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Abstract—The present paper reports the results of an experimental investigation about the occurrence of
the critical heat flux (CHF) in subcooled flow boiling of water. carried out to ascertain the influence of
thermal hydraulic parameters on CHF under conditions typical of thermonuclear fusion divertor thermal
hydraulic design. Helically coiled wires were used as turbulence promoters to enhance the CHF with respect
to the smooth channel. Geometric characteristics of stainless steel 304 Type test sections were: 6.0 and 8.0
mm i.d., 0.25 mm wall thickness, 0.1 and 0.15 m heated length, horizontal and vertical (upflow) position.
Test sections were uniformly heated using d.c. current. A maximum CHF of about 30 MW m™? was
reached with smooth tubes under the following conditions: 7, = 30 C,p = 4.6 MPa,u = 10ms™", D = §.0
mm, L = 0.1 m. Helically coiled wires (d = 1.0 mm, pitch = 20.0 mm) allowed an increase of the CHF up
1o 50%. with reference to smooth channels, coupled with a moderate increase of pressure drop (down to
25%,). Pressure revealed a negative effect on the efficiency of turbulence promoters, No observable influence
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of the channel orientation was detected.

INTRODUCTION

AT THE present time fusion technology raises some of
the most formidable engineering problems ever enco-
untered. One of them is related to the thermal
hydraulics and particularly to the heat removal from
components such as divertors, plasma limiters, neutral
beam calorimeters, ion dump and first-wall armor that
arc cstimated to be subjected to very high heat loads.
The order of magnitude of heat fluxes to be removed
ranges from 2 to 60 MW m ™7, i.e. at least an order of
magnitude higher than in an LWR situation. Thus,
the available experimental data, essentially obtained
in LWRs conditions, are consequently not consistent
with the present problem, and existing theories are
often bound to fail in describing the phenom-
enological behaviour. Among possible techniques for
the removal of these high heat fluxes, subcooled flow
boiling turns out to be the more attractive, from an
engineering viewpoint, as it can accommodate very high
heat transfer rates. Subcooled flow boiling has been
widely investigated in the past [1-3]. As it is well
known, this forced convective boiling involves a loc-
ally boiling liquid, whose bulk temperature is below
the saturation, flowing over a surface exposed to a
high heat flux, and is onc of the most efficient tech-
niques of removing high heat fluxes. However, suc-
cessful use of subcooled flow boiling for high heat
fluxes removal requires the critical heat flux {(CHF),
which is described as a sharp reduction in the energy
transfer from a heated surface, not to be reached. The
occurrence of CHF, for the case of heat flux controlled
systems, results in a significant increase in the wall
temperature that is usually well above that at which
serious damage or *burnout’ of the heating surface

occurs. In 1984 Boyd [4, 5] reported a thorough review
of CHF in subcooled flow boiling (with about 300
papers quoted), confirming that studies performed so
far are mainly devoted to the thermal hydraulics of
LWRs (heat fluxes around 1 MW m™7). Fusion tech-
nology requirements gave rise in recent years Lo
a rush in the production of experimental data and
theoretical models for subcooled flow boiling CHF. A
brief review of experimental data and models recently
published is given by Celata [6]. The main aim of the
present research was to provide basic information on
CHF in water subcooled flow boiling in 6.0 and 3.0
mm i.d. tubes, with and without turbulence promoters
(helically coiled wires). These latter are used to
enhance the CHF with regard to the case of the
smooth tube.

EXPERIMENTAL APPARATUS AND TEST
SECTIONS

The schematic diagram of the employed water loop
is drawn in Fig. 1. The loop is made of Type 304
stainless steel and filled with tap water passed through
deionizing particulate beds (not shown in the figure).
The alternative pump {a three-head piston pump), the
maximum volumetric flow rate of which is 20001 h ',
is connected to a damper to further reduce pressure
oscillations while maintaining stable flow conditions
(residual pulsation 2.5%). A turbine flow meter is
installed to measure the water flow rate. The test sec-
tion 1s generally vertically oriented with water flowing
upwards. Test sections (one for ecach run) are made
of Type 304 stainless steel (electric resistivity at 500 K
is 93 uQ cm), 0.25 mm in wall thickness, uniformly
heated over a length of 0.1 m by Joule effect using a
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Bo boiling number. ¢" G/

