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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 resptxt 
to the smooth channel. Geometric characteristics of stainless steel 304 Type test sections were : 6.0 and X.0 
mm i.d., 0.25 mm wail thickness, 0.1 and 0.15 m heated length. horizontai 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: r,,, = 30 C,p = 4.6 MPe, u = 1Om S-“, D = X.0 
mm, L = 0. I m. Helically coiled wires ((i = 1 .O mm, pitch = 20.0 mm) allowed an increase of the CHF up 
to 50X, with reference to smooth channels, coupled with a moderate increase of pressure drop (down to 
2So;U). Pressure revealed a negative effect on the efliciencv of turbulence promoters. No observable influence 

of the chamlel orientaiion was detected. 

INTRODUCTIDN 

AT THE present time fusion technology raises some of 
the most formidable engit~eering 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 cstimatcd to be subjected to very high heat loads. 
The order of magnitude of heat Auxes to be removed 
ranges from 2 to 60 MW m-‘, i.e. at Ieast 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 

engincerjng viewpoint, as it can accoInmodate very high 
heat transfer rates. Subcooled flow boiling has been 

widely investigated in the past [l-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 one of the most efficient tech- 

niques of removing high heat fluxes. However, suc- 
cessful use of subcooled fow boiling for high heat 
fluxes removal requires the critical heat flux (CHF), 
which is described as a sharp reduclion 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 tilorough review 
of CHF in subcooled flow boiling (with about 300 
papers quoted), confirming that studies performed so 
far are mainly devoted to the thermal hyd~ulics of 
LWRs (heat fluxes around 1 MW m-‘). Fusion tech- 
nology requirements gave rise in recent years to 
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 161. The main aim of the 
present research was to provide basic illforl~iati(~n on 
CHF in water subcooled flow boiling in 6.0 and 8.0 
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 fiow rate of which is 2000 1 h ‘, 
is connected to a damper to further reduce pressure 
oscillations while maintaining stable flow conditions 
~rcsid~dl pulsation 2.5%). A turbine flow meter is 
installed to measure the water flow rate. The test sec- 
tion is generally vertically oriented with water flowing 
upwards. Test sections (one for each run) are made 
of Type 304 stainless steel (electric resistivity at 500 K 
is 93 $I cm), 0.25 mm in wall thickness, uniformly 
heated over a length of 0.1 m by Joule eflect using a 

53 



NOMENCLATURE 

200 kW (50 V and 4000 A. <l.c.) clcctric I‘cuder. 01 

course not all the electrical power is available lhr the 

tesl scction. as it depends on the electrical resistance 

of this latter. which is a function of the diamctcr and 

of the tcrnperaturc (tllr(~~1~11 the clcctricnl rcsistivityj. 

Two different test section inner dianictcrs wcrc used : 
6.0 and X.0 inn1 i_f).Ol mm. In addition lo the heated 

Icllpch of 0.1 111. for- the f.CSl section n = 8.0 llllll. SOlllC 

tests were carried out with a hcatcd length 01‘0. IS m. 

and. ;imong lliesc. sonic wcrc purformcd with the lcsl 

section plaxd in Ihc horizontal position. I.‘or lhc 

I) = X.0 mm, 1. = 0. I in test section. 1~~1s wcrc cnrricd 

out with the inacrtion of helically coiled wirea inside 

the tube as turbulcncc promoters (charactcri4lios of 

wires will be given in the Experimental Results Scc- 

lions). Wires arc oi‘ spring steel. and their presence 

does not appreciably affect the electrical resistance of 

the tube. The test section is connected to copper feed 

clamps, by mxnb of which it is possible lo trmsfcr 

the clcctric currcn~ LO the tube. The power ~+xs com- 

putcd b\ evaluating the product of hc voltage drop 

across the test section and the current flowing thro~~gh 

the walls of’ the test section. The current wxs computed 

from the mcasurcmcnt of the voltage drop (in milli- 

volts) across a precision shunt resistor. Thermal 

cqxtnsion of the test rcction is ~i~cch~~nic~~lly allowed 

t - I.5 mm), lhus prcvcnling the rupture 01‘ the tiibc 

due to thermally induced comprossivc stresses. Relixo 

entering the tcsl section. the water flows through :~II 

~mhcatcd tuhc. ol‘the same diamctcr as the test section. 

tt) ;Issurc that iho liquid velocity protilc is I\rll> 

dcvclopcd. The uu-hcatcd tttbc icngth is &&x the 

cntrancs length, /.;,, cnlculalcd. under the most sc~crc 

conditions (highost value of Rqnolds number). rising 

171. 

