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High heat Flux Burnout in Subcooled Flow Boiling:
Experimentation and Modelling
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1. IntronucTIoN
‘Among the many technical challenges that fusion technology mse in the recent
past, particulac interest was seserved to the handling of the plasma and the heat

(4] ENEA Energy Depariment, \n..u,mxm 100060'S M, Galesia, Rome, Ty
(##) Uno dei XL. Cattadrs & Impianti Nudeani. Universitd degh Srodi i Roms +La

Sapienzas

e CCECmm———mmmm.




-

from fusion reactions. In particular, some components of fusion reactors, such as
divertors, plasma Hmiters, neutral beam calorimerer, jon dumps and first-wall
armor, are estimated to be subjected o very high heat loads. Heat fluxes to be
remaved range from 2 to 40 MW/, and forced convective subcaoled boiling can
‘ccommiodate these very high host fuses. Suboaoled Aow boiling has been widely
investigated in the past [1-3] with particular reference w0 the thermal hydraulic
design of Light Water Reactors (LWR), where the order of magnitude of heat
Duxes 10 be removed was around 1| MW/ne'. As s well known, this forced
convestive bailing involves @ locally boiling liquid, whose bulk temperature is
below the saturation, lowing over a surface ¢xpased to a high heat flux. However,
successful use of subcooled flow bailing for high heat fluxes removal requires the
critical heat fux (CHF), which is described s a sharp reduction in the energy
transter from o heated surface, nor 10 be reached.

The occurrence of CHE, for the case of heat flux consrolled systems, results in
a significant increase of the wall temperanire, which is usually well above that at
which serious damage or *bumout” of the heating surface occurs. A review of
recent experiments and predictive aspects of burnout gt very high heat fluxes was
given by Celaua [4]. Macroscopic parameters affecting the CHF condision in
subconled boiling, as given by Collier (2], are subcooling, muss flux, pressure,
diameter, and length-to-diameter ratio, In 1954 Boyd [5-6] reported a thorough
review of CHF in subcooled fow boiling (with about 300 papers quoted), showing
that studied performed in the past were cssentially devoted to the thesmal
Bydraulics of [WRs (high pressure, low velocity #nd Jow. sabeoaling).. Fusion
technology roquircncnts gave rise over the bast fivesix years to a rush in the
production of experimental data for subcooled flow boiling CHI
conditions of lowintermediate pressure (up to 5 MPal, bigh liquid velocity (up to
40 m/s), high liguid subcooling (up 10 250 K) and smallintemmediste channel
dinmeter {1-15 mm) [7], Use of turbulence promoters such as twisted tapes or
helically codled wircs, was pursucd to enhance the thermal performance of
subooled flow bailing [15].

For calculation and design purposes it is alio necessiry to have reliable
prodictive: tools, sodh. u- oorrelations. and. rodels, With regard . correlizions,
recent papers by Inasaka and Narai [16), Yin o ol [17], and Celata of al. [51]
showed that few of the existing correlations may provide consistent predietions of
warcr subcooled flow bailing CHF at high heat fluxes. They were originally
recommended for operating conditions typical of Pressurized Wiwer Reactor
fie. CHF an order of magnitude lower than fusion reactors high bheat flux
components), in relation of which water subcooled flow boiling CHF was
exvensively studied in the past (23],

As is known, models have the advantage, with respect 1o correlations, to
characterize not only the developing data base, but also 1o be used for the
prediction of the CHF beyand the operating conditins. of the reference data et
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Unfortunarely, o full vaderstanding of the basic mechanisms of subtooled flow
beiling CHF at high liquid velocity and subcosling hus not been sccomplished sa
far [4]. Consequently, existing models [18, 19, 32), although mechanistic in nawre,

wse of empirical comclations or parameters deduced from 2 bestfit
procedure through available data sers. Likely to correlations, their use outside the
experimental ranges of developing data sets canniot therefore be relinble. Even if
the Kintto model [32] gives an acceprable prediction of existing data points of CHE
at high mass flu and suboooling, its use is nonetheless limited to thermal hydraulic
conditions such to provide high exit bulk subcooled conditions (i.c. almost 51% of
existing data points] [31].

The aim of the present paper is 1o report the resubis of an experimental
activity carried out, and still in progress, at the Heat Transfer Unit of the Energy
Department of ENEA (CR Casaccial, devoted to the investigation of fundamental
aspects of the CHF in subcooled fow boiling at very high beat fluxes (7], rogether
with the proposal of a new mechanistic model for the prediction of wuter
subcooled flow biling CHE Although the proposed model is specifically thought
for high heat flux applications, it is nonetbeless valid for general conditions of the
CHEF in subcooled flow bailin

2. EXPRRIMENTAL APPARATLS AND TEST SECTION

The schematic disgram of the emploged water Joop is drawn in Fig. 1. The
loop is made of Type 304 stainless sicel and filed with tap wates passed through
deionizing particulate heds not shown in the figure).

The mass flow rate s elaborated by two different pumps. The high mass flow
rate is obrained using an aliemative pump (s thieehead piston pump), the
maximum volumerric flow rate of which is 2000 L. It is connected ta & damper 1o
further reduce pressure oscillations while maintaining sable flow conditions
(residual pulsation below 2.5%).

The low mass flow rute is obluined using & pump of the cocontric type,
characterized by a maximum volumetric flow rate of 80 Vh. Four wrbine flow
meters (maximum error 0.5%) with different ranges are installed w measure the
weater flow rate. The ranges are 2.5:25 Vh, 10-100 Vh, 50-500 Vh and 50.500 Uk
respectively.

The rest section is generally vertically oriented with water fawing upwards.
Test sections (ene for each mun) are made of Type 304 suainess steel (electric
resistivity a 500 K is 93 pSam), uniformly heated by Joule effect using 3 200-k%
(50 V' and 4000 A, de) electric feeder. Afier cach test the test secion is changed
because of the destructive bumout occurrence, Of course not all the electrical
power is available for the test section, us it depends from the electrical resistance of
this latter, which i s function of the diamerer and of the temperarur (through the




Fig. 1. Schematic of e expermentl apparsns

elecirical resistivity). Eleven different test section nner diameters were used, In
addition to the heated length of 0.1 m. for the rest section D = 8.0 mm, some tests
were cartied out with a heated length of 0.15 m, and, among these, some were
performed with the test section pluced i the herizontal pasition. For the D = 80
mm, L= 0.1 m test section, tests were earsied out with the insertion of helically
colled wires inside the tube a3 turbulence promoters. Wircs are of spring stecl, and
their presence docs not appreciably affect the clectrical resistance of the whe. The
test section is connected to copper feed clamps, by means of which it is possible w
transfer the electric current to the whe. The power was computed by evalusting
the product of the voltage drop across the test section and the current flowing
through the walls of the test section. The current was compured from the
measurement of the voltage drop (in millivolts) across a precision shunt resistor.
Thermal expansion of the test section is mechanically allowed (up 10 1.5 mm), thus
preventing the ruptre of the tube due w0 thermally induced compressive stresses,
Before enrering the test section, the water flows through an unheated tube, of the
same diameter as the et sestion, (o assure that the liquid velodity profile is fully
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developed. The unheated rube length is rwice the entrance length, L, calculaed,
under the most severe conditions (highest value of Reynolds number, using:

%:am Reesr W

Pressure taps are placed just upstream of the unheated length inlee and juse
downstream of the heated length exit. The static pressure is measured by unsealed
strain-gauge absolute pressure transducers (maximum error 0.5%). It is therefore
possible to cvaluate the pressure gradient in the test channel once the hydraulic
charucteristics under mo-pawes conditions are kiiown. The pressure af the xit of
the test channel is regulated by an clectrically contrelled valve. The bulk fluid
temperature is mewsured just upsiresn, T, and downsteeam, T..., this latier, afier
a suitable mixing of the liquid (obtained with a cross mixer to get the temperature
profile flar), of the test section using 0.5 mm K-rype thermocouples placed at the
center of the. channel, Ako, all the possible bubbles present are collapsed. The
knowledge of T, and T,,.., 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 icaorimerric method). In facr, in all the tests performed
{even at bumout conditions), the outket bulk fuid tempersture measurements
shways revealed the subceoling conditions of the water bulk af the iest seciion exit
In this way heat loss from the test section are bypassed The employed test sections
are not instrumented with wall thermocouples.

