becomes close to the inner
diameter of outer tube, D;, namely d, — D;, under
which the clearance of annular passage becomes very

narrow, each of the heated equivalent diameters
approaches to the same value for either of heated
tubes, so that the CHF for both cases may be pre-
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do

Vertical heated
tube for a small wire
in pool Eq 4)
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Fig. 1. Classification of CHF characteristics in vertical natural
flow conductions.
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dicted by Eq. (3), that is, no difference in CHF may be
obtained. For the case of a wide annular passage,
inversely, both the heated equivalent diameters
approach to a different limited value, respectively, that
is, the heated equivalent diameter for the inner tube
heated becomes infinity, namely Dy, — oo so that the
flow condition may become similar to pool boiling on
vertical heated surface, while the heated equivalent di-
ameter for the outer tube heated approaches to the
tube diameter for both limited cases of d, — 0 and D;
— 00, namely Dy, — D;. As for flow aspect on the
heated tube, in the case of d, — 0, its flow configur-
ation becomes close to natural circulation in a vertical
tube, while for D; — oo, it approaches to pool boiling
on a vertical heated wall, for which no correlation is
yet proposed except for a short wall. Therefore, the
case of D; — oo is omitted here since a further study
would be required. Flow configurations for these cases
can be finally categorized into three different types
depending on whether the annular passage has space
enough for vapor to flow or not and on which tube is
heated as shown in Fig. 1.

Recently, CHF during pool boiling on a vertical
heated wire can be proposed by Monde et al. [4] as fol-
lows:

qeo/ Polng { 0.42Bo~"*  for Bo<30 @

4/0g(p1*pg)/p§ 0.18 for Bo > 30

Eq. (4) was derived for the CHF which occurred under
the condition that discontinous coalesced bubbles sur-
rounded the wire and rose along it.

According to trend in the CHF as shown in Fig. 1,
the CHF on a vertical heated wire in a large vertical
tube may become theoretically similar to that on the
vertical wire heated in the pool. As given in Egs. (2)
and (4), there is a great difference in the effect of the
Bond number on the CHF. What brings out such a
difference, however, is still unknown although a differ-
ence may exist in the flow aspect between inward and
outward surfaces.

In correlating CHF for forced convection boiling in
annulus, incidentally, Katto [5] pointed out based on
characteristics of the heated equivalent diameter that
when his correlations proposed for uniformly heated
tube are extended to CHF for the inner heated tube,
the factor only related to an effect of L/D on CHF
should be replaced by another one, while for the outer
heated tube, his correlations do not need any change,
although this result is estimated from a few CHF data.

Deriving correlations for CHF during forced convec-
tion boiling in annulus based on that in tube, Shah [6]
also pointed out that the heated equivalent diameter
played an essential role on CHF in place of hydrody-
namic equivalent diameter, and that there is no differ-

Fig. 2. Experimental apparatus.

ence in correlations of the CHF between inner and
outer heated tubes except that the tube diameter, D, in
the parameter only related to an effect of L/D on CHF
is replaced by the heated equivalent diameter, Dy,
although an accuracy of prediction for annulus slightly
deteriorates compared with that for the tube.

In the present study, in order to elucidate the
characteristics of the heated equivalent diameter for
CHF, the CHF has been measured for water in vertical
annulus, in which the outer tube only is heated, at at-
mospheric pressure. The effect of clearance in annulus
on CHF and the estimation mentioned before, will be
discussed.

2. Experimental apparatus and procedure

Fig. 2 shows the whole system of experimental ap-
paratus. The test annulus, which was built by setting
two different stainless tubes concentrically, is settled at
the center of pressure vessel. The outer tube of annulus
is directly heated by DC current. The level of test
liquid in the vessel was always kept at 150 mm higher
than the exit of test tube. Two C-A thermocouples are
mounted 7 mm below the exit of the outer tube and
50 mm above from the entrance to measure the surface
temperature. A radial heat flow loss from the outer
side of the heated surface is insulated less than 1% of
electric input by packing air between the outer tube, 4,
and the test assembly, 13, and putting the Bakelite, 14,
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Table 1
Experimental range
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Test liquid Water
Pressure (MPa) 0.1
D; (mm) 9 12 17
do (mm) 3,57 4,6,8,10 13, 15
S (mm) 1,2,3 1,2,3,4 1,2
L (mm) 100, 250,

500, 1000

as a spacer. The details of the experimental apparatus
are omitted here, because it is the same as that in [2]
without the outer heated tube.

The experiment was carried out by increasing the
electric input to the outer tube with increments that
are less than 5% of each preceding heat flux under the
condition that the pressure inside the vessel is kept at
atmospheric pressure. The critical heat flux is deter-
mined by the following means: when heat flux is
increased in increments that are less than 5% of each
preceding heat flux, and finally a point is reached
where the tube temperature monitored runs away. At
this point, the CHF is determined with an uncertainty
of 0-5%.

The experimental range is summarized in Table 1.

