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Abstract-An experimental study of convective film boiling (post-CHF) is carried out for two-phase steam- 
water flow in a nine-rod bundle test section. Measurements of wall heat flux, wall superheat, and vapor 
superheat are obtained as a function of axial distance from the critical heat flux (quench front) for a range 
of flow rates and flow qualities. These data permit the evaluation of the effective evaporation ratio (fraction 
of total heat input causing net vapor generation) as a function of test conditions and axial distance from 
the quench front. The results indicate the existence of a ‘near region’ with significant evaporation, followed 
by a far region where the effective evaporation ratio decreases to less than 10% of the total heat input. 
While the wall and vapor superheats measured in these rod bundle experiments differ in magnitude from 
those obtained in earlier single tube experiments, qualitative agreement in the axial behavior of the post- 
CHF process is observed. These data are presented in the hope of aiding attempts to develop improved 

mechanistic models for convective film boiling heat transfer. 

INTRODUCTION 

CONVECTIWI boiling after exceeding the critical heat 
flux can be encountered in steam generators, refriger- 
ation systems, cryogenic systems, nuclear reactors and 
other applications. This regime of boiling is sometimes 
referred to as ‘convective film boiling’, ‘post-CHF 
heat transfer’, ‘post-dryout boiling’, or ‘flow-film boil- 
ing’. The flow pattern is either inverted annular flow 
(liquid core surrounded by a vapor annulus) or fully 
dispersed flow (liquid drops dispersed in a vapor con- 
tinuum). In either case, superheating of the vapor 
above the saturation temperature can occur, resulting 
in thermodynamic nonequilibrium between the two 
phases [l-7]. This state is characterized by a super- 
heated vapor and an actual flow quality (X,) less than 
the thermodynamic equilibrium quality (X,). Energy 
balance requires that 

and if 

Tv > T, 

then 

Analysis of convective film boiling requires knowledge 
of the degree of vapor superheating and the resultant 
degree of thermodynamic nonequilibrium. Of par- 
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titular importance is the axial variation of vapor 
superheat (in the direction of flow) since the intensity 
of vaporization (I) is characterized by the axial 
derivative of the vapor temperature 

I-= CM ass of liquid vaporized) 

(Time) * (Volume) 

d 

= GdZ 
X,h, 

h,,+C,,(T,-T,) 1 ’ (3) 

Finally, since only a fraction of the heat transfer to 
the fluid effects vaporization of the liquid phase (the 
balance going toward superheating of the vapor), one 
is concerned with the ‘evaporation ratio’, defined as 

R f Latent heat of vaporization 
E Time * Volume > 

Total 

G 

heat input 

Time * Volume > 

Due to the difficulty of measuring vapor superheat 
in the presence of dispersed liquid, only a few attempts 
to quantify the degree of thermodynamic non- 
equilibrium have been reported. Mueller [8], Polomik 
[9], Nijhawan et al. [lo], Annunziato et al. [ll], 
Gottula et al. [ 121 and Evans et al. [ 131 were successful 
in obtaining measurements of nonequilibrium vapor 
superheats for post-CHF boiling in vertical tubes. Of 
these, only the latter two studies [12,13] obtained 
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I NOMENCLATURE 

CP specific heat [kJ kg-- ’ ‘C ‘] 
h fP specific latent heat of vaporization 

[kJ kg- ‘1 
G mass flux [kgm-‘*s-‘1 

P pressure [kPa] 

Q heat [kJ] 

RF. evaporation ratio f-1 
T temperature [“Cl 
x vapor mass quality [kg kg-’ ‘1 
V volume [m’] 
Z axial distance [ml. 

Greek symbol 
I- vapor generation rate [kg m _ ’ s-- ‘1. 

Subscripts 
a actual 
CHF critical heat flux 
e equilibrium 
in inlet 
I rod 
S saturation 
V vapor 
W wall. 

information on the axial variation of the vapor super- 
heats. There is also concern that the thermodynamic 
behavior may be affected by channel geometry ; and 
since many applications involve flow in rod or tube 
bundle geometries, there is a need to characterize the 
nonequ~librium behavior in bundles. 