Dounsiream of the test section, the fluid passes theough the fuid-to-luid pre-
heater and then in the water cooled tank, where the fluid is cooled dawn 10 25 °C
even at the maximum thermal power delivered 1o the fluid, closing the loop
through the filter, towards the piston pump. The maximum pressure of the loop is
7.0 MPa, while the maximum operating temperature of the pump is 70 °C. The
fuid-to-fluidpreheater allows o cary out experiments with & water inlet
temperature above 70 °C.

3. EXPIRMENTAL FROCEDURE

All the parsmetens are continuously monitored using digital and analog
displays, and cach variation is recorded. The experimental procedure consists in
the following sctions. First, the mass flow rate s set up using the manual control of
the piston pump. Sccondly, the cxit pressure is established using the exit comtrol
walve. Once flow rate and exit pressure are sicady, thermal power is added to the
test section. The control parameter used while approaehing the CHF is the
electrical power delivered to the walls of the tes section, and the initial increment
in thermal porwer is 0.5 kW, Once 70% of the expeeted CHF value, obtained using
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the Gunther correlation [20] which is very simple and gives a conscrvative
prediction of the CHF (SI unirs):

4o = 71987 0% AT, @

is reached, the increment is reduced to 0.1 KW (0.1-0.6% of the CHE), Alfter cach
increment, small adjustments arc made in both the exit pressure and flow rate.
that the exit flow conditions correspond to the desired ones. The above reported
procedure is repeared unil bumout oceurs, evidenced by test section destruction
and detceted by the sharp drop in the clectrical power. Video mosics show the
existence, at bumout, of a narrow glowing area uniformly distributed around the
perimetes, and located within 30 mm from the top copper feed clamp. A
computerized data acquisition sywem records the messured parameters at the
occurring of burmout.

4, EXPEMENTAL RESULTS

The wim of the present research was to characterize the CHF in subcooled
flow boiling of water in smooth chanacls, in order to establish the bounds of the
thermal bydraulic design of bigh heat flax components in fusion rectors, The
effect of helically coiled wires as turbulence promoters for the enhancement of the
CHE was aleo studied (7). Experiments were earried out in chanacls of 2.5 ma,
4.0 mm, 5.0 mm, 6.0 mm and 8.0 mm [7, topether with a specific research devored
to capillary tubcs, testing channl diameters from 0,25 mm to 1.7 mm [21]. Effect
f channel heated length and channel orientation (horizontal against vestical) was
also invesigated [7), tegether with the effect of the whbe wall thickness [21]

Test conditions, for a total of 367 points, were selected by the combination of
the following parameters:

— tube inside diameter, D: 025,05,07,12,15,17, 2
80 mm (£ 0.01 mm)

from 1 em 1o 15 cm

from 0.25 mm to 1.2 mm (£ 0.01 mm)

AISI 304 Type

from 2 to 50 My/n¥'s

from 0.1 10 5.0 MPa

from 20 0 81 °C

— orientation of the test section:  vertical and horizontal {only for L = 0.15 m and
80 mm)

05, 0.7 and 1.0 mm

from 1.5 t0 200 mm

spring steel

nusbulence promoters were carried out only with the D = §0 mm

‘test sections, L = 0.1 m, vertical position.

50,60 and

— wire diamerer, d:




4L Effect of mass flux

The influence of mass flux on the CHF is shown in Fig. 2, where the
experimental CHF is plotied versus mass flux G, for D =25 mm. The almast
linear dependence of the CHF on G is obscrved for all the diameters tested, In
principle, this would allow to increase the CHE just increasing the mass fus:
Iooking ot the figure, it is passible 1o observe that the CHF can be increased up to
# factor of about three passing from 12 ro 40 Mg/m’s. From a practical viewpoint
it is necessaty to consider that pressure drop is related to the square of the velocity
and thercfors mass flux can 0ot be increased withour limits because of that and
because, also, of induced vibrations. It is, bowever, interesting to observe that very
high values of the CHF can be accommodated, over 60 MW/, using the
subcooled flow boiling regime of heat transter.

4.2, Effect of inlet subcooling

A significant effect on the CHF is exerted by the liquid inlet remperarure, i.e.
the inlet subcooling, ether conditions being cqual, of course in the sense that it &
Jower inlet temperarure (igher subcooling) a higher CHF is obained isce Fig, 2).
Referring 1o the dara in Fig. 2, the ratio bevween the maximum value of the CHF
(T, =30 *C) and the mininwum one (T, =70 "C) ranges from 16 (ar G =11
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Fig. 2. Influence of mass flux on the CHF
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Mg/mes) 10 11 (s G=40 Ma/ms), while the absolure increase looks almost
constant, This influcnce is quite relevant considering the reduced varation of the
water inket tempeniture, ie. only. 40 °C. The direct cffect of subcoaling on the
CHF is shown in Fig. 3, where the CHF is ploued versus the inlet subcooling
AT, s, for D= 80 mm. It is evident the almost linear dependenc of the CHF on
inler subcoaling. The slope of the curve on which data 11 & given pressure and
liquid velocity would seem to lic does not depend on the two aforementioned
parameters, ie. p aad . This Is in the sense that GHF versus AT, , . curves plorted
a difflerent liquid velocitics result parallel among each other, and no inter relation
between u and AT, would seem o exist, Practical limits in the increas of the
inlet subcooling are the system pressure (limited by the mechunical design of the
fusion reactor at about 5.0 MPa) and the tempereture of the heat sink (a1 prescnt
around 3060 °C in the NET design).

43, Effect of pressure

From Fig. 3, it is possible to argue that, as CHF data vemus AT, for
different pressurcs Jie on the same curve, the funcrional dependence of CHF from
inlet subcooling is very slightly affected by the pressure. Direct influcnce of the
pressure on CHF is observable in Fig. 4, where the CHF is plotted versus exit

80 100 120 140 160 180 200 220 240
AT‘M"[K]
Fig. 8. Tnflucnce of inks subcooling on the CHE
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Fig. 4 Tnfliscoce of pressire on the CHE.

pressure p, for the D =25 mm data and for different values of liguid velocity and

ing. The cffect of the pressure on the CHF is negligible ar least if compared
with that of hiquid velocity and subcooling, although the CHF shows u shight
incoeasing dependence on the pressure. Nonetheless higher pressures, other
conditions being equal, enable us to obisin higher liquid subcoolings. and,
indirectly, contribure to the enhancement of the CHE.