C parameter defined in (7) and (10)
CHF  critical heat flux [Wm 7]

¢, specificheat [Jkg 'K ]

D channel diameter [m}

d wire diameter [mm]

I parameter defined in (6)

FM  figure of merit, defined in {4)

G mass flux [kgm s ]

f enthalpy [Jkg ']

I heat transfer cocfficient [Wm K ]
K thermal conductivity [Wm 'K ']
k velocity cocthicient

I channel fength fem]

L, entrance length jem]

Ly vapour blanket length [um]
P pressure [MPaj

Pr Prandtl number, C /K

§" heat flux [Wm 7}

R ideal gas constant on o unit mass basis

Re Reynolds number. Gy

i wall thickness [mm]

T. AT 1cmperature, temperature difference
[C.K]

i velocity [ms ]

Ly vipour blanket velocity [ms ']

U liquid sublayer velocity at 6 [ms ']

X thermal cquilibrium quality.

NOMENCLATURE

Greek symbols
wire pitch [mm]

B liquid sublayer thickness {umj

/ latent heat [T kg 1]

jt dynamic viscosity [kgm "5 ]

P density fkgm 7]

5 surface tension [Nm ;

W parameter defined in {10).

Subscripts

CHF  pertains to burnout conditions

conv  convective

or critical (thermodynamic} :
conditions

Cx CxXit

{ pertains to the hquid in saturated .
conditions \

g pertains to the vapouy |

n inlet

! pertains to the liquid

Max  maximum

out  outlet

ph pool boiling

sat saturated conditions
subcooled conditions
w pertains to the wall,

sub

200 kW (50 V and 4000 A, d.c.) clectric feeder, Of
course not all the electrical power is available for the
test scetion, as it depends on the clectrical resistance
of this latter. which is a function of the diameter and
of the temperature {(through the clectrical resistivity).
Two different test section inner diameters were used :
6.0 and 8.0 mm+0.01 mm. In addition to the heated
fength of 0.1 m. for the test section £ = 8.0 mm. some
tests were carried out with a heated length ol 0.15 m,
and. among these, some were performed with the test
section placed in the horizontal position. FFor the
D = 8.0mm, /. = 0.1 m test section, tests were carried
out with the insertion of helically coiled wires inside
the tube as turbulence promoters (characteristics of
wires will be given in the Experimental Results Sec-
tions). Wires are of spring steel, and their presence
does not appreciably affect the clectrical resistance of
the tube. The test section is connected to copper feed
clamps. by means of which it is possible to transfer
the clectric current to the tube. The power was com-
puted by evaluating the product of the voltage drop
across the test section and the current flowing through
the walls of the test section. The current was computed
from the measurement of the voltage drop (in milli-
volts) across a precision shunt resistor. Thermal
cxpansion of the test section is mechanically allowed

{ ~ 1.5 mm), thus preventing the rupture ol the tube
due to thermally induced compressive stresses. Before
entering the test section, the water flows through an
unheated tube, of the same diamcter as the test section.
to assure that the liquid velocity profile is {ully
developed. The un-heated tube fength is twice the
entrance length, L, calculated. under the most severe
conditions (highest value of Reynolds number). using

[71:
T 0.008 R (1)
) = AL ( . (B9

Pressure taps arc placed just upstrcam of the
unhcated length inlet and just downstream of the
heated length exit. The static pressure is measured by
unscaled strain-gauge absoluic pressure transducers.
It is therefore possible to evaluate the pressurce gradi-
ent in the test channel once the hydraulic charac-
teristics under no-power conditions are known. The
pressure atl the exit of the test channel is regulated by
an electrically controlled valve. The bulk fluid tem-
perature is measured just upstream. T, and down-
stream. T, this latter, after a suitable mixing of
the lguid, of the test section using 0.5 mm K-type
thermocouples. The knowledge of Ty, and 7.
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FIG. 1. Schematic of the experimental loop.

together with the measurement of the water mass flow
rate, allows the computation of the thermal power
delivered to the fluid by the heat balance in the coolant
(calorimetric method). In fact, in all the tests per-
formed (even at burnout conditions), the outlet bulk
fluid temperature measurements always revealed the

subcooling conditions of the water bulk at the test
section exit. In this way the heat loss com-
putation from the test section is bypassed. The em-
ployed test sections are not instrumented with wall
thermocouples.