The objective of the present study was to obtain 
experimental measurements of post-CHF boiling in a 
rod bundle geometry, including information on the 
axial variation of vapor superheats. The aspirated 
probe technique of Nijhawan et al. [ 101 was modified 
to permit measurements of vapor superheats in the 
flow channels of the rod bundle. To obtain axial vari- 
ation information, the procedure of Evans et al. [13], 
utilizing slowly propagating CHF quench fronts was 
adopted. 

EXPERtMENTAL 

The experiments were carried out in a two-phase 
loop with a vertical rod bundle test section. The loop 
provided a metered flow of known flow rate, pressure, 
and vapor/liquid quality to the inlet of the test section. 
The test section consisted of a heated shroud con- 
taining a 3 x 3 rod bundle assembly, as illustrated in 

FIG. I Cross-sectional view of the test bundle. 

UPPER SEAL 

-I SPACER 
;: 
” 

TEST SECTION I 

I ii 
: LOWER SEAL I ii ;: 

( All dimens!Dns are I” nlll,m&ers ) 

Fro. 2. Schematic diagram of the test section. 

Fig. 1. Dimensions of the rods and the shroud were 
selected so as to have equal hydraulic diameters in all 
flow subchannels (e.g. cells I and II). Figure 2 shows 
a schematic diagram of the test section and its inlet 
and exit connections. The inlet section provided a how 
length with an internal strainer to obtain good mixing 
between the vapor and liquid phases. A hot patch was 
also available to condition the thermal state of the 
inlet two-phase flow and to stabilize the quench front 
for those tests where a fixed CHF point was desired. 
Stainless steel was used as the material for the test 
section walls that are exposed to the fluid (i.e. Inconet 
625 for shroud, and SS-316 for rod cladding). After 
the initial change in color, no scorching or additional 
discoloration were observed. The test section had a 
length of 1.2 m and incorporated four ports for vapor 
temperature and pressure probes and a rod spacer, as 
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indicated in Fig. 2. The vapor superheat probes were 
similar to those used by Nijhawan et al. [lo] and 
Evans et al. [13], modified to permit traversing across 
the rod bundle width (from point B to C in Fig. 
1). Reported vapor temperatures here, however, were 
measured while the probe tip was located at the cen- 
terline of the inner cell (point B in Fig. 1). The nine 
test rods were electrically heated through internal coils 
fed by d.c. power, with uniform heat flux. The test 
section shroud was heated by a radiant furnace with 
multi-zone control. Thermocouples mounted on the 
external wall of the shroud permitted determination 
of shroud temperatures along its axial length. Each of 
the nine internal rods were equipped with 12 ther- 
mocouples embedded in grooves near the rod surface 
for measurement of wall temperatures at various axial 
and angular locations. Due to a limited channel 
capacity (90 channels) of the data acquisition system, 
however, only 80 thermocouples were recorded during 
an experimental run. In addition to the rod and 
shroud’s power and temperature measurements, the 
fluid flow rate, inlet enthalpy, inlet pressure, and core 
vapor superheats were determined and recorded for 
each run. Standard grade chromel-alumel thermo- 
couples were used for all temperature measure- 
ments. The thermocouple which measured the satu- 
ration temperature was calibrated by a reference ther- 
mometer with an estimated uncertainty of f0.4”C. 
The wall thermocouples were then calibrated with 
reference to the above thermocouple. Total uncer- 
tainty on wall temperature measurements was _+ 2°C 
as estimated in ref. [ 181. Vapor temperature measure- 
ments included additional uncertainties due to chart 
reading, and the uncertainty was & 5°C [ 181. Electrical 
power inputs to the various parts of the loop were 
measured with power transducers, with an accuracy 
of + 1% of full scale. The flow rate was measured 
under single phase conditions with an accuracy of 
0.5% of full scale. The final uncertainty on equi- 
librium quality in the test section, therefore, was a 
dependent to operating conditions and ranges of 
power meters and flow meters. Detailed analysis is 
provided in ref. [15]. It is concluded that, at worse, 
the uncertainty on the equilibrium quality at the test 
section inlet would be less than I%, and at the test 
section outlet it would be less than 2%. Details of the 
test facility and instrumentation are also given in ref. 