4.4, Effect of chansel length and orientation

A point of relevant intercst i the possible influesice of the channel orientation
und of the channel length on the CHE Some tests were carried out with the
purpose 1o ascertain this influence using D« 8.0 mm channcls, and resubis are
presented in Fig, 3a, where CHF is plotied versus mass fux. In the range of the
tested liquid velocity (2 1o 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 posision does not affect the CHE The first observation, ie. the
independence of the CHF from the orientation of the channel, is of interest for
‘practical purposes of NET as the diventor is suppased to be inclined of shour 30°
from the horizontal and mest of research s conducted with either vertical or
horizontal test sections.
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Further tests were carsied out later [21] 1o asceruain the channel length effect
o the CHF. L/D ratios of 5, 10, 25 and 40 were tested ar an cxit pressure of 0.8
MPa, an inler temperature of 60 °C and liquid velocity of 10, 15 and 40 m/s.
Experimental data are reported in figure 3b, where the CHF is plotied versus 1/D
for different liquid velocity. The lines refer 10 the evaluation obtained using the
e model proposed lter in the present paper. Apart from the scattering
of the liquid high veloeity dara, the effect of the L/D on the CHF is negligible
for 1/D>30 and the functional dependence berween the CHF and LD is
independent of the mass fux. For L/D <30 the CHF increascs as the channel
decseases. This result makes the achievements with 1/D > 30 immediarcly
applicable 10 full scale components. As the effect seems to be the greatest for LD
<20, this would indicate that the CHEF is related to the state of bubbly boundary
layer development [21].

4.3, Effect of channel diamercr end wall thickness

A thorough analysis of a single paramcter requies that other parameters are 1o
be kept constant while increasing or decreasing the paramerer that is the object of
the analysis. In odher words the exit pressure, the mass flux, the heated length and,
abave all in the casc of subcooled flow boiling CHF, the exit quality for the exit
thermal hydraulic conditions) must be kept constant during the tests with different
test channel diameters. Unformnately, most of the dua poinis available in
the litcrature were carried out for purposes different from the evaluation of the
test channel dismeter influence per ¢, and therefore only few of them are
“homogencous™ in the scnse above deseribed. Figure 6 reports CHE versus x,, for
diffecent channel dismeters and for fixed values of liquid velocity, exit pressure and
heated length of the test section. In Fig. 6 experimental data with D = 3.0 mm are
from Inasaka and Nariai [11] while all the other data are from Celata cf al. [7]. For
given values of ouler thermal hydraulic conditions, heated length, liquid velocity,
CHF increases with the decresse of the tube inside diameter. From data reportcd
in Fig 6 we desived the direct dependence on D of the CHE, other conditions
eing equal. Such a derivation was obtained considering # continuous, ideal curve
of the data plotted in Fig. 6, and reading on these curves the values of CHF
cormesponding at a fixed value of x,.. Figure 7 represents the aforementioned
dependence for Tnasaia and Nariai data (11] (D =3 mm) and Celata et o/, (7] dats
(D=25, 40, 5.0 and 8.0 mm). The threshold beyond which the effect of the tube
inside diameter may be considered negligible is a function of the channel geomerry
and the thermal hydraulic conditions. At this stage of the rescarch, availuble
experimental data do not allow 10 draw any systematic and quantitative conclusin,
but only to have a generic qualitative information en the feature of the
dependence. To explain the observed dependence of the CHF from the wbe inside
dismeter it is worth reporting here three different reasans proposcd by Bergles

——————————
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(22), For a rube with & smaller inside diametee we bave: ) a small bubbles
dianete, (i) an increased velocity of the bubbles with respeet t0 the liquid, and (i)
the fluid subcooled bulk is closer to the growing bubbles (collapsing in the bulk),

Nariei and Inasaka (23] from the analysis of experimental data of void fraction
in narrow tubes, concluded that, as twhe inside diameter decreases and mass velocity
increases, the dismeter of generated bubble or, better, the thickness of the two.
phase boundary laper becomes smaller due 1o the intense condensation effect by
subcooled water a1 core region, and the void fraction becomes smaller, 5o 1o make
the CHF higher. The decrease of the diameter gives risc to an increase of the slope
of the velocity profile in the twophase boundary layer, making the detachment of
growing bubbles and the conscquent condensation in the care region casier. The
higher the mass flux the more consistent the above mentioned effect.

Additional tests were recently carried out ad hoc with the sim of sscertaining
the functional dependence of the CHF on the channel di ith special regard
1o very small diameter [21].

Tests, for a total of 42, wete carried out under the following conditions:

— channel diameter, D 0.25,0.5,07, 1.2 and 1.5 mm
— liquid velocity, u from 3 to 50 m/s

— exit pressure, p from 0.1 to 0.8 MPa

— channel length, L from 10 1o 60 mm

— LD 40

— ket temperatiite; Ty, 20ind 30°C

Experimental dara are reported in Fig. 8, together with predictions obuained
using the already mentioned mechanistic model which will be reported later in this
paper, bised on the liguid sublayer dryout theory. Although an inverse dependence
of the CHF from the channel diameter may be abserved (for s given value of the
exit quality, it i not casy to distinguish between 0.25, 0.5 and 0.7 mm data at
stmospheric pressure. This means that the increasing trend of the CHF as the
channel diameter decreases is not observed in present experiments for diameters
below 0.7 mm. The comparison between the data and the model predictions is
good for experimental data having D2 0.7 mm. On the contrary, a less accurate
prediction is given for the smallest tubes, L., 0.25 und 0.5 mim. We may arguc that
below a given channel diameter, i s likely that the boiling erisis mechanism may be
differenn from the liguid sublaver dryout theory. Tndeed, we may think thar as the
channel diameter decreascs we may face with bubbles whose size is of the sume
order of magnitude of the channel dismeter iscll

As for channel diamcter below 0.7 mm the bubble sire may be thought to be
of the same arder of magnitude a5 the tube diametcr. if we decrease the channcl
diameter it is reasonable 10 have 3 constant critical heat flux. Nonetheless, the
possible floading’ of the channel by the vapour phase would justify the premature
burnout with respect 1o the value obrained using the liquid sublayer dryout theory.




Fig 8 CHE
the Celata et of. model.

Anosher impartant peomeirc parammeter  the tube wall thickness. A specific

has been conducted using test sections having similar nner diameter
and different tube wall thickness. OF counse, whe matcrial and cxit thermal
hydraulic condirions have been kept constant. The rest martix, for u toral of 15
tests, has been the following:

— liquid veloity, u 30 mis

— inlet temperature, T, 30°C

— exit pressuse, p 0.8 MPs

— LD 40

— inner diameter, D from 161 10 174

— wall thickness, t 0.265, 038, 0.63, 0.945, and 1.195 mm

ntal resuls are reported in Fig. 9 where the ratio bevween the
calevlated CHF fusing the already mentioned mechanissic model which will be
deseribed latcr) and the experimental valuc is plotted versus the wall thickness.
Considering the extended range of the wall thickness, up o a factor of dx, its
cffect on the CHF may be reparded as very slight, even though a tendency 1 @ an
effect of the wall thickness may be evidenced for the thicker wall thicknesses
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Fig. 9. Caleulated-to-experimental CHF versus tube wall thickness,

