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Abstract-The analysis of many experimental results on post burnout heat transfer, obtained with a steam- 
water mixture flowing upward through a tubular duct at a pressure of 70 kg/cm’ and at a specific mass 
flowrate of 220 g/cm%, has led the authors to the following main conclusions : 

In the post-burnout regime the heat flux cp goes partly to the liquid phase (erJ) and partly to the vapor 
phase (4 : 

The vapor heat flux is related to the wall-to-bulk temperature difference by a heat-transfer coefftcient 
which is a linear function of the quality. 

The liquid heat flux is directly proportional to the liquid quality of the mixture. 

NOMRNCLATIJRE W, 

specific heat ; 
diameter of the tubular duct; 
specific mass flowrate ; 
heat-transfer coefficient ; 
thermal conductivity ; 
heated length of the tubular duct ; 
pressure ; 
temperature ; 
quality of the mixture (vapor mass 
flowrate/total mass flowrate) ; 
void fraction ; 
heat flux ; 
latent heat of the vaporization ; 
dynamic viscosity ; 
temperature difference between heating 
wall and saturation point. 

FROM a literature survey on post burnout heat 
transfer [l-13] it appears that the phenomenon 
is very complex and that it is probably impossible 
to find directly a general heat transfer correlation. 
It appears also that it is necessary to perform 
separate researches on the influence of the main 
parameters. In this line, the present work is 
obtained from a theoretical analysis of many 
experimental results obtained in CISE Labora- 
tories of Milan0 [l]. 

Post burnout heat transfer is the particular 
heat-transfer regime downstream of the burn- 
out or dry-out point at positive qualities. 
The wall of the heated duct is wetted, upstream 
of the dry-out point, by a liquid layer which is 
exhausted at the dry-out point [2] ; downstream 
the post burnout regime begins, characterized 
by a vapor stream which entrains the liquid 
phase as dispersed droplets. 

Subscripts 
BO, burnout or dry-out ; 
in, inlet conditions ; 

1, liquid ; 

s, saturation ; 

0, vapor ; 

heating wall. 

INTRODUCTION 

The post burnout region extends downstream 
of the burnout point to the point where the last 
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droplets are evaporated by a vapor stream 
which has become superheated. The heat trans- 
fer has two main components [3] : direct vapor 
convection and heat flux from the wall to the 
liquid droplets which, impinging against the 
wall, partially vaporize thus provoking tur- 
bulence within the thermal boundary layer of 
vapor. 

At some point the vapor superheats [lo] with 
a thermodynamic disequilibrium of the mixture. 
The degree of disequilibrium rises with increasing 
quality and wall heat flux, and falls with increas- 
ing specific mass flowrate, on which the thermal 
interaction between the two phases depends. 

The parameters of the phenomenon are, 
apart from the nature of the coolant and 
geometry, the pressure p, the specific mass 
flowrate G, the quality of the mixture X and 
the heat flux (if uniform) cp. 

A typical two phase flow relates to tubular 
ducts, uniformly heated, with upward flow 
(at high Reynolds numbers the gravity influence 
is almost negligible). Many experiments have 
been performed in this reference situation in 
CISE Laboratories, employing water at 70 kg/ 
cm* through a tubular test section with an inner 
diameter (D) of 059 cm and a heated length (Ll 
of 480 cm. 

The experimental results have been selected 
in such a way to keep constant the specific 
mass flowrate (G = 220 g/cm*s) and to gather, 
as function of the quality X, values of the heat 
flux cp and of the temperature difference A& = 
T, - T, between the inner heating wall (cooled) 
and the saturation point at the corresponding 
pressure. 

ANALYSIS OF THE EXPERIMENTAL RESULTS 

The experimental results are plotted as cp vs. 
A& in Figs. l-7 in which each plot is given for a 
particular value of the quality X (0.55 < X < 1). 
In each plot the experimental points follow 
lines which, at the origin ofcoordinates (AtiF = 01, 
correspond to values of ‘pI > 0 and not to 
‘pr = 0 as in the case of monophase fluids. 

A.9, =r,-r, , “c 

FIGS. 1-7. Heat flux cp vs. wall to saturation temperature 
drop AO, at constant quality X and flowrate G. G = 220 

g/cm%: p = 70 bar. 
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in which the representative data follow, within 
a reasonable margin of uncertainty, straight 
lines with a negative intersection on the ordinate 
axis. 

Symbolically : 

(2) 

in which @h,jiTX), is, as stated, a constant. 
The negative term -h,, has no physical 

meaning; the relation (2) holds only within 
the range of post burnout qualities, namely 
between the critical quality XBo and the point 
x = 1. 