1151. 
In a typical experimental run, the test section would 

be preheated to a selected post-CHF state with the 
shroud and rods at substantial superheats. A steady 
two-phase flow, with desired flow rate, pressure, and 
inlet mixture enthalpy would be established, using a 
bypass around the test section during the preheating 
stage. For the runs with propagating quench front 
(moving CHF location) the inlet hot patch was main- 
tained as an adiabatic section at the fluid saturation 
temperature. Upon obtaining the desired initial con- 
dition, data acquisition was started and the two-phase 
fluid would be switched from the bypass line to the 

test section. Ninety channels of experimental data 
would be recorded on a 7s time cycle through the 
duration of each test run. 

As the two-phase fluid passed through the test 
section, post-CHF boiling occurred along the length 
of the test section downstream of the CHF point. By 
adjustment of the power input to the test rods and 
shroud, it was possible to attain a steady upward 
movement of the CHF location (propagating quench 
front) as the test section slowly cooled. Because the 
quench front velocity was orders of magnitude less 
than the fluid flow velocity, sufficient time was 
obtained to establish thermal-hydraulic quasi-steady 
state downstream from the quench front through the 
course of each run. In this manner, measurements 
of vapor superheats at the probe location could be 
analyzed to obtain axial variations of the degree of 
nonequilibrium as a function of distance from the 
CHF point. In a typical run, the quench front would 
propagate with a velocity of the order of 1 mm SK’, 
and a single run would last approximately 10 min 
(time for the quench front to reach the vapor probe 
station). 

All experiments were carried out with water/steam 
as the test fluid. A total of 50 experiments were com- 
pleted, generating 276 sets of data. The two-phase 
mass flux ranged from 7 to 26 kg m-’ SK’, and the 
inlet mixture enthalpy varied from 40°C subcooled to 
50% net quality (equilibrium quality). The test pres- 
sure was slightly above the atmospheric pressure. 

RESULTS 

The primary information recorded was the time- 
varying temperatures of the heater rods and two- 
phase vapor. Figure 3 shows a representative plot of 
the transient rod surface temperatures as a function 
of time, at three different axial locations in the test 
section. Starting with a uniform initial superheat 
(approximately 560°C for this run), local zones of the 
rod underwent different thermal-hydraulic histories 
before being quenched by the two-phase flow. The 
region nearest the entry showed immediate cooling 
upon introduction of the two-phase fluid, having a 
period of approximately 100 sin post-CHF heat trans- 
fer before being quenched to the saturation tem- 
perature. At higher elevations, the rod surface experi- 
enced a mild increase in temperature before prequench 
cooling by the two-phase flow. For the purposes of 
this study, the time of local quench at each ther- 
mocouple location was defined as the moment of 
maximum cooling rate (as measured from the time 
derivative of the wall temperatures). As indicated by 
the dark symbols in Fig. 3, this quench point con- 
sistently occurred at a surface superheat of approxi- 
mately 200°C. 

Figure 4 shows a plot of the rod and vapor tem- 
peratures measured along the length of the test 
section, at a particular time (70s) after initiation of 
two-phase flow. The open circles represent surface 
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FIG. 3. Wall superheat vs time at three axial locations for the center rod. 