4.6, Use of turbulence promoters for the enbancensent of the CHF

The limit of 70 MW/, maximum valuc of CHF reached in the above
described experiments, is tll 100 low value if compared with what requested by
fusion reactors thermal hydraulics designers, especially if we eonsider safcty factors.
On the arher hund it is interesting to observe that according 1o Gambill and
Lienhard [24] the CHE obuined is only around 1.5% of the maximum hear fux
thar can conceivably be achieved in a phase transition process. In fact, according to
Gambill and Lienhard, “if one could contrive 1o collect every vapour molceule that
eaves a liquid-vapour interface without permitting any vapour molecules to retum
mmhm-mwmmﬂ.u‘.ﬂ,mhm

v id '\/%—T [t

where R is the ideal gas constant n a unit mass basic. Under the conditions that
allowed 0 reach o CHF of 60 MW/nr, equation (3} provides & maximum
theoretical heat flux of about 4000 MW/n¥". According 1o Gambill and Lienhard
the most serious restriction that prevents. reaching this limit in practice "is that
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many vapour molecules will inevitably be rerumed 1o the interface by molecular
collisions”, The retum flow of vapour molecules can only be slowed, not
liminared. *Another problem lies in the premise that all the beat ultimately passes
through a liquid-vapour interface. The problem is to get the heat to flow through
the liquid, up to an interface, and sway from the interface on the vapour side”. We
contrived to do this with the help of turbulence promoters, or swirl inserts, such as
helically coiled wires. Helically coiled wires were wsed in the past [25:28] as
turbulence promoters to enhance the hieat transéer in single-phase flow fair, water,
waterglycerol salution, oil) both in laminar and in turbulent flow [25-28).
Enbancement of beat transfer was found (and expected) ta be coupled with much
lacger increase in frictional powet loss. Anyway no application to the enhancement
of CHEF in highly subcoaled flow boling was found in lseraure. We used helically
coiled wircs of spring stecl, fixed (welded) at the inner ends of the heated channel
(ot the msa: of the copper clamps). Their task was to inerease eddy diffusive heat
transfer and continucusly remove the thermal boundary layer to prevent and/or
delay bisbble formation/growth, giving rise to an increase of the ovcrall thermal
effectiveness of the coolant. Experiments were conducted with D =80 mm
chasnels, and results are shown in Fig. 10, where the ratio between the CHF with
the wire and the CEIF without wire inside the b is plotted versus mass flux (top
figare), and the ratio of the relative pressure drops is ploncd always versus muss
flux (bottom figure). Data are grouped according to the geometric characteristics
of the wires. Unless differently specified data refer to 3.5 MPa, while data at 3.0
MPa refer to a wire diamcter of 1.0 mm. The maximum increase of the CHF is up
10 factor of about 15 for liquid velocities higher than 7.0 m/s, obuined with 1.0
mm diameter wire, Wires with smaller diameters would seem to be less cffective on
the CHF enbancement, perhaps hecause of a less mechanical stiffness 1o the force
exerted by the fluid flow at these high velociies, Low velocity tests. reveal very
scuttered and, as an svetage, 4 low efficiency in CHF enhancement. This is
probably due o the fact that the relative roughiess (wire: dismeter/hydraulic
dismeter of the channcl) of the wrbulence promoters determines the Reyuolds
number, and then the velocity, at which the promoters become effective, as stated
by Sutherlund [25] who established the heat transfer performance of bondary-
layer turbulence promoters, The mosi efficient wire diumeter for CHF
enbancement i obscrved to be 1.0 mm, while the effect of relarive spacing of
promoters (pitch) can be considered nepligible in the range 5.20 mm for the same
wire. Sutherland observed a similar behaviour in the heat transfer performance.
Nonctheless, pressure drop is inversely related to the wire pitch, as a pirch of 20,0
mim gives rise o an increase of the pressurc drop (with respect o the smooth
channel) of sbout 25% (1.0 mm wire diameter), while a pitch of 5.0 mm causes an
increase of abour 100%.

The elfect of the pressurc on the hew transfer performance (CHF
enhancement) is observed to be negative, in the sense that tests carried out at 5.0




wire diamaeter [mm] 0.50.7 1.0 1.0
pich [mm]p (MPa] 3535 3550,




s

MPa reduce 10 enly 30% the increase of the CHE produced by ihe wire. This
negative effect of the pressure on the turbulence promoters cificiency was also
vecently observed by Mariai er af, (29) using twisted tapes as turbulence promoters.
In that case authars observed that above 1.0 MPa the CHF enhancement effect of
twisted tpes dissppearcd. Such an experimental observation was also reported
experimentally by Gambill er al. [30]. As, other conditions being equal, an increase
of the pressute produces an increase of the subcooling (and thercfore of the CHF),
in absolute terms it is possible to have (as indecd we have in 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 rurhulence promoter, i.c.
maximum heat flux enhancement obtained with reference to the smoath channel.
with increasing the pressure.

It is interesting to observe instead, that, contrarily 10 the performance of
twisted tapes. fe.g. [29-30]), where the increase of the thermal efficiency and the
assocated increase of the pressurc drop are stricdy inter-related, in the case of
helically coiled wires the thermal efficiency &5 practically independent of the
pressurc drop. This latter can he properly reduced decreasing relative spacing of
promoters, without aficcting the thermal performance of the turbulence promater.

5. Backcaounp 0F CHF MODELLING IN SUBCOOLED FLO BOILING

Basic mechanisms of CHF in subcooled fow boiling, wually studicd by
optical technigues, were outlined by Tong et af. (331, Fiori and Bergles [34], Molen
and Galice [35], Hino and Ueda [36), and Mammson e al. [37). The main
achievements have been already reported by Weisman and leslamlou [18], Lee and
Mudawar [19) and Kano [32]. For convenience of the reader they arc briefly
8 through by or other means, it was evi

existence of vapour shugs ot thin vapour layers near the wall [33:36); i) wall
temperature fluctuations prior to CHF were detected in uniformly heated chan

[38]; i) no abrupt visible change in the bulk flow partem at CHE was observed
{37]; iv) the largest bubbles or vapour slugs are generated by the evalescence of
smaller bubbles within the tso-phase boundary Layer in the wall regian [35-37). It
has 1o be pointed out, however, that basic mechanisms of CHF in subcooled flow
boiling ar high liquid velocity (up to 40 m/s) and subcooling fup 10 250 K, ic
including opersting conditions of interest to fusion reactors, are sill w0 be
undersiood, in spite of the many cxperimental data carried out in the receat past
[4]. The great difficulty in applying eptical techniques under the above thermal
hydsaulic conditions, thar means fast and very small bubbles (whose diameter is
around some microns ot tems of microns), siill prevents us to obtain the necessary
information. What remains to be cxcluded is the hidden existence of an aliemative
crisis mechanism due to the sudden coalescence of wall riny bubbles which, sill
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adhering to the wall and beacath the transient vapour slug, isolate thermally the
heating wall from the coolant

Existing models may be classified according to the basic mechanism ussumed
by the relative authors as the main cause of the CHE occurrence.

(1) Liquid layer supesheat limit model The difficulty of heat tramsport
through the hubbly layer causes a critical superheat in the liquid layer adjacent to.
the wall, giving rise 10 the occurrence of the CHF [38),

(2) Boundary layer separation model. This model is based on the sssumption
ehat an “injection” of vepor fromt the heated wall knto the Liguid stream causes
reduction of the selocity gradient dlose w the wall, Once the vapour effusion
increascs beyond a cetical value, the consequent flow stagnation is. assumed
w originue CHF (39-44). The weak physical basix of the model hus been
demonstrated by the swdies above reported [34-37).