Downstream of the test section, the fluid passes

Fi1G. 2. Picture showing a split of the test section with the wire inserted.
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through the fluid-to-fluid pre-heater and then in the
water cooled tank. where the fluid is cooled down to
25 C even at the maximum thermal power delivered
to the fluid, closing the loop through the filter, towards
the piston pump. The maximum pressure of the Toop
i 7.0 MPa, while the maximum operating temperature
of the pump is 70 C. The fluid-to-fluid pre-heater
allows us 1o carry out experiments with a water inlket
temperature above 70 C. Figure 2 shows a sphit of a
test section with the wire inserted.

EXPERIMENTAL PROCEDURE

All the parameters are continuously monitored
using digital and analog displays, and each variation
is recorded. The experimental procedure consists ol
the following actions. First. the mass flow ratc is set
up using the manual control of the piston pump.
Second. the exit pressure is established using the exit
control valve. Once flow rate and exit pressure are
steady, thermal power is udded to the test section. The
control parameter used while approaching the CHF
is the electrical power defivered o the walls of the test
section, and the initial increment in thermal power is
0.5 kW. Once 70% of the expected CHF value.
obtained using the Gunther correlation [8] which 1s
very simple and gives a conservative prediction (i1 m
sTU AT Kiglm Wm D)

iy = TVI8TU" AT, (2)

suhe

is reached, the increment is reduced to 0.1 kW (0.1
0.6% of the CHF). After each increment, small adjust-
ments are made in both the exit pressure and flow
rate, so that the exit flow conditions correspond to
the desired ones. The above reported procedure is
repeated until burnout occurs, evidenced by test sec-
tion destruction and detected by the sharp drop in the
clectrical power. Video movies show the existence, at
burnout. of a narrow glowing area uniformly dis-
tributed around the perimeter, and located within 5.0
mm from the top copper feed clamp. A computerized
data acquisition system records the meuasured par-
ameters at the occurring of burnout.

EXPERIMENTAL RESULTS

The main aim of this research, carried out under a
precise NET {Next European Torus) requirement,
was to characterize the CHF in subcooled flow boiling
ol water in smooth pipes and to ascertain the effect of
helically coiled wires as turbulence promoters for the
enhancement of the CHF. Experiments were carried
out in tubes of 6.0 and 8.0 mm i.d. under thermal
hydraulic conditions typical of the present NET diver-
tor design. Further tests were performed outside the
above range of interest because of the basic aims of
the research. Effects of heated length and channel
orientation (horizontal against vertical) were also
investigated, together with the effect of tube diameter
(6.0 and 8.0 mm). Test conditions were selected by

P. CLLatTa ef il

the combination of the following parameters. for u
total of 91 data points:

tube inside diameter. 7
6.0 and 8.0 mm (4 0.0 mm;
heated length, /o
Oband 015 m
wall thickness, ¢
0.25 mm (+0.00 mm)
tube materal;
AISE 304 Type
water mass flux, G
from 20 10 Mem “x
CXIL Pressure.
from 0.8 10 5.0 MPa
water inlet temperature. 7,
from 30 1o 75 C
(water imlet subcooling. AT ..,.:
from 95 10 230 K)
orientation of the test section
vertical and horizontal (only for [ = 6.15 my
wire diameter. o
.50 7and L.Omm

+

from 1.5 0 20,0 mm

wire pitch. 7

wire naterial
spring steel.

Tests with turbulence promoters were carried oul
only with the 2 = 8.0 mm test sections, L = 0.1 m.
vertical position.