Prcssurc taps arc placed ftist iipstrcam ul‘ the 

u~~hcatcd Icngth inlet and just downstream of the 

heated length exit. The static pressure is mcasurcd b\ 

unscaled strain-gauge absolute prcssurc rransduccrs. 

It is thcrefwc possihlc to evaluate the pressure gradi- 

ent in the test channel once the hydraulic charac-- 

tcristics under no-power conditions arc known. The 

pressure at the exit of the test channel is regulated by 

,111 electrically controlled valve. The bulk iluid Icn- 

pcrature is nicasured j~lst upstream, T, ,,,. and down- 

stream. T,,,,,,,, this latter. after a suitable mixing ol 

the liquid. of the test section using Cf.5 mm K-type 

thc~mocoLiples. The knnwledgc of 7’, ,,, and T’. ,j . 
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FIG. I. Schematic of the experimental loop. 

together with the measurement of the water mass flow subcooling conditions of the water bulk at the test 
rate, allows the computation of the thermal power section exit. In this way the heat loss com- 
delivered to the fluid by the heat balance in the coolant putation from the test section is bypassed. The em- 
(calorimetric method). In fact, in all the tests per- ployed test sections are not instrumented with wall 
formed (even at burnout conditions), the outlet bulk thermocouples. 
fluid temperature measurements always revealed the Downstream of the test section, the fluid passes 

FIG. 2. Picture showing a split of the test section with the wire inserted. 



through the fluid-to-fluid prc-heater and then in the 
water cooled tank. wsherc the fluid is cooled down to 
75 C e\en at the maximum thermal power. dclivcretl 
to the fluid, closing the loop through the filter. ro~~rd~ 

the piston pwnp. ‘The maximum pressure 01‘ t IIC Itwp 
is 7.0 MPa, u hilt the maximum operating tcmpcraturc 

of the pump is 70 C. The tluid-lo-fluid PI-C-hcatci 
allows us to carry out experimcnlb with 2 \v:ttcr inlet 
temperature above 70 C‘, Figure 1 \hows 2 split of cl 
tcs~ section uith the vGrc inserted. 

~XPERI~E~TA~ PROCEDURE 

All the parameters :II‘C continuous11 monitored 
using digital and analog displays. and each variation 
is recorded. The experimental procedure consists 01 
the following actions. First. the nlass flow 121~’ is zct 

up using the manual control of the piston primp. 

Second. the exit prcssurc is estahlishcd usins the e.Gt 
control valve. Once How rate and exit prcssurc arc 
steady. thermal potter is added to the test section. ‘l’hu 
control parameter used while approaching the C‘HF 
is the electrical power dcli\crcd to the walls of the tc~ 
section. and the initial incrcmcrlt in tlterm~rl pow~- i.s 

0.5 kW. Onw 70’!; of the eqtcctcd CHF \,alue. 
ohtaincd using the Gunther corrclalion [X] t\ hich is 
very simple and gives n conservative prediction (ii: m 
s ’ ; AT,,,,,: K : (I;‘,,, : W m ‘) 

l/;‘l,, = ?I 9872 ii2’l Qih 1 (21 

is reached, the increment is rcduccd to 0.1 kW (0.1 
0.6% ofthe CHF). After each increment, small adjust- 
ments are made in both the exit pressure and flop 

rate, so that the exit flo% conditions correspond to 
the desired ones. The :!bove reported procedure is 
repeated until burnout occurs, evidenced by test se<- 
tion des~rLi~ti~~1~ and dctcctcd by the sharp drop in the 
electrical poucr. Video movies show the existence, at 
burnout. of a narrow glowing arca uniformly dis- 

tributcd around the pcrimckr. ;tnJ located M ithin 5.0 

mm from the top copper feed clamp. A computcrircd 

data acquisition system records the measured par- 

amctcrs 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 charactcrire the CHF in subcooled flow boiling 

of water in smooth pipes and to ascertain the effect of 
helically coiled Grcs as turbulence promoters for the 
cnhanccment of the CHF. Experiments were carried 
out in tubes of 6.0 and X.0 mm i.d. under thermal 
hydraulic conditions typical of the present NET divcr- 
tor design. Further lcsts were performed outside the 
above range of interest because cjf the basic aims of 
the research. Effects of heated length and channel 
orientation (horizontal against vertical) were also 

investigated, together %ith the effect of tube diameter 
(6.0 and 8.0 mm). Test conditions were selected by 

44;~wr inlet tctnper;tturc. 71, 

1’1.0111 10 to 75 < 

(Lintcr IlllCi ~iibcooling. AT,,; ,,,,: 

1’1 0111 95 to 230 K ! 