temperatures measured on the nine rods in the test 
section at the various elevations indicated. The uni- 

formity and smoothness of this composite curve con- 
firms the similarities of thermal-hydraulic conditions 
in all flow subchannels of the rod bundle. The axial 
variation of the rod temperatures shown in Fig. 4 is 
typical for all tests. Upstream of CHF (quench front), 
the rods’ surface superheats were essentially zero ; 
immediately downstream of the quench front, the rods 
experienced a rapid rise in temperature to several hun- 
dred degrees centigrade in a distance of approximately 
0.3m. Further downstream, the rods were found to 
have a fairly uniform superheat (of approximately 
600°C for this run), with the exception of the region 
near the grid spacer. At the grid spacer, as indicated 
by the symbol S in Fig. 4, the rods experienced a sharp 
decrease in wall superheat, requiring an axial distance 
of approximately 0.2m before recovering to the pre- 
spacer temperatures. This desuperheating effect of the 
grid spacer was consistently found in all experiments, 
indicating the promotion of enhanced two-phase 
cooling by the spacer obstruction. Locations of the 
vapor probe stations are indicated by the symbol P in 
Fig. 4. During this experiment, only two of the sta- 

tions were mounted with vapor probes ; the measured 
vapor temperatures are indicated by the dark symbols 
in Fig. 4. For the conditions of this test, it is seen that 
the vapor attains a very significant level of superheat 

(400°C) just 0.5m downstream from the CHF 
(quench front). The downstream measurement did 
not indicate any significant further increase, due pri- 

marily to the desuperheating effects of the grid spacer 
on the two-phase fluid. 

Figure 5 shows ‘snapshots’ of the rod and vapor 
superheats as a function of axial position for two times 
in an experimental run. It is seen that as the run 
progressed, the CHF quench front propagated 
upward in the test section. The general characteristics 
of the downstream wall temperatures remained 
similar, although there is a discernible decrease in the 
magnitude of the local wall superheat upon approach 
of the quench front. The vapor superheats were more 
significantly affected by the advancing quench front ; 
at the first probe station, the vapor superheat was 
observed to decrease from 420 to 200°C as the quench 
front advanced by a distance of approximately 0.25 m 
in that experiment. The axial variations of rod and 
vapor superheats shown in Figs. 4 and 5 are illustra- 
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FIG. 4. Typical axial temperature distribution in a moving CHF experiment 
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RXIAL DISTRNCE tn1 
FIG. 5. Wall and vapor superheats vs axial distance. 

tive of behavior found in these experiments. Repro- 
ducibility was checked by carrying out two or more 
runs with similar entrance and boundary conditions. 
It was found that derivations in wall and vapor super- 
heats were of the order of only 3% for similar runs. 

The uniformity of thermal-hydraulic conditions for 
different subchannels in the rod bundle could be 
assessed by the uniformity of time-to-quench at vari- 
ous elevations for the nine different test rods. Figure 
6 plots the quench times for individual thermocouples 
on the various test rods, as indicated by the numbers 
corresponding to the layout shown in Fig. 1. It is seen 
that all nine rods essentially experienced the same 
quench history. The wall superheat data shown in Fig. 
4 also give supporting evidence of thermal-hydraulic 
uniformity across the rod bundle. It is seen that the 
rod surface temperatures measured on all the rods at 
any one moment in the test are clustered about a single 
axial-variation curve. It was felt that the use of a 
heated shroud designed to have thermal capacity and 
heat fluxes similar to those of the internal rods was 
crucial to obtaining this uniformity across the rod 
bundle. To our knowledge, this is the first post-CHF 
experiment to use a heated shroud to alleviate the 

potential cold-wall effects of a small test bundle. The 
data plotted in Fig. 6 also indicate the constancy of 
the quench front velocity in the duration of an experi- 
ment. The quench front location was seen to vary 
essentially linearly with time for all test rods. 

During each test run, the total heat transfer to the 
two-phase fluid was comprised of electrical power 
input plus the release of stored energy in the heater 
rods and the shroud. In the data reduction process, 
transient heat balances were carried out at each scan 
time to determine the transient heat flux for each rod 
and for the shroud at various axial locations. Figure 
7 shows typical results for a run, 76 s after initiation 
of two-phase flow, indicating the local heat flux on 
the center test rod. Upstream of the quench front 
location, the rod heat flux corresponded to the steady- 
state electric power input. In the vicinity of the quench 
front there was a sharp spike in the local heat flux due 
to the rapid release of stored energy as that section 
of the rod was quenched from its superheated state. 
Downstream from the quench front, the heat flux 
decreased again to the level of the electric power input. 
Such local heat flux distributions were calculated for 
all nine test rods and the shroud and summed to 
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G-19.81 Kg/W2rS) P-112.3 Kpa 
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TIME TO OUENCH (SEC) 