) Liguid flow blockage model. Tt is assumed that the CHF ocours when the
ligid flow nommal to the wall is blocked by the vapour fow. Bengelson (451
cansiders a critical velocity raised by the instability of the vapour liquid interface,
while Smogalev [46] considers the cffect of the kinetic energy of vapour flow
awercoming that of the counter motion of liquid.

(41 Vapour remaval limit andd nesrwall bubble crowding model. It is assumed
that the turbulent interchange between the bubbly layes and the bulk of the liguid
‘may be the Emiting mechanis leading to the CHF pecurrence. CHF acours when
bubble crowding near the heated wall prevents the bulk cold liguid from reaching
the wall [47]. Welsman und Pei [48], and Weisman and Ying (49] postlates that
CHF occurs when the void fraction in the bubbly layer, calculated under the
assumption of homegencous two-phase flow in the bubbly layer in [45] and using
the slip modcl in [49], just exceeds the erirical value of 0,52, The void fraction in
the bubbly layer is determined through the balance berween the cutward fow of
vapour bubbles and the inward liquid flow ar the bubbly layer-bulk liquid flow
interface. Weisman and leslamlou model (18] is an improvement of Weisman and
Pei model, for subeooled exit conditions. A research work carried ow by
Seyrikovich et e/, [30], showed that measured void fraction at CHF ranges from os
low as 0.3 1o as high as 0.95, making the validicy of the nesr.wall bubble crowding
models questionable. In addition, the models arc quite empirical in the
detcrmination of the wrbulent exchange in the bubbly laves. Obviously, it is not

excluded that, due to differences in the thermal hydrdic conditions, different
crisis mechanisms may verify and 50 to be valid in some ranges of the above
conditions.

15) Liguid sublayer dryout model. The model is based on the dryout of a thin
liquid sublayer undemeath a vapour blanker of elongared bubble, duc 1o
conlescent bubbles, lowing over the wall This model is supported by more recent
experimental studics (35.37], [51-54] in the conditions of our interest.

Lee and Mudawar [19] propased o mechunistic sublayer dryour model whicl

e ———
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climinutes the need for much of the empiricism found in above described
subcooled flow boiling CHE models. Unlike most of them, the CHF snalysis
proposed by Lee and Mudawar is theoretically based, requiring only three
empirical constants. The model closely predicts several well known CHF data bases
at high pressure {above 5.0 MPa). Nonetheless, as some assumptions are not valid
for low pressure systems (such as the NET diventor), it is not expected 10 yield
accurate CHF predictions at Jow pressure [31].

Recently, Katto (321 proposed o model for the prediction of subcooled flow
boiling CHF in a very extended range of pressure {0.1-200 MPa), employing
essentially the same theoretical model construced by Lee and Mudawar, Main
diffeences arc in the calculation of the vapour blanker velocity, obrained by an
empirically-based relution (as  function of Reynolds number, Liquid and vapour
density, and void fraction), and in the evaluation of the liquid sublayer thickness,
that was indireetly modelled using a correlation for pocl boiling [55]. The Kano
model, although yielding aceeptable prediciions of very high heat Buxes CHF data
points in 4 wide range of pressure, is not able 1o calculate the CHF in those cases

| void fraction in th ner is higher than 70%. This
is the limir considered by the author for the validity of the wsswnption of
homogenzous flow in the bubbly Layec. It happens in all cases where inlet thesmal
hydsaulic conditions sre such that the bulk liquid ar the exit is dightly subcooled,
and was verified for abour 31% of high heat flux CHF data collected 1o far in the
literature [31].

Consideting that the Lee and Mudawar model cannor be properly used a1 low
pressure, and in view of the above described limitations of the Katia model, a new
fmodel has been developed with the aim of overcoming abave inconvenients

6. Tris provosed CHF sopis.

The basic assumptions which the propesed model is based on, arc exsedy the
same used by Lec and Mudawar (1] and by Katto [52] (liquid sublayer dryout
model), and alsa same of the definitions reported helow are borrowed from them.
The reference flow configuration is schematically illustred in Fig 11, A thin
elongated bubble, called “vapour blanke:”, is formed s a conscquence of

of small bubbles rising slong the near-vall region as verical distorted
wapour cylinders. The vapour blanket is ovedlving a very thin liquid sublayer
adiacent to the wall, and CHF is assumed to occur when the liquid sublayes initial
thickness,  is extinguished by evaporation during the prssage time of the vapour
blanket, t = Ly/Uy, where Ly and U, are the length and velosity of the vapour
blankst, respectively.

As assumed by Lee und Mudavar (19], the circumferential growth of a vapour
lanket is strongly limited by adjacent blankets, It s thesefore reasonable to assume
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the equivalent dismeter of each blanket, Dy (ie. its thickness) us approxinurely
cqual to the diameter of a bubble at the deparuure from the wall. It is assumed that
departing bubbles may coalesce into 2 distorsed blanke thar strcrches along the
fuid fow direction (due to vapour generstion by sublayer evaporution) and keeps
almost » constunt equivalent diameer (thieknes). A continuous blanket may be
formed along the faner wall of the wh. a8 consequence of ciraumfereanial
blankets merping Vapour blanket velocity, Uy. is obtained by superimposing the
liquid velocity, caleuluted using the velocity universal profile, and the relarive
Blanket velocity, with respect to the liquid, deduced from a forccs balance applied
 the blanket (booyancy and drag) [19],

Vapour blanket lengrh, Ly, is postulated 10 be equal 1o the critical Helmboltz
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wavelength at the liquid-vapour interface [19.32]. Vapour blanket can develop and
exist only in the neacwall region where the local liquid temperature i sbove the
saruration value. Considering the tempezature distribution from the heated wall o
the center of the channel, it will exist o distance from the wall av which the
temperature, decreasing us we proceed toward the center of the twbe along the
radius, is cqual 10 the saruration value ar the local pressure, We define this distance
as “supetheared Layer”, and indicate it with v*, o5 dlustrsted in Fig. 12, For a
distance from the wall greater than y", the bianket (and each single bubble) will
collapse in the subcoaled liquid bulk, Considering also that the vapour blanket is
p.nlndxw-nld.emmnu‘vhnd:c\w:hevdnaw;n&nnwwumm-:llk
vapour blanket location in the superheated layer is such to oecupy the regian closer

o the saturation i, Le. a5 far as possible from the heated wall, bur within the
superhcated layer, y*, The liquid sublayer thickness, , can therefore be caleulased
ss the difference bevween the superheated loyer, ¥*, and the vapour blanket
thickness, Dy. This basic assumprion, bascd only an a physical consideration, is the
main, differcnce beween the proposed model and those proposed by Lee and

Fig. 12, Schematization of the suporhcarcd layes, i . the rwo-phase lapee.




6.1, Length of uspour blanket

As discussed sbove, the liquid sublayer is gencrally very thin, and it can be
roughly assumed to rest on the wall, while the blanket fows a¢ the velocity Uy, Tt
s then postulated that the mean vapour blanket length, Ly, is cqual to the criical
wavelength of Helmhaltz instability of the liquid vapour interface, and is given by:

!._.?amﬁgyd-m_)
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This is the same procedure and expression used by Lee and Mudawar [19]
and by Katto [32).