Tcs~s uith turbulence promoters wcrc carried oul 
<ml> 44itlr tlic 13 = X.0 mm tat scc~ions. I_ = 0.1 iii. 

\crtical posilioll. 

Expurimcntal results for CHF for /I = X.0 mm and 

/. = 0. I m (vertical position) are rcportcd in Figs. .I 
5, whcrc the values of the parameters reported on the 
tigurcs urc’ thu nominal ones. Figure 3 shows the CHI- 
1.b the m;tz> flux G, for different water inlet tt‘m- 
pcraturc 3nd cxil pressures for ;ili the I) == 8.0 mm 
tests, Ii can he noticed that. within the investigated 

ransc 01‘ G. the CHF is almost an increasing linear 

function of the muss tlux. other conditions; huirg 

equal. The (‘I-IF increases up to ii factor of ;iboul 
three passing from 2 to 10 Mg m ’ s ’ (p = 0.8 MPa 
and r,;; = 30 C) and the slope ot‘CHF vs G is uimost 
indcpcndcnt 01‘ subcooling in the same rang<. It 1’: 

obvious that. apart from the problem ol’thc increasing 

pressure drop. higher values of the CHF cotlld hc 
obtained by further increasing the mass &IX. .4 GQ- 
nificant cf&cct on the CHF is exerted by the water inlet 

tcmperaturc, i.e. the inlet subcooling. 01’ CDWSC in 

the ww that at a lower inlet tcmpemturc (higher 
~ubcoolm~) a higher CHF is obtained. From the 

above figure, bcca~~sc of the strong influence of hub- 

cooling, i\ it not possible to tell apart the pressure and 

inlet \ubcoolin,g cffccts on CHF. In fact, sirrcc tc\t~ 

were carried out nt different pressures with constant 

inlet temperature (that means different inlet sub.. 
cooling). bcsidcs the (possible) direct influence ofthi: 

pressure. thcro is also a strong indirect effict ciu~: it: 
the v;iri:ttion of the subcooling. The separate &&I o!’ 
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FIG. 3. CHF vs mass flux for all the D = 8.0 mm tests. 

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 ATsub,,” practically lie 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 ATsub.,“, would suggest a negligible effect of 
the pressure on the CHF, at least in the range 0.8-5.0 

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 

ATsub,,” 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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FIG. 4. CHF vs water inlet subcooling for a fixed water velocity (U = 10.0 m s -‘) and different pressure 
(D = 8.0 mm). 



25. F--j ’ 
I 

LI = 5.0 [m/s1 
u = 7.5 [m/s1 .;‘ 
II = LO. [m/s1 

:> ._ 

‘I-I 1, .,. ._.. 
160. 180. 200. 

AT 
SUB,in IK1 

subcoolings, and, indirectly. contribute to the 
enhancement of the CHF. From Fig. 5 it is more 
evident that, at least in the prcscnt range. no inter- 
relation between G and AT,uhIn exists, as observed in 
Fig. 3. The same conclusion already drawn for the X.0 
mm data can be derived for the 6.0 mm data (L = 0. I 
m, vertical position) that provide a confirmation of 

the already observed trends. 
A direct comparison between 6.0 and X.0 mm data 

is shown in Figs. 6 and 7. Figure 6 shows the CHF vh 

mass Ilux at 3.5 MPa and data-points arc grouped 
according to inlet conditions. This is ;I put-e engin- 
eering representation as. in the t’ramc of the stud& 
perrormcd for NET design purposes. it was interesting 

to set the influence of the channel diameter for tixcd 
inlet conditions. From the data plotted in Fig. 6. :II 
lcast within the cxperimcntal uncertainty. no 5~ h- 
tcmatic cvidencc of the diameter effect can hc 
observed. This means that the possible negative cfkct 
01‘ the channel diamctcr on the CHF (as rcportod 
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FIG. 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. 7 it can 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 mm2 (u = 10.0 m s-‘; D = 
8.0 mm; L=O.l m;p>4.6 MPa; T,=3O”C and 
ATsub,en = 192 K). 