Smooth tbe tests, D = 6.0 and 8.0 mm

Experimental results for CHF for D = 8.0 mm and
L= 0.1 m (vertical position) are reported in Figs. 3
5, where the values of the parameters reported on the
figures are the nominal ones. Figure 3 shows the CHF
vs the mass flux G, for different water inlet tem-
perature and exit pressures for all the D = 8.0 mm
tests. [t can be noticed that, within the investigated
range of ¢/, the CHF is almost an increasing linear
function of the mass flux. other conditions being
equal. The CHF increases up to a factor of aboul
three passing from 2to 10 Mgm “s ' (p = 0.8 MPa
and T, = 30'C) and the slope of CHF vs ¢ is almost
independent of subcooling in the same range. 1t 13
obvious that, apart from the problem of the increasing
pressure drop, higher values of the CHF could bhe
obtained by further increasing the mass flux. A sig-
nificant effect on the CHF is exerted by the water inlet
temperature, i.e. the inlet subcooling. of course in
the sense that at a lower inlet temperature (higher
subcooling) a higher CHF is obtained. From the
above figure, because of the strong influence of sub-
cooling, is it not possible to tell apart the pressure and
inlet subcooling effects on CHF. In fact, since tests
were carried out at different pressures with constant
inlet temperature (that means different inlet sub-
cooling), besides the (possible) direct influence of the
pressure, there is also a strong indirect effect due to
the variation of the subcooling. The separate effect of



Enhancement of CHF water subcooled flow boiling

57

20. . , ; , . I . — T
Tin [°C] 30 40 50 60 70 75
| |p = 0.8 iMPal o * & ™ L] |
p = 2.5 [MPal ©
p = 3.5 [MPal & L 4 *
30, - |P* 5.0 [MPal a & A R |
ry
g © 4
- & (o]
<
= 20 R * _
:CTU > €
e 3 &
L & 5 ™ 1
o) o] . n
o 4
10. _
o
1 J i I 1 l L L L ]
0. 2. q. 6. 8. 10,
G [Mg/m?s]

F1G. 3. CHF vs mass flux to

single parameters will be shown and analyzed in the
next figures.

Figure 4 shows CHF vs water inlet subcooling for a
fixed water velocity (10 m s~') and different pressures.
CHF data as a function of AT, practically lic on a
unique curve independent of the pressure. The fact
that data grouped for different pressures at constant
liquid velocity lie on a unique line when plotted as
CHF vs AT, would suggest a negligible effect of
the pressure on the CHF, at least in the range 0.8-5.0

r all the D = 8.0 mm tests.

MPa. The slight influence of the pressure on the CHF
was already verified also by different authors in other
experiments [6]. Finally in Fig. 5, CHF is plotted vs
AT for a fixed pressure (p = 3.5 MPa) and differ-
ent velocities. Apart from some scattered data, the
dependence of CHF on the inlet subcooling is almost
linear. Therefore, acknowledging the slight direct
influence of the pressure, this latter is anyway impor-
tant in the sense that higher pressures, other con-
ditions being equal, enable one to obtain higher liquid
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subcoolings, and, indirectly, contribute to the mass flux at 3.5 MPa and data-points are grouped

enhancement of the CHF. From Fig. S it is more
cvident that, at least in the present range, no inter-
relation between G and AT, cxists, as observed in
Fig. 3. The same conclusion already drawn for the 8.0
mm data can be derived for the 6.0 mm data (7. = 0.1
m, vertical position) that provide a confirmation of
the already observed trends.

A direct comparison between 6.0 and 8.0 mm data
is shown in Figs. 6 and 7. Figure 6 shows the CHF vs

according to inlet conditions. This is a pure cngin-
cering representation as. in the frame of the studics
performed for NET design purposes, it was interesting
to scc the influence of the channel diameter for fixed
inlet conditions. From the data plotted in Fig. 6. at
least within the cxperimental uncertainty., no sys-
tematic evidence of the diameter effect can be
observed. This mcans that the possible negative cffect
of the channel diameter on the CHF (as reported
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FiG. 6. Comparison between 6.0 and 8.0 mm CHF data at inlet conditions.
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F1G. 7. Comparison between 6.0 and 8.0 mm CHF data at local conditions.