In the reference situation (p = 70 kg/cm2; 
G = 220 g/cm2s; etc.) to define the limit-value 
X,o it is possible to employ the CISE. correla- 
tion [14] thus obtaining (for a uniform heat 
flux cp) : 

being for a thermal balance : 

Otherwise, employing the A.R.S. correlation 
[ 151 one gets : 

X Bo = 1 - w(ifX > 0.5) 
384 B” 

Such a linear trend is represented by the rela- 
tion (1) with h, depending on At?, : 

X,, = 0.692 - $$(if Xrro < 05). 

The experimental data indicate that the burn- 
out quality varies, for different inlet qualities, 

rp = ‘pl + h,AO,. (1) 
but it is always greater than 40 per cent over 
the experimental range considered. Now let 
us examine the other term of the relation (l), 

‘PI 

Considering the many groups of results corres- 
ponding to various qualities X (some of which 
are represented in the Figs. l-7) it is possible to 
plot the two parameters of (l), h, and ‘pl, vs. the 
same quality. 

If cpl is drawn for the various groups of experi- 
mental data (Figs. l-7) vs. the qualities X, one 
gets the diagram of Fig 9 in which the represen- 

So h, is represented by the diagram of Fig 8 
_ 

tative points have been subdivided according 
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FIG. 8. cp, vs. quality X; the broken line is referred to the 
Dittus-Boelter-McAdams correlation for the saturated 

steam at the same flowrate. 

to the heat flux and the original experimental 
runs. 

It is possible to advance the following 

All the three groups of representative points 
have a linear trend vs. X. 
With increasing cp, the intercept on the X axis 
moves to progressively lower values of X. 
If X increases, in general the departure from 
the thermodynamic disequilibrium [lo] in- 
creases; this means that, in effect, the abscissa 
X, computed in the equilibrium hypothesis, 
should be displaced to lesser values, more 
and more as the quality X approaches 100 
per cent. Therefore the best fit lines drawn 
in Fig. 9 should cross the X-axis near the 
point X = 1. 

On the basis of the preceding considerations 

and within a due range of experimental error 
(the representative points have been deduced 
through some interpolations) it is possible to 
summarize that the term cp( of the equation 
(1) may be given by the linear relation (see Fig. 9) 

‘pl = &r&I - X). (3) 

Let us examine now the experimental rela- 
tions (lH3). 

The equation (1) shows a split of cp in two 
terms. The second term is proportional to the 
temperature difference At?, = T, - T, typical 
‘driving force’ of the single phase convection. 
The two terms on the R.H.S. of equation (1) 
and this proportionaIity suggest two different 
mechanisms for the heat flux: the one due to the 
droplets impinging against the wall ((~3 and the 
other due to the forced convection of the vapor 
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FIG. 9. ql vs. quality X. 

alone (h, . A&) measured by a heat-transfer 
coefficient h, 

Relation (3) supports this hypothesis showing 
that the heat flux absorbed by the impinging 
droplets is directly proportional to the liquid 
quality (1 - X). 

Relation (2) shows the linear dependence of 
the heat-transfer coefficient h, on X. The h, 
dependence on the first power of X shows a 
little displacement from the forced-conversion 
heat-transfer correlations as, for instance, from 
the well known Dittus-Boelter-McAdams cor- 
relation we have : 

g = 0.023 (F)@’ (y@4 (4) 

for the hypothesis that the vapour (quality X and 
void fraction ol, with a slip ratio close to one 
[6]), flows alone within the tubular duct. 

In equation (4), being the void fraction a for 
the given range of qualities a weakly increasing 
function of X, h, is a function of a power of 
X with an exponent ~0.8, against the value 1 
indicated by the experimental data. 

Nevertheless the available data are not sulfi- 
cient to definitely confirm the difference of the 
exponents. 

The possible increment, in respect of X, may 
be due either to the droplets which, impinging 
against the wall, increase the wall turbulence, 
destroying the thermal boundary layer, or 
to a non-Newtonian trend of the transverse 
distribution of the flow. 
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Velocity measurements performed at CISE 
(Milano) with a gas-water mixture in annular 
dispersed flow have evidenced a lesser flattening 
of the velocity profile in front of a case of single 
phase gas flow with the same Reynolds numbers. 
That is, with two-phase-highly-dispersed mix- 
tures the wall boundary layer is higher : growing 
X, the transversal velocity profile flattens, the 
boundary layer becomes thinner and the heat 
transfer coefficient increases. 

In Fig. 8 is drawn, for comparison, also the 
plot of the relation (4) which supplies, evidently, 
values of h, bigger than the experimental values. 