Another point of relevant interest may be the influ- 
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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 me2 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 [lo] 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 : 

where R is the ideal gas constant on a unit mass basis. 
Under the conditions that allowed a CHF of 30 MW 
mp2 to be reached, equation (3) provides a maximum 
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theoretical heat flux of about 7000 MW m ‘. Accord- 

ing to Gambill and Lienhard, the most serious rostric- 
tion that prevents reaching 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 clim- 
inated. ‘Another problem lies in the premise that all 
the heat ~lltimate~y passes through a liquid--vapouz 
interface. The problem is to get the heat to Row 
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 [I 1~-14] as turbulence pro- 
motcrs to enhance the heat transfer in single-phase 
flow (air, water. water glycerol 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 cnh~~n~ement of CHF in highly 
subcooled flow boiling was found in literature. WC 
used helically coikd wires of spring steel, 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 layer to prevent and/or 
delay bubble formation/growth. giving rise to an 
increase of the overall eff‘ectiveness of the coolant. 
Results arc shown in Fig. 9, whcrc 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 ofthe wires. 

Unless differently specified. data refer to 3.5 MT%, 
while data at 5.0 MPa refer to a wire diameter of I .O 
mm. The maximum increase of the CHF is up LO 21 
factor of about 1.5 for liquid velocities higher than 
7.0 m s -’ obtained with I.0 mm diameter wire. Wires 
with smaller diameters would seem to be less effective 
on the CHF enhancement, perhaps because of a less 
rne~h~~ni~al stiffness to the force exerted by the fluid 
tlow at these high velocities. Low velocity tests reveal 
very scattered and. as an average, a IOU 
efficiency 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 II I ], who established 
the heat transfer performance of boundary-layer tur- 
bulence promoters. The most efficient wire diamctcr 
for CHF enhancement is observed to be I .O 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 beha~~ioLlr 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 .O 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 pcr- 

formance (CHF enhancement) is observed to hc nega- 
tive. in the sense 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 cficiency was also recently 
observed by Nariai C? nl. 1141 using twisted tapes a> 
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FIG. 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 et 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, 
WC 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. [I 5, 161) 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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necessary to pay a corresponding incrcasc of the ( ‘or.rdrltiotl.\ 
pumping power (high velocity in smooth tubes. prcs- Scarcity of data in the range ofintcrest implies also 
cnce of wires. etc.). Once the heat Hux to be removed a lack of suitable correlations for the prediction 01‘ 
has been cstablishcd, cngineerinp performances 01 subcooled CHF. The only possibility is to make USC 
different techniques may be achieved comparing them of available correlations. rccommcndcd for ranpcs 01 
with the figure of merit. FM. defined as follows : Lalidity completely ditrerent from those of interest. 

evaluating the possibility to LX them bvith ;I certain 

FM = 
pumping power reliability outside the proposed ranges. Among the 

(cxchangcd thermal pow)cr), ,,, 
x 100. (4) 

many correlations available in the literature. rcvicwed 
in ref. [5] and tested in ref. [6], we report here those 

Among different CHF cnhanccmcnt tcchniqucs correlations that arc able to pro\idc a consistent pr-c- 

capable of removing the same heat flux, that presenting diction of present data. 

the lowest FM has to be preferred from the hydraulic 
viewpoint. The tcchniquc can be considered adequate 
from an engineering viewpoint if FM is Icss than I ‘)%I. 
Figure IO 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 prc- 
sent in all cases Fi\/l 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 increase of the CHF 
of 50% with a 25% increase of pressure drop. has an 
F-M 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 

l Westinghouse [ I7J : 

&‘,,, = (0.23 x 10”$-0.094~;~(3-t0.01A7;~~,,~ 

x [0.435+ I.71 cxp ( - 0.0093L:n)~~: 

x l.7- 1.4~~1’ (J.531 
i 

recommended in the ranges : 0.3 <c G c I1 Mp m ’ 
s ~‘; 5.7 <p < 20.0 MPa; I.25 r c/T,,, < 12.5 MW 
Ill ' : 0 < A r,,,, < 126 K. 

flow boiling at high liquid velocity. 0 Levy [IX] 

PREDICTION OF CHF EXPERIMENTAL DATA 

Prediction of CHF experimental data in slnooth 
tube tests has been tackled using correlations and 
models available in the literature. 
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K 
h, = 0.023-Re”,” Prls4 

D (6) 

recommended in the ranges: 0.6 < G < 11 Mg mm2 

s -‘;0.4<p<20.0MPa;2<D< l2mm. 