6.2, Velocity of vaponr biankes

As reponted by Lee and Mudavar 119, the velocity of the vapour blanket in
vestical turbulent flow can be obtained by a forces balance, Le. buayancy and desg
forces:

2Dy lor- 0=k, Co Uy - U 200 o

where Cq is the drag coefficient and Uy, is the relative velocity of the blanket
with respect to the liquid at 4 position corresponding to the centerline of the

blanket, pven by:

The drag cocfficient, Cp, is calculuted using the equation recommended by
mmb&imdiﬁuundmbabﬂfunddomdbubbkﬂxwmu{
which is determined by buosancy and surface tension forces, given by:

ot D
’(m-w)"

For the evalustion of the vapour blanket equivalent diameter, or thickness, Dy,
it was used the model propased by Stanb [58], based on a balance of frces 1o
growing bubbles miached to the heared surface, to approximate diameter of
bubbles at departure. I the model, the bubble s considered to detach from the
surface when dislodging forces overcome adhesive forces, Among the several forces
acting on the bubble (surface tension force, dynamic force due to the momeamum

m
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change of the liquid resuliing from the prowing bubble, drug force, buoyancy force,
dynamiic forces due to the liquid inertia and o the evaporating vapour thrust),
Stach considered surlace tension force (adbesive) and drag force (disdodging) to be
the dominant, and the balunce of such forces.yiekds the following expression far Dy:

2 .
D, »-%f— ®

T

where fi is the contact angle, and £(B) is a function that depends oaly on contact
angle. An approximate value for £iB) of 0.02 to 0.03 for water was recommended,
and fiB) = 0.03 is used in the present model.

‘The friction factor £, is calculated usiag the Colebrook-White equation

i g

1 33
by 114~ Jﬂn'ﬂg(o lwﬁ) ©

where ¢ is the surface roughness, that has been shorn to be close 10 0.73 Dy, Diis
the inner tube diameter, and Re is the Reynokds mumber. Considering that £B) =
0,03 and that & = 0.75 Dy, the above equation, making use of ¢q. (8), becomes:

L i 07209, 933
T 114 J.Obg(im {W) (10

Note the dependence of the friction hcloton the surface tension. Sohution of
this equation for the friction factar requires :

Turaing to the caleulation of Uy, e 0 o i i i A Y
. the liquid velocity, Us, at the comerline of the vaponr bisnker, The liquid
velority, Uy, for  turbulent flow in  tube s # function of the distance from the
wll, y, ean be tepresented by the Karman velocity distribution as

U=y Oxy<s an
Ui=301uy-305 S5y e a2

Uj=25iny +33 230 i3]




where:
Stk T U W
ui=g u.=(%) reype wefZ
Calculating Uy, as the mean liquid velocity, Uy, ar distance y = & + [/2 from
the wall using egs. (11) - (13), and rearranging cq (6 the vapour blanker velocity,
Uy is given by:

Meomre 2y S (140}
2 e
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g loved) \” G < Dy
U,n(—%) .o.saw’Ta:{h[n.mazv’T(my)]n.z] (14e)

The procedure adopted for the calculation of the vapour blanket velocity is
the same as Lee and Mudawar [13), while the equations used for the evaluation of
the blanket equivalent diametct, or thickness, und the friction factor are different.
Those used in the Lee and Mudawar model are not suitable for the operating
ranges which the present model is intended to.

6.3 Instial thickness of liguid sublayer

As already discussed, the thickness of the liguid sublayer is calculated a3 the
diffecence berween the supetheated layer, v, und the vapour blasker thickness, or
equivalent diameter, Dy

b=y (s

uD,mnbc:dndamdhyaq (8, it is now necessary 1o calculate the distance from

sl at which the tempecature is equal to the saturation value, The tempesature
Tlrlymdhmzﬁwnﬂ::nﬂgmhohunﬂdmﬁ:mmﬂ
distaibution for rurbulent flow in a tube, as proposed by Mastinelli (60}
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where T, s the wall temperature, Pr is the liquid Prasddl number, y° s defined
above, and € is a group defined as a function of the Jocal heut Mux, o, the liquid
specific beat, C,y, and the friction veloeity, Uy:

.
-2 fte)
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As the wall temperature T, is not known (it can only be caleulated using
enmpirical correltions), the caleulation of the temperature distribution is based on
the cxit average temperature of the fuid, T, This lancr s calculared, for » given
heat flux g, by the hear balance in the fluid:

s
TCu

swhere T,, is the liquid inles temperature, S is the heat transfer surface (8= nDL),
and T is the mass flow rate. The average temperature T, obtained from cq. (20),
(16) th

T, 20)

can be par equal 1o that calculated using egs. (16) through (16):
5 2 FiR-30
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and R the radius of the channel. In eq 1211, T, is the only unknown and, therefore,
it ean be determined, Once T, is known, it will be possible 1o calculate the
distance from the wall y, at which the liquid temperature is cqual t the ssurrion
walue at the local pressure, i.e. the superheated layer y*. Now calculating Dy from
2q. (8), and from the knowledge of y”, it is possible to calculate the liguid sublayer
thickness 8, from <q. (15,

“This procedure is different from Lee and Mudawar, and Katto models, and
allows to obtain the wall temperature directly from the heat balance, withour
muking use of empirical correlations for the evaluation of the hemt transfer
coefficient as well as of empirical constants.

6.4, Critical beat flux

‘The critical heat flux, GHF, is calculated according o the procedure proposcd
by Kato [52]. The minimum heat flux necessary to extinguish a liquid sublayer of
initial thickness & by cvaporation during the passage time © of a vapour blanket
having a velocity Uy and a length Ly, is:

CHF = 25

ol adt
adh oy,
oL

where ¢, and % arc the liquid density and the latent heat of vaporization,
respectively, both calculated at saturated conditions. Thus, for given geometric and
inlet thermal hydraulic conditions, and local pressure p, the el het M CHF
can be predicied by an iterutive procedure through the foregaing equarions (4), (7),
(3), (10) through (21}, snd (25),

7. Vemacanos o T CHF mopiL

To verify the accuracy of the proposed model, a CHF data base recently
gathesed by suthors under opcrating ranges typical of fusion reactor thermal
‘hydraulics was used. The data ser [7-13, 61) was based on 1888 data poines and
was detalled in [31], where it was used by present authors to assess existing
mmmm-udmodzhiurﬁbemdknmurmmmadmwugurr.:
‘high liguid velocity and subcooling. The dta base covers the followiny
ranges: 0.1 5 p S B4 MPa; 03 €D €254 mm; 00025 $ L S 061m; Lscsw
Mg/mis; 25 AT, < 255K

Figure 13 shows a comparison of calculared versus experimental CHE, using
the above data set. About 91% of dita points are predicted within + 30%, with an
cms. of 17.2%. This is a good performanee, also taking into account the wide
operating ranges of the darm set. With reference 1o the results reported in (31], 1
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Fig. 13. Calculated versas experimental CHF using the whole data sce [7-15)[81]

comparison between the performances of the Katto madel [32] and of the present
model has been accomplished. The percentage of duma points calculated with a
given error band (%) is plotted in Fig. 14 against the crror band, for the o
models, The proposed model provides beiter predictions than the Katro model all
aver the error band range, with particular emphasis o the region + 10% - + 30%.
‘The present model (24.5%).