CONCLUSIONS 

The analysis of the experimental data obtained 
from this investigation of the influence on heat 
transfer of the quality in post burnout-two 
phase-mixtures has led us to the following 
conclusions, which are limited to the range of 
the experimental data : 

(4 

(b) 

(4 

In post burnout heat transfer there is a 
direct heat flux to the liquid (,cpt) and a direct 
heat flux to the vapour (cp,): 

q = 401 + cpc. 

The heat flux to the vapour (cp,) is directly 
proportional, through a heat-transfer coeffi- 
cient h, to the temperature-difference A8, 
between the heating wall and the saturation 
point: qv = h, de,. 
Furthermore, the heat transfer coefficient h,, 
is a linear function of the quality X: h, = 
A + BX with A = negative constant, B = 
positive constant. 
The heat flux to the liquid phase (cpi) is 
directly proportional to the liquid quality: 
cpI = C(1 - X) with C = positive constant. 

The conclusions (al, (b) and (c) outline in a 
simple physical model the influence of quality 
on post burnout heat transfer. 
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INFLUENCE DE LA QUALITE DE VAPEUR DANS LE TRANSFERT 
THERMIQUE EN POST-D&Si?CHEMENT 

Resum&--L’analyse de nombreux r&sultats ex~~mentaux sur le transfert de chaleur dans le cas du post- 
dessQhement obtenus avec un m&nge eau-vapeur s’&vant a I’iat&ieur dun conduit tab&ire I une 
pression de 70 kg/cm* et B un debit massique &gal a 229 g/cm*.s, a conduit les auteurs aux conclusions 
principales suivants: 
dans le regime de post-de&chement, le flux de chaleur se rtpartit darts la phase liquide (&) et la phase 
vapeur (cpu) : 

-1e flux thermique de la vapeur est reli6 a la difference. entre temperature de paroi et temperature moyenne 
par un coefEcieni de transfert thermique fonction lit&ire de la qualite. 
-1e flux thermique du liquide est dimctement proportionnel a la qualitt en liquide du melange. 

EINFLUSS DES DAMPF~EHALTES BEIM NACH-BURNOUT-W~RME~BERGAN~ 

Zusammenfassung_I)ie Auswertung zahlreicher Versuchsergebnisse iiber den Nach-Buyout-W~~e~ber- 
gang die mit einem Wasser-Dampf-Gemisch gewonnen worden sind, das in einem senkrechten Rohr 
nach oben striimte, bei einem Druck van 70 kg/cm’ und einem spezifischen Massenstrom von 220 g/cm* 
set, hat zu folgenden Schliissen gefuhrt : 

Beim Nach-Burnout-Regime geht der Warmefluss cp teils an die fltissige Phase ((p,) und teils an die dampf- 
fiirmige Phase (9,): 

DerDampf-Wiirmeflussistanfdie Wandfl~ssi~eitstem~mtnrdiffere~~zogendurcheinen Wrirmeiiber- 
gangskoefftzienten, der eine lineare Funktion des Dampfgehaltes ist. 

Der Fltissigkeits-Warmestrom ist direkt proportional xu dem Flussigkeitsgehalt des Gemisches. 

B~~HHHE CTEIIEHM HEAOPPEBA HA TEH~OOB~~H B 3AKP&iTH- 
qECKO%% OH~ACT~. 

~iYr&qm+-AHfinna nmorosfcnembfx aKcnepamesrajrbKbrx gamarx no Temoo6aeKy B 
eaKpMT&iueCKOti 06nacTu, IIOJIy'leHHbIX AJlR BOCxOAR4erO llOTOKa napOBOJ&flHOff CMeCK B 
~pyraoti ~py6e np~ Aamenm 70 Kr/crd% yneenbaon MaccoBom pacxone 220 r/cd ceK, 
noaBonm amopanr cgenam cnenymme 0cHomiue sbr~oqbf: 

-I3 8aKpmKsecKoM pemme YacTb Tt?nJIOBOrO noToKa rp nepenaeTcff ~KH]IEO~ ease (vr), 
SaCTb (rp,): 

P=Qt+cat 
--TensIoBols nOTOK K napy CBRBLlH pa8HOCTbIO TeaanepaTypn y CTeHKW II B o6senre 

Koa@&iqaeKTom TenJrOoGmeKa, KOTOpHit fmxKeTCR nnKeltKoPt #ynKqne&cTeneKw Hegorpena; 
-TennoB nOTOK K NiAKOCTK npKM0 nponopvfoKareH menem KeAorpesa WHIIKOCTU 

B ordecK. 