3. Experimental results and discussion
3.1. Boiling curve

Fig. 3, for example, shows boiling curves at two
different positions of 7 and 450 mm for D;=12 mm,
d,=8 mm, and L =500 mm. Two boiling curves clearly
show that boiling near the exit reaches a fully-devel-
oped boiling from a heat flux less than 107> MW/m?,
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Fig. 3. Boiling curve.
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Fig. 4. Relationship between heated length and CHF.

while boiling near the entrance may not appear until
about 3 x 1072 MW/m? at which boiling starts due to
incipient excursion of the wall temperature. The CHF
takes place near the exit since the temperature at the
position of 7 mm from the exit first starts rising at a
heat flux of 4 x 107! MW/m?. A small decrease in the
wall temperature, as shown in Fig. 3, always appears
before the CHF condition is reached. This may be
caused by an enhancement of heat transfer which
results from the heated surface covered with a very
thin liquid film. The same phenomenon was observed
in annular flow in forced convective boiling [7] in
which heat transfer is enhanced and inversely boiling is
suppressed by evaporation of thin liquid film.

3.2. Position of CHF

As shown in Fig. 3, the CHF first takes place near
the exit and then the CHF condition is propagating
toward the entrance. A similar result would be

Fig. 5. Effect of inserted tube on CHF.
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obtained for the case of the inner heated tube where
the CHF position was identified by rise in the tempera-
ture of the heated tube near the exit [2]. There seems
to be no difference in point of the CHF occurrence
between the outer and inner heated tubes.

3.3. Characteristics of CHF

Fig. 4 shows the CHF values measured for a differ-
ent tube diameter of D;=9 and 12 mm plotted against
the heated tube length, L. In Fig. 4 a broken line as a
reference shows appropriate lines drawn in parallel to
the line for the same condition predicted by Eq. (3).

It is found from Fig. 4 that the CHF values linearly
decrease with an increase in the heated tube length and
then decrease with increasing diameter of the inner
tube, that is, a decrease in the clearance of annular
passage. This trend agrees with that predicted by Egs.
(1) and (3). In order to make clear the effect of diam-
eter of the inner tube on the CHF and for the com-
parison of Egs. (1) and (3), the CHF data are
rearranged and plotted against the inner diameter as
shown in Fig. 5. A dashed line and a solid line are
Egs. (1) and (3), respectively.

Fig. 5 shows clearly that as the diameter of inner
tube becomes smaller, the CHF values gradually
approach to Eq. (1), inversely when the inner tube di-
ameter approaches close to the outer tube diameter,
the CHF value leaves from Eq. (1) and approaches Eq.
(3). This trend with the clearance of annulus is attribu-
ted to the characteristic of the heated equivalent diam-
eter mentioned in section 1.

3.4. Correlation of CHF

Fig. 6 shows non-dimensional values of the CHF in
order to compare Egs. (1) and (3) in which the CHF
data with the same heated tube length are connected
by dotted and dashed lines.

It may be noticed from Fig. 6 that most of the CHF
data are predicted well for a small clearance of
S=1 mm by Eq. (3), while for a large clearance by Eq.
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Fig. 7. Effect of clearance on constant in Egs. (1) and (3).

(1). Consequently, the factor in the denominator of
Egs. (1) and (3) may change from C=0.025-0.075
depending on whether the clearance of annular passage
is sufficient or not. This trend in CHF due to the clear-
ance can be naturally estimated from the characteristic
of the heated equivalent diameter.

3.5. Effect of clearance on CHF

Fig. 7 shows the effect of clearance on the factor in
the denominator of Egs. (1) and (3). The value of the
factor clearly shifts from C=0.025-0.075 with a cer-
tain scattering of data by increasing the clearance. It is
not clear at present how the clearance influences the
CHF together with which physical properties concern
with the CHF or flow condition near the CHF.

4. Similarity of CHF in concentric thermosyphon

Islam et al. [3] measured the CHF in a concentric-
tube open thermosyphon in which the inner tube serves
as a liquid supplier from a top liquid reservoir to the
bottom and outer tube is heated. They mentioned that
in the case of a relatively large inner tube diameter
being inserted, the flow situation in the thermosyphon
becomes similar to that in outer heated tube in the
annulus since the annular passage for vapor to escape
from the thermosyphon becomes narrow, while the
inner tube is large enough for liquid to be supplied to
it from the bottom. As a result, the CHF obtained
there was pointed out to be predicted well by Eq. (3).
In addition, the characteristic of the CHF was also
pointed out to gradually change from Egs. (3) to (1)
with an increase of the clearance.

5. Conclusion

The CHF during natural circulation boiling in the
vertical annulus in which the outer tube is uniformly
heated was measured for water at atmospheric press-

ure. The key results are:

1. For an annular tube, either of which is heated, the
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role of heated equivalent diameter on CHF is im-
portant.

2. The characteristic of CHF depends on whether
annular space is large or not, as shown in Fig. 1.

3. The CHF can be predicted well for the clearance of
S=1mm by Eq. (3) and of S>3 mm by Eq. (1).
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