in the literature) is almost counterbalanced in the
investigated range by the positive effect of more
favourable exit thermal hydraulic conditions (sub-
cooling) of the 8.0 mm data, due to the difference in
the mass flow rate (thermal capacity). Figure 7 reports
the CHF vs the calculated exit equilibrium quality x.,,
for the two different diameters and for different liquid
velocities. This kind of presentation is based on a
more scientific approach, that connects the CHF to
local conditions, according to the school of thought
considering burnout in subcooled flow boiling a local
phenomenon, not strongly depending on the history
of the thermal hydraulic conditions. From the plot of
Fig. 7itcan be observed that under equal local thermal
hydraulic conditions the effect of the diameter
(between 6.0 and 8.0 mm) is practically negligible if
coupled with not very high velocity. In practice, only
at 10.0 m s ™' is it possible to ascertain from the graph
a slightly higher CHF for the 6.0 mm than for the 8.0
mm data. Data carried out at 5.0 and 7.5 m s~ show
no difference between the two diameters. This con-
clusion is in good agreement with recent conclusions
drawn in ref. [9]: increase of CHF with the decrease
of tube inside diameter tends to be greater when
associated with higher values of liquid velocity.
Besides, the effect of the diameter on the CHF tends
to weaken in the range of diameters of the present
investigation.

From the analysis of experimental data shown in
the previous figures we can notice that the maximum
value of the CHF attainable in the investigated
range is about 30 MW m? (# =100 m s~ '; D =
80 mm; L=0.1 m; p> 4.6 MPa; T,, = 30°C and
AT e = 192 K).

Another point of relevant interest may be the influ-

ence of the channel orientation and of the channel
length on the CHF. Some tests were carried out with
the purpose to ascertain this influence and the results
are presented in Fig. 8, where CHF is plotted vs mass
flux. In the range of liquid velocity of interest (2-8 m
s™") horizontal against vertical data do not show
any appreciable difference, while an increase of 50%
of the heated length in the vertical position does not
affect the CHF. The first observation, i.e. the inde-
pendence of the CHF from the orientation of the
channel, is of interest for practical purpose of NET,
as the divertor is supposed to be inclined at about 30°
from the horizontal and most research is conducted
either with vertical or horizontal test sections.

Helically coiled wire tests

The limit of 30 MW m ™7 is still too low a value
if compared with what is requested by fusion reactor
thermal hydraulics designers. On the other hand it is
interesting to observe that according to Gambill and
Lienhard [10] the CHF obtained is only around 0.4%
of the maximum heat flux that can conceivably be
achieved in a phase transition process. In fact, accord-
ing to Gambill and Lienhard, ‘if one could contrive
to collect every vapour molecule that leaves a liquid—
vapour interface without permitting any vapour mol-
ecules to return to the liquid,” the highest heat flux
attainable can be estimated by :

RT
Grax = pgi\/<g>

where R is the ideal gas constant on a unit mass basis.
Under the conditions that allowed a CHF of 30 MW
m ™2 to be reached, equation (3) provides a maximum

(€)
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Fii. 8. Influence of the heated length and of the orientation of the test channel on the CHFE.

theoretical heat flux of about 7000 MW m *, Accord-
ing to Gambill and Lienhard, the most serious restric-
tion that prevents rcaching this limit in practice *is that
many vapour molecules will inevitably be returned to
the interface by molecular collisions’. The return flow
of vapour molecules can only be slowed, not ¢lim-
inated. ‘Another problem lies in the premise that all
the heat ultimately passes through a liquid-vapour
interface. The problem is to get the heat to flow
through the liquid. up to an interface, and away from
the interface on the vapour side.” We contrived to do
this with the help of turbulent promoters, or swirl
inserts, such as helically coiled wires.

As already described in this report, helically coiled
wires were used in the past [11-14] as turbulence pro-
moters to enhance the heat transfer in single-phase
flow (air, water, water-giycerol solution. oil) both in
laminar and in turbulent flow. Enhancement of heat
transfer was found {and expected) to be coupled with
much larger increase in frictional power loss. Anyway
no application to the enhancement of CHF in highly
subcooled flow boiling was found in literature. We
used helically coiled wires of spring stecl, fixed
{welded) at the inner ends of the heated channel (at
the height of the copper clamps). Their task was to
increase eddy diffusive heat transfer and continuously
remove the thermal boundary laycr to prevent and/or
delay bubble formation/growth, giving rise to an
increase of the overall effectiveness of the coolant.
Results are shown in Fig. 9, where the ratio between
the CHF with the wire and the CHF without wire
inside the tube is plotted vs mass flux (top figure),
and the ratio of the relative pressure drops is plotted
always vs mass flux (bottom figure). Data are grouped
according to the geometric characteristics of the wires.