l Tong [I91 : 

C = 1.76-7.433x,, + 12.222.~:~ (8) 

where 2 is the latent heat and ,ur is the dynamic vis- 
cosity of saturated liquid (SI units). Tong correlation 
may also be presented in the form 

C 
Bo = ~ 

Reoh (9) 

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 [ZO, 211. The new expression of the Tong 

correlation is 

with 

C = (0.216+4.74x lO~*p)Y [p in MPa] 
Y = 0.825+0.986x,, if x,, > -0.1 ; 
Y = 1 if.vcX < -0.1 
Y = 1/(2+30x,,) if I,, > 0 (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 k 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 lleslamlou 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 3 x,, > - 0.46 ; 
p= 6.8-19 MPa; D= 1.9937.5 mm; L= 761950 
mm; G = 1.3-10.5 Mg m ‘s-l. 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 = l-5.2 
Mgm- *s-l; D = 416mm;AT,,,, = 0&59K.Thetwo 
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 mode1 [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 bc determined in the description of the 
mechanistic mode1 by Katto are : initial thickness of 
the sublayer. 6, vapour blanket length. L,, and 
velocity, U,. The evaluation of 6, 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 
LB is set equal to the critical wavelength of Helmholtz 
instability of the liquid-vapour interface (same as Lee 
and Mudawar model). Vapour blanket velocity UH is 
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FIG. 12. Comparison between measured and predicted CHF using Weisman-IIesIamIou [22], Lee-Mudawar 
[23], and Katto [24] models. 



cvduatcd by rclatinp it to the local velocity I ) 01‘ tlic 
Luo-phase llou (wh10h is assumed to bc hotnogcncous 

flo~b) ;II :I dislanco ,i from the tube \\aII. C:,, isc\aluakxi 

using the K~trman v&city distribution and I’,, i\ cc~ttal 

10 I, 1 ‘,,. whcrc i, is called vclocit\: coeficicnl and I\ lhc 

only quantity to bc dctcrmined empiricall! in the 

Katto mudcl. The ~~locit) coclticicnt X (non-dimcn- 

SIOII;I~ correlation as ;I l‘ttnction of Kcynolds number, 

liquid and \apour dcnsily. and \ oid fraction) \b;ts 

dcri\cd on data-sc~s published in [N, 211 anti 117 JO]. 

practicalI) ktnsl’ormin~ the model in m cmptxal 

cortxlation. ‘fhc Kat(o model is ;~~scsscd on the l’ol- 

loading range of paratnctcrs (mater) : I) : I 11 I I.07 
mnl : /I 2 0. I I9.6 MPa : (i = O..;t; 40.6 MC 1~ \ : 
A 7. \,,I. 1111, = 0 117.5 I(. 

A comparison 01’ C’HF data UILII predictions pro- 

Lided by the above kcc models ih s~~M.I~ in Pi?. I?. 

The Wcistnan Ilc~lamlou model provides predictions 

aflktcd bl it s>\tcm;ttic cfl’cct 01‘ the prcssttrc. CVCII 

though, slobail! most 01‘ predictions LVOLII~ Toni to 

lie within +25”/~~. The Let -Mudawar model, as 

cxpcctcd. files ;I pcncral inadequacy Ibr the prediction 

ol‘prcscn( data. Gc~od predictions arc provided b> the 

Katto model. ~l>at \\:Is asscsscd on ;L I-clah\cl> lo\\ 

prcsstii-c clat:i set. bcsidcs hiph prcs~urc A~I. 

.Althnuyh nicchanistic in nature. Lhc three moticls prc- 

zcnlcti ahovc 2how Ihc iicccsxit> 01‘ cnipiricai par- 

aniclcrs intt-otiuccd in the ni~tlhcnialical description 

01 the dynamics ol‘the bubbles. Also the Karto model. 
that prc~vidc~ consislcnt prcdictionx 01’ present dat:t, 

introducc5 lhc \clocit! coctkicnl X. thal rnu~l IX 

dcri\cd fironi c*pci-imcnts. It is Lhcrclixc still ncc’cssat-1 

lo aax)niplish ;I I‘uil ttndcrstanding of the phcnom- 

uioii 10 propose ;I realistic and pure nicchantstic 

modcl dcsuiption. 