“There is alsa enother significant difference berween the two models regarding
the mumber of data points that they aze able to predict. While the proposed model
is able 1o calculate all the 1588 data points, the Karto model fails for 961 dam
points (50:9%). They are discarded because the calculation procedure of the Karto
mesdel requive the woil frocton n the baling laer be les than 0.7. This condition

the inlet subeosling is med: and iated with low

liquid velocity. This is the limit considered by the author for the validity of the
assumption of homogeneous flaw in the near-wall, two-phase boundary layer. For
conditions where  void fraction higher than 0.7 is predicted in the caloulation
procedure, the model cannor calculate the CHE Figures 13 rhon:h 17 show the

ratio between calculated and experimental CHF versus thermal hydraulic con-
ditions (G, p, %), to ascertin possible systematic ¢ effects in the model behaviour.
slight of the CHF can b d for mass flux lower than

2 Mg/m’s, however in -laa;mm::lhel_l-!!"umhlﬂl (Fig. 13), that is beyond
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Fig. 14. Pesceniage of data poinés prediceed witkin a given exror band versus the error band, for
the present odel and the Katto model [32]
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the purposcs of the present work. Ne systematic cffect of the pressure is obscrved

(Fig. 16), while a significant underprediction of the CHF is shown for few dara
points with exit conditions close to the sausation (Fig. 17). Tt s obvious that

i ation conditions, the made in the ion of
the model may not hold any longer. and the model shows a systematic crror
Geometric parameters (/D and D) do not show any systematic influence on the
model predictions.

8. PARAMETHIC TRENSS 0% TE CHF MODEL

It is of interest to verify the parametric trends of the model for the subcooled
CHE This lateer is a function. of thermal hydraulic conditions imass flu, pressuse
and subcooling) and geometric parameters (channel diamerer and length). The
parsmetric trends of subcooled CHF at medium/low pressure, very high mass fu,
‘high and very high subcooling, and small/very small tube diameter. typical of fusion
reactor thermal hydraulics, as reviewed by Celmta [4], can be summarized as follows:

* CHF increases as mass flux increases.

* CHF is practically independent of the pressure,

 CHF increases with increasing degrec of subcooling.

* CHF increases as ube diameter decreases.

Figures 13 through 21 show the calculated and the experimental CHF versus.
mass flux, pressure, inlet subcooling and exit quality, and twbe diameter,
respectively, for typical data points selected from the high heat flux data set, Figure
18 shows thar the model provides the same observed experimental trend of CHF
‘versus mass flu, for a wide range of G [7]. The negligible dependence of CHF on
it pressure is matched by the model at low pressuce [14] and mediven pressure
[7), as shown in Fig. 19, The almost linear dependence of the CHF on the liquid

s verificd in Fig. 20, where the CHF is ploted versus exit quality [61].
The dependence of the CHF on D at small diameters is well predicied by the
model, together with the inter relation between mbe inside diamerer and liquid
velocity as shown in Fig. 21.
I The parameric trends shown in Figs. 18-21, demonstrate that the proposed

aodel is very accurate in predicting independent CHE variations with respect 1o
mass flux, pressure, liquid subeosling and channel dismeter in the range of high
heat fluves, i, high mass flix and high subeooling.

Finally, to give an idea of the order of magnitude of the several parameters
i in the CHF caloularion, Fig. 22 shows the nommalized data of the
predicted CHE, the vapour blanket velocity Uy, the wall temperature T...the initial
ligid sublayer thickness 8, the length of the vapour blanket Ly, snd irs equivalent
diameter Dy, o5 2 function of mass fux for data reported in [7] op figure), and as
u function of pressure for data reported in [61] (bottom figure). i
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9. MODELLING OF PERIPHERAL NON-UNIFORM HEATING.

The effest of non-uniform heating along the circumference of the tube is of
selevant importance in the thermal hydraulic design of fusion ceactors high best
flux components. In fact, 45 an example, the divertor is thermally loaded only on

side.

were recently carsied ous by Narisi ef of. [62] and by
between peripherally full

analyzing
conditions. Using a 10 mm id. channel, 0.15 m long, Gaspari
observed thar, under constant inles liquid subcooling, higher CHF values were
observed for hal-beated tubes. Plotting the CHF versus exit liquid subcooling

140 180 180 200
AT K

Fig 20, Influence of peripheral non aniform hesting oo CHE Amabysis 1 focal and inke
conditions (Gaspari [63]).




Fig. 4. Schematic of pesiphennl oo aniforn besting i Gaspari [63] and Nasisi et ol 162],

over 180° or 90°, respectively, being different from zero in the latier regions
Yibared p.nod the tubel. Figure 24 shows a schematic of Naria er af, and Gaspari

T Ccom el AR S o6 e o 1 il
description simply by changing the heat lu, 4T in the coalunt heat balance for the
calculation of the exit sverage coolant temperature, T, Tn particular, we have to
use the average heat flux, equal 1o 0.5 g™ in Gaspari experiments (where " s the
heat flus in the half heated past of the tube), and 0.5 (g, + 4L) for | = 180°
tests, and 0.75 i, + 025 L, for | = 270" tests in Naviai f 4l expesiments (where
. + 4 are the higher and the lower heat flux, respectively). I is cvident that




exit bulk thermal hydraulic conditions, which the CHF is strongly dependent on
::].-nm,.mmdmmah&m(m.uxmww
delivered to the independent of its distribution,

A bailing crisis in subooeled flww boiling is & sty Jocal phenomenan, ol
equations employed in the model mathemaical desciption can be used alsa in the
case of peripheral non-uniform heating, In fact, all calculations, exeept for T, arc
made using the maximum value of the heat flux, and all purumeters used to
calculate the CHF are local values: d, Uy, Ly, T,, Dy, y', Temperature and velocity
disributions are sl valid in the sector fnerested by
cxperiments, or the highest heat flux, as in Nariai ef of experiments.
mﬁmhnbunumehmmhhﬂdmwdu»
turbulent miving. As velocity and temperature dissiburions are used localy in the
calculation of the CHF (y* is of the order of magnitude of some tens of micron), it
ook tessonabl to continac i making v of such dielbons bso i the st of
pesiphel on o L.

of the fow experimental data carried out by Nariai o i, sing
Mmimd&u:hwnmﬁ.ﬂﬁmlbcmmhm

Wmmnuxgpwmwmmkm
besting non-uniformities investigatcd. There s & tendency to underestimate the
CHEF as exit thermual hydraulic conditions approach the bulk saturation ones. The

025

X
fout
Fii. 25. Prediction of pesipheral non-uniform henting. seraight flow CHE data [52),
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Fig. 26. Prediction of peripheral non uniform heating, scraight Sl CHF data (641

prediction of Gaspart daa is shown in Fig. 26, in & similar representation as the
previous figure. The agrcement is good alo in this case, being mose of 26
imental data within = 20%. The maximum value of the cxit qualiy in Gaspari
data is lower than in Nariai et al. data. Therefore, the systematic ffect obscrved in
Fig, 25 15 ., tends to 2¢z0 is reasonably nor evident in Gaspari data prediction.

10. MODELLING OF SWIKL FLOW PROMOTERS

Although high heat fluxes, such 1 those requested for fusion reactors
applications, could be physically obtaincd wsing water subcooled flow boling in
straight tubes, nonetheless engincering considerations that limit the variation of
parameters such as velocity, channel dismeter and liquid subcooling. and safcty
margins called for the employ of suitable techniques ta further enhance the upper
limit of the beat transéer, i c., the CHF.

enhancement, allowing increases in the CHF up to o factor of 2.0 [29, 64].
The present model may be used to predict CHF swirl flow dats, making use of

same corrections already used in empirical correlations. As the presence of 8 twisted
‘assaciared with a relevant increase in the pressure drop (5.,
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in [64)), & friction factor correction for rwisted tapes was
and Bergles [65]. Based on experincats, Lopina and Bergles
factor, £, for usc in the wisted tape geometry varics is:

=275 fy e 26)

where v is the rwist ratio of the wpe, a measure of the number of rube dismeters
et 180° twise in the tape, and { i the fricion factor for stright tube. To extend
the present mod for usc with rwisted taps, cquation (26) was tried.