Unless differently specified. data refer to 3.5 MPu,
while data at 5.0 MPa refer to a wire diameter of 1.0
mm. The maximum increase of the CHF is up to a
factor of about 1.5 for liquid velocities higher than
7.0 m s~ obtained with 1.0 mm diameter wire. Wires
with smaller diameters would seem to be less effective
on the CHF enhancement, perhaps because of a less
mechanical stiffness to the force exerted by the fluid
flow at these high velocities. Low velocity tests reveal
very scattered and, as an average, a low
cfficiency in CHF enhancement. This is probably due to
the fact that the relative roughness (wire diameter/
hydraulic diameter of the channel) of the tur-
bulence promoters determines the Reynolds number,
and then the velocity, at which the promoters become
effective. as stated by Sutherland [11], who established
the heat transfer performance of boundary-layer tur-
bulence promoters. The most efficient wire diameter
for CHF enhancement is observed to be 1.0 mm, while
the effect of relative spacing of promoters {pitch) can
be considered negligible in the range 5-20 mm for the
same wire. Sutherland observed a similar behaviour in
the heat transfer performance. None the less. pressure
drop is inversely related to the wire pitch, as a pitch
of 20.0 mm gives rise to an increase of the pressure
drop (with respect to the smooth channel) of about
25% (1.0 mm wire diameter), while a pitch of 5.0 mm
causes an increase of about 100%.

The effect of the pressure on the heat transfer per-
formance (CHF enhancement) is observed to be nega-
tive, in the sensc that tests carried out at 5.0 MPa
reduce to only 30% the increase of the CHF produced
by the wire. This negative effect of the pressure on
the turbulence promoters cfficiency was also recently
observed by Nariai er o/, [14] using twisted tapes as
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Fi1G. 9. Influence of the helically coiled wires on the CHF (top figure) and on the pressure drop (bottom
figure). If not specified data points refer to 3.5 MPa.

turbulence promoters. In that case authors observed
that above 1.0 MPa the CHF enhancement effect of
twisted tapes disappeared. Such an experimental
observation was also reported experimentally by
Gambill ez al. [16]. As, other conditions being equal,
an increase of the pressure produces an increase of the
subcooling (and therefore of the CHF), in absolute
terms it is possible to have (as indeed we have in the
present experiment) the highest CHF at the highest
pressure (p = 5.0 MPa). Speaking in relative terms,
we only observed a reduction in the efficiency of the
turbulence promoter, i.e. maximum heat flux enhance-
ment obtained with reference to the smooth channel,
with increasing the pressure.

It is interesting to observe instead, that, contrary to
the performance of twisted tapes (e.g. [15, 16]), where
the increase of the thermal efficiency and the associ-
ated increase of the pressure drop are strictly inter-
related, in the case of helically coiled wires the thermal
efficiency is practically independent of the pressure
drop. This latter can be properly reduced decreasing
relative spacing of promoters, without affecting the
thermal performance of the turbulence promoter.

ENGINEERING PERFORMANCE OF HEAT
TRANSFER TECHNIQUES

As we observed, it is possible to increase the CHF
in subcooled flow boiling even though it is often
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F1G. 10. Evaluation ol the figure of merit. FM. vs mass flux for ali the tests.

necessary o pay a corresponding increase of the
pumping power (high velocity in smooth tubes, pres-
ence of wires. ctc.). Once the heat flux to be removed

has been established, engineering perlormances of

different techniques may be achieved comparing them
with the figure of merit. FM, defined as lollows:

pumping power

FM =
{cxchanged thermal power)yy,.

x 100, (4)

Among different CHF enhancement techniques
capable of removing the same heat flux, that presenting
the lowest FM has to be preferred from the hydraulic
viewpoint. The technique can be considered adequate
from an engineering viewpoint if FM is less than 1%.
Figurc 10 shows the calculated FM values for all
tests. The figure of merit is, as expected, an increasing
function of mass flux. Helically coiled wire tests pre-
sent in all cases FM values lower than 0.8%, showing
more or less the same order of magnitude as smooth
tube tests. The test performed with a 1.0 mm wire,
20.0 pitch, that gives rise to an increasc of the CHF
of 50% with a 25% increase of pressure drop, has an

FM less than 0.4%. This is a further confirmation of

the goodness of coiled wires as turbulence promoters
to be used for the enhancement of CHF in subcooled
flow boiling at high liquid velocity.