CONCLUSIONS 

Principal conclitdin~ rcniarl\s rcparding smoolh 

channel tests arc : 

l the main ~h~rnxtl hydraulic paramckr~ :ttTcct- 

ing the C‘HF xc the liquid \&city and the liquid 

sttbcooling : 
l the direct cf5.x~ 01‘ the pressure on (IIC (‘l-lb 

turned ot11 to be ncpligihlo. c\en though ;I hi#r 

pressure enables us to reach higher inlet subcoolings at 

the inlet of‘ the channel ; 
l in the prcsenl range of high liquid \clocit). ncg- 

ligiblc efect 01‘thc oricntution 01 the channel on the 

CHF \I 21s obsct-\-A : 

l ;I maximum CHF 01‘ about 30 MW m . \\#;I\ 
rcachcd with smooth tubes ttnder the folkming con- 

ditions : T,,, _ 30 C‘. ,I = 5.0 MI%. II : I(1 m s ‘. 

I) = x.0 llllll. I. := 0. I 111. 

Regarding the USC 01‘ turbulence promoters l’or the 

enhancement or the C‘HF. the rollowing conclusions 

tnuy be drawn 

l helicalI) coiled uircs (tl = 1 .O mm. pitch = 20.0 



Enhancement of CHF water subcooled flow boiling 67 

I7 

I8 

19 

20 

21 

22 

23 

swirl flow through tubes with internal twisted tapes, 
Cllem. Engng Prog. Symp. Ser., n. 32, Vol. 52, p. 127 
(1961). 
L. S. Tong. H. B. Currin and A. G, Thorp, An evaluation 
of the departure from nucleate boiling in bundles of 
reactor fuel rods, Nucl. Sci. Engng 33,7-l 5 (1968). 
S. Levy, Prediction of the Critical Heat Flux in forced 
convection flow, General Electric Report GEAP-3961 
(1962). 
L. S. Tong, Boundary-layer analysis of the flow boiling 
crisis. Int. .I. Hcut Mass Twwfer 11, 1208-1211 (1968). 
G. P. Celata, M. Cumo and A. Mariani, Subcooled 
water flow boiling CHF with very high heat fluxes, Rerw 
G&&de de T~~r~?j4~e 362, IO6 I 14 (I 991). 
G. P. Celata, M. Cumo and A. Mariani, Burnout in 
highly subcooled flow boiling in small diameter tubes. 
brt. J. Hut Muss Trunstb 36. 1269- 128.5 (1993). 
J. Weisman and S. II&am& A phenomenological 
model for prediction of Critical Heat Flux under highly 
s&cooled conditions, Fusion Wchnol. 13, 6544659 
(1988). (Corrigendum in Fusion Tech&. 15, 1463 
(19X9).) 
C. H. Lee and 1. Mudawar, A mechanistic Critical Heat 
Flux model for subcooled tlow boihng based on local 
bulk flow conditions, ht. J. ~2ff~t~~u.s~ Fiow 14, 71 l- 
72x (198X). 

24. 

25. 

26. 

21. 

28. 

29. 

30. 

Y. Katto, A prediction model of subcooled water flow 
boiling CHF for pressure in the range 0.1&20.0 MPa, In/. 
J. Heur MIKE Tran.fer 35, I 115 1123 (1992). 
J. Weisman and B. S. Pei, Prediction of the Critical Heat 
Flux in flow boiling at intermediate qualities, Int. J. He& 
h4a.s.s Trans->r 26, 146351477 (1983). 
Y. Haramura and Y. Katto, A new hydrodynamic model 
of Critical Heat Flux, applicable widely to both pool 
and forced convection boiling on submerged bodies in 
saturated liquids, hr. J. Hat 1!4u..rs Tran.$sr 26, 389 
399 (1983). 
R. D. Boyd, Subcooled water flow boiling transition and 
the L/D effect on CHF for a horizontal uniformly heated 
tube, Fusion Technof. 18,3 17-324 ( 1990). 
F. Inasaka and H. Nariai, Critical Heat Flux of sub- 
cooled flow boiling with water, Procre&z,ys of thr 
NURETH-4, Vol. 1, pp. 115~120 (1989). 
Heat Mass Transfer Section, Scientilic Council, 
Academy of Sciences, U.S.S.R.. Tabular data for calcu- 
lating burnout wben boiling water in uniformly 
heated round tubes, Thermal Engng 23,77 79 (1972). 
B. Thompson and R. V. Macbeth, Boiling water heat 
transfer burnout in uniformly heated round tubes: A 
compilation of world data with accurate correlations, 
U.K.A.E.A., AEEW-R 359 (1964). 