“The prediction of Nariai er o, data [29] is shown in Fig. 27, whese the ratio

wcessful.
Recent experimenns by Cardella et of [64] were carried out with twisted tapes
iserted in pesipherally balf-heated rubes. In adeiton o the abave correction for

Sl s g epontps of i imlal, AV il idesratsoni. o
the CHF is observed, most of the experimental data are predicied within + 23%.

0,25 015

x
ot

Fig. 27, Predicton of il flow CHF dawa [29].
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“Fig. 28. Prediction of swis] flow, peripherl poo-uniform hesting CHF daa [84],

11 CoNcrsion

The results of an experimental investipation on the subcooled flow boiling
wmmmammudmmmmmmm
‘paniculsr emphusis to its thermal hydraulic characterization, Principal conchuding
remarks can be summarized us follows:

— the main thermal bydreulic patameters affecting the CHF arc the liquid
welocity and the liguid subcooling;

— the direct effect of the pressure on the CHF Is practically negligible, even
though a higher pressurc cnshics to reuch highes inlet subcoolings at the inlet
of the channel:

— i the presnt range of high liquid slocity. egligble effect of the orieniion
of the channel on the CHF was

== mm;mmmm”{hm«wmmwnomw)
30 the CHEF is independent of

- rhhumnhrDiO?mbfluuadmnmtb:Cllstmdmhg
mmumumumncmmu!mmammm“hdu
1o a change in the boiling crisis mechanism, passing from liquid sublayer
dryout model (arge diameters) to ‘flooding’ of the channel by the vapour
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phase, This latter s due to the size of the bubbles which may be of the same
arder of magnitude for channel diameter below 0.7 mam.

— Over s large range of tube wall thickness. the CHE i sknost independant of
the wall thickness, thus homogenizing most of existing experimental data;

— for given valucs of cxit thermal bydraulic conditions, heated length and liquid
velocity, the CHF increases with the decrease of tube inside diamerer;

— a maximum CHF of about 70 MW/0s? was reached with smooth tubes under
the fullowing conditions: T, =0 “C, p =05 MPa, u=50 a/s, D= 12 mm,
L= 0.048 m;

— belically coiled wires (d = 1.0 mm, pitch = 200 mm) allowed an increase of the
CHF up ta 50%, with reference ta smooth channels, coupled with a moderate
increase of pressure drop (25%):

— pressure revealed 3 negative cifect on the relative efficiency of rurbulence
promoters.

A newly developed model for the prediction of the CHF in water subcooled
flow builing is presented. Tt is spesifically thought 1o predics the CHF under
conditions of high mass flux (G up 10 90 My/m's), intermediate-to-low pressure
(p<84 MPa), high liquid subcooling (up to 235 K), wypical of the thermal
hydraulic design of high heat flux components in fusion reacters. The model is
based on the ohscrvation that, during fully developed bodw a vapour blanker
forms in th wall by the small bubbles, leaving.
a thin liguid sublayer in contuct with the beated wall beneath the blanket. The:
CHE is assumed to occur when the liquid sublayer s exiinguished by evaporation
during the passage time of the vapour blanket. The model hus been tevted over a
very larpe data bank of CHF in subcooled flow boiling, charscterized by wide
runges of aperating conditions, showing a general good accuracy in the prediction
af cxperimental data. It looses its validity when locel thermodynamic conditions at
the CHE approsch the sarurated seae of the liquid bulk.

The medel is developed for peripheral uniform hearing and straghr flow in
the channel. Nonetheless, peripberal non-uniform heating is typical of some high
heat flux componets (... the diveros), as well as the use of rwisted eapes as swirl
florw promoters for the CHF enhancement i pursued. The model may casily
account for the wo shove situations falso simuliancously occurring) by:

— considering the total thermal power delivered 1o the fuid in the coolant heat
alance for the caleulation iy hydraulic conditions;

— modifying the friction factor for smaight flow to take inta consideration the
relevant pressure drop incressc due to swirl flow promoters insers

With the above considerations, the model shows a good capability 1o predict
CHF experimental data. carried out with peripheral non-uniform heating and/or
switl flow promoters inserts, resulting a suitable tool for the thermal hydraulic
design of fusion reactors high heat flux components.
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NOMENCLATURE

dirag coclficient, dimensionless
critical heat flux, W/m?

specific hest st constant pressure. J/kg K
diameter,

wire diametcr, mm
friction factor, dimensionless

funcsion of contect sngle = 002-0.03, dimensiosless
wised:tape fricion factor, given by cq, (26), dimensionless

pressure,

Prandil mumber: G, WK, dimensionless.

group defined in cg. (19)

beat s, Wiy

deal as constant o o unt mass basis, rackus, &1
ensionless

tenpecsture temperatars iffeence, °C, K
welocity, mis.
velocity, o
mwmwhm(lljlm

superheated layer, m
non-dimensional distance from the beated wall, defined in eqs. (111013}

Greek Letierns

contacs ane, dimeasioniless |
Hiquid sublayer sniial thicknes, e |
surface roughns, m




”“”E"’""E“g s e

mass flow ate, kg/s
wist tape satio, the pumber of tube dismeters per 180° twist i the Tape,
damensionless also wire piach. mm

angle, dimensionless

latent het of vaporization, /kg

dymaimic viscosly, ks 1

densiy, ky/m'

surface tension, Nim

passage time of the vapour blanket, s

wall shear suess, MPa

sertains 1o the vipour blunket
‘pesiains to bumout conditions
exir

perains to the liguid in saturated conditions
pertains 10 the vipour

et
pertains ta the liguid phase
mean



APPENDIX, CHF CALCULATION PROCEDURE
Taput parameters G, o Dy L, T
Assume a value of g}, Necessary physical properties ace:
oo Koot us s 0. Where not specified, physical properties are caleulated ot
sarurated state at p,..
g5 _ 3 2 ¥R 10
AL L Ne A SRR O AL )
R Ty® tvm e Trwm

where C i caloulared at (T, + T,)/2 and Top, To and T, are calculated from
eqs. (22) - (24) using the remperature distributions:

T,-T=0QPry 0y <3

r_.f=sg{».!»[r+»{%'-i}]} S5y<30

T_—T-)Q[Hrth(lb’?rh'ﬂfm(%)] yzi

-
Ly
In the above ib is calculated at sarurated

m-lmmunp_ Fmrhcubmeukdlﬂm:]‘ huht-mi”-ul.llrlbm
o calculate y*, that is the value of

the distance from llrhn\nd wﬂ,guwhchlheﬂmdmvpﬂmnuoqmlwtht

D,.?_Lﬂ_ﬁ“g

where {(f) = 0.03 and the frction facior § comes from
9.35

1 : 07200, 9
Lid ZOM( s *ReVT)
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Caleulation of Uy and Ly (linked cach other):

u.n(“_';-'&ﬂ)”wn.mmﬁ,b%
u,.(&l_(w_.) +17m\ff—[ [ouy_ﬂﬁ D')] m]

alo

Up= (ﬁgﬂa@’-)". 0854 V?‘g[h[am%ﬂfi + ﬂ] + u}

where L is given by
2molpy + 00}

o

,,-,ﬂu

The condition of critical hea fux, CHE is reached whea 47 = ai.
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