PREDICTION OF CHF EXPERIMENTAL DATA

Prediction of CHF experimental data in smooth
tube tests has been tackled using correlations and
models available in the literature.

Correlations

Scarcity of data in the range ol interest implies also
a lack of suitable correlations for the prediction of
subcooled CHF. The only possibility is to make use
of available correlations, recommended for ranges of
validity completely different from those of interest,
cvaluating the possibility to use them with a certain
rchability outside the proposed ranges. Among the
many correlations available in the literature, reviewed
in ref. [5] and tested in ref. [6]. we report here those
correlations that arc able to provide a consistent pre-
diction of present data.

e Westinghouse [17]:
Gl = (0.23 % 10°+0.094G ) (3+0.01AT,)
x [0.435+1.23 exp (—0.0093 L D)) *

X {I.7~l.4cxp

--0.532

o= N )
% (lm\l . ’m) </’g) I} (5)
/- N .

recommended in the ranges: 0.3 < ¢ < 11 Mg m
s 5.7 < p <200 MPa; 125 < gy < 125 MW
m 0 < AT, < 126 K.

e Levy [18]
G = g F glom +F

0!/3(/)1”/@)]‘ :

dor = 0.1314p, l )

" ~ a1 ’l)l o o
Yoo = 0.696(Kp, C,) -
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recommended in the ranges: 0.6 <G <11 Mg m~~
s704<p<200MPa;2<D<12mm.

e Tong [19]:

dew _ G0
RN L

C=1.76—7.433x,,+12.222x, (8)

N

where 4 is the latent heat and y; is the dynamic vis-
cosity of saturated liquid (SI units). Tong correlation
may also be presented in the form

Bo= s ©)
where Bo and Re are the boiling number and Reynolds
number, respectively. We modified the parameter C,
together with a slight modification of the Reynolds
number power, to give a more accurate prediction
in the range of pressures below 5.0 MPa, as the Tong
correlation was recommended for pressures higher
than 7.0 MPa. In addition to the present data, we
based the modification also on data with 2.5 mm
i.d. tubes [20, 21]. The new expression of the Tong
correlation is

Bo = ?@65 (10)

with

C=(0.216+4.74x107?p)¥ [p in MPa]

Y = 0.825+0.986x,, if x.,, > —0.1;

¥=1if x, < —0.1

Y = 1/(2+ 30x,,) if x,, > O (exit saturated
conditions).

Comparison with experimental data is shown in Fig.
11, where the ratio between the experimental data
and the calculated values of CHF is plotted vs exit
pressure. The above correlations are able to provide
predictions of data within +25%. Of course modified-
Tong correlation provides the best agreement being
partially adjusted on the present data-set.

Models

As it is known, models have the advantage, with
respect to correlations, of being able to characterize
not only the existing and developing data base, but
also to be used to predict CHF beyond the established
data base. In this sense visual information, not avail-
able so far in detail, would be of great help for a full

understanding of the basic mechanisms of CHF in
subcooled flow boiling at high liquid velocity and inlet
subcooling, enabling the development of a mech-
anistic model of CHF more adherent to reality.
Anyway, at the moment, three different models are
available in literature for the prediction of the CHF in
subcooled flow boiling : the Weisman and Ileslamlou
[22], the Lee and Mudawar [23] and the Katto [24]
models.

The Weisman and Ileslamlou model [22], based on
the existence of a bubbly layer adjacent to the heater
surface and assuming the turbulent interchange at
the outer edge of the bubbly layer as the limiting
mechanism, was proposed as an extension of the Weis-
man and Pei model [25] and assessed within the fol-
lowing parameters ranges: —0.12 > x, > —0.46;
p=68-19 MPa; D=19-37.5 mm; L =76-1950
mm; G = 1.3-10.5 Mg m “*s~'. The Lee and Muda-
war model [23] is a mechanistic CHF model based on
the existence of a vapour blanket forming close to the
heated wall by the coalescence of small bubbles, and
assuming the dryout of the liquid sublayer between
the vapour blanket and the heated wall to be triggered
by a Helmholtz instability at the sublayer-vapour
blanket interface. The model was assessed by the
authors (choice of correlations) on the following
ranges of parameters: p = 5-17.6 MPa; G = 1-5.2
Mgm?s~':D = 4-16mm;AT,,, = 0-59 K. The two
models reported above were proposed by respective
authors for high pressure conditions. In particular,
the Lee and Mudawar model was developed for high
pressure conditions only since it assumed the existence
of a vapour layer in a small wall region while main-
taining a velocity profile in the core liquid which can
be represented by the law of the wall. This condition
is simply not valid for low pressure systems. Similar
considerations could be forwarded for the Weisman
and Ileslamlou model. Both models are therefore not
expected to yield very accurate CHF predictions at
low pressures.

The Katto model [24] is based on the same mech-
anism as the Lee and Mudawar model, from which it
borrows much of the original derivation, i.e. liquid
sublayer dryout mechanism. A thin vapour layer or
slug (called ‘vapor blanket’) is formed due to accumu-
lation and condensation of the vapour coming from
the wall, overlying a very thin liquid sublayer adjacent
to the wall. CHF is assumed to occur when the liquid
sublayer is extinguished by evaporation during the
passage time of the vapour blanket sliding on it. Par-
ameters to be determined in the description of the
mechanistic model by Katto are: initial thickness of
the sublayer, J, vapour blanket length, L,, and
velocity, Ug. The evaluation of 4, different from the
Lee and Mudawar model, is obtained using a non-
dimensional correlation derived in a previous study
of CHF in pool boiling [26]. Vapour blanket length
Ly is set equal to the critical wavelength of Helmholtz
instability of the liquid—-vapour interface (same as Lee
and Mudawar model). Vapour blanket velocity U, is
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evaluated by relating it to the local velocity U, of the
two-phase flow (which is assumed to be homogencous
flow) ata distance o from the tube wall. U, is evaluated
using the Karman velocity distribution and U is equal
to kU, where k 1s called velocity coceflicient and is the
only quantity to be determined empirically 10 the
Katto model. The velocity coefficient A (non-dimen-
sional correlation as a funetion of Reynolds number,
liquid and vapour density, and void [raction) was
derived on data-scts published in [20, 21] and [27 30).
practically transforming the model in an cmpirical
correlation. The Katto model is assessed on the fol-
lowing range of parameters (water): D = [.14 11.07
mm:p=0.1 196 MPa: (¢ =035 406 Mgm s
AT o = 0 1175 KL

A comparison of CHF data with predictions pro-
vided by the ubove three models 1s shown in Fig. 12.
The Weisman Heslamlou model provides predictions
affected by a systematic effect of the pressure. cven
though, globally. most of predictions would seem to
lic within +25%. The Lee-Mudawar model, as
expected. gives a general inudequacy for the prediction
of present data. Good predictions are provided by the
Katto model. that was assessed on a relatively low
pressure besides  high
Although mechanistic in nature. the three models pre-
sented above show the necessity of empirical par-
ameters introduced in the mathematical description
ol the dynamics of the bubbles. Also the Katto model.
that provides consistent predictions ol present data,
introduces the velocity coctflicient A&, that must be
derived from experiments. Itis therelore still necessary
to accomplish a full understanding of the phenom-
enon to propose a realistic und pure mechanistic
model description.

data set, pressure  dala.

CONCLUSIONS

Principal concluding remarks regarding smooth
channel tests arc:

e the main thermal hydraulic parameters affect-
ing the CHF are the liquid veloeity and the liquid
subcooling :

o the dircct effect of the pressure on the CHFE
turned out to be negligible. even though a higher
pressure enables us to reach higher inlet subcoolings at
the inlet of the channel

e in the present range of high liguid velocity. neg-
ligible effect of the orientation of the channel on the
CHF was observed :

e 2 maximum CHF of about 30 MW m
reached with smooth tubes under the following con-
diions: 7, =30 C. p=350 MPa, =10 m s '
D=80mm. L =01m

WS

Regarding the use of turbulence promoters lor the
enhancement of the CHF, the following conclusions
may be drawn :

e helically coiled wires (d = 1.0 mm. pitch = 20.0

mm) allowed an incrcase of the CHE up o 30%,.
with reference to smooth channels. coupled with «
moderate increase of pressure drop (23% )2

o pressure revealed a negative effect on the relative
cfficiency of turbulence promoters
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