FIG. 6. Axial location of CHF points vs time. 
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FIG. 7. Typical calculated wall heat fluxes and qualities as a function of distance for a moving GHF data 
point. 

obtain the instantaneous total heat input to the fluid 
as a function of axial position. This information then 
permitted calculation of the equilibrium two-phase 
quality (specific fluid enthaIpy) as a function of axial 
position. For the test conditions illustrated in Fig. 7, 
it is seen that this equilibrium quality increased from 
0.21 at the inlet to 0.45 at the 100 cm position. Over 
most of the test section, the equilibrium quality 
increased at a constant rate corresponding to the elec- 
tric power input. However, in the region near the 
quench front, a local step increase in fluid enthalpy is 
obtained due to the spike in local heat flux described 
above. Also shown in Fig. 7 are the values of the 
actual flow qualities calculated at the two vapor probe 
locations. Since the measured vapor temperatures 
were signifi~tly superheated above the ~q~lib~um 
saturation temperature, the actual flow quality is seen 
to be significantly less than the corresponding equi- 
librium qualities, consistent with equation (1). The 
conditions indicated in Fig. 7 are representative of the 
results observed for all the tests, though magnitudes 
of heat fluxes, gow rates, superheats, and qualities 
varied with test conditions. 

In order to obtain the variation of vapor superheat 
with axial position, it is necessary to collect exper- 
imental measurements for a given set of inlet con- 
ditions and downstream boundary conditions. Since 
the post-CHF regime starts at the CHF (quench front) 
location it is therefore necessary to use data for equal 
values of mass flux (G), pressure (p), and equilibrium 
quality at the CHF point (Xc,,). Similarity of down- 
stream boundary conditions require given values of 
the wall temperature and wall heat flux. These require- 
ments are not easily satisfied in a single experimental 
run. As illustrated in Fig. 7, the eq~lib~um quality 
increases along the test section ; thus the quality at the 
CHF point changes as the quench front propagates 
along the test section in a test run. To satisfy the 
requirement for similar initial and boundary 
conditions, it was necessary to search the complete 
data base of all runs for subsets having similar bound- 

ary conditions and initial inlet conditions at the CHF 
location. Figure 8 shows a composite plot of the data 
for such a subset of measurements obtained at similar 
entrance and boundary conditions. It is seen that both 
the wall superheat and the vapor superheat data do 
delineate axial curves for such a composite set of test 
conditions. Within the range of conditions indicated, 
these data give a true indication of the variations of 
the non-equilibrium thermodynamic conditions as a 
function of axial position from the quench (CHF) 
point. Figure 9 shows similar composites for two other 
sets of test conditions, the primary variation being the 
equilibrium quality at the CHF location (Xc,,). 

Several important observations can be made from 
the data shown in Figs. 8 and 9. First, it is seen that 
the axial variation of vapor superheat consistently 
shows an S-shaped profile. Thus the derivative of 
vapor superheat with axial distance (slope of the 
curves) is small near the CHF point and at far dis- 
tances from the CHF point, with a higher value at 
intermediate distances. For a given mass flux of vapor 
flow, the slope of the axial profile of vapor tem- 
perature measures the rate of specific heat addition to 
the vapor. A steeper slope implies greater heat 
addition to the vapor and correspondingly a smaller 
heat contribution to evaporative phase change ; con- 
versely, a shallower slope of the vapor temperature 
profile indicates a larger amount of heat input going 
to evaporation and thus a tendency for the two-phase 
fluid to approach thermodynamic equilibrium. The 
results shown in Figs. 8 and 9 indicate a region of 
approximately 20-30 cm immediately downstream 
from the quench front with relatively low values of 
the vapor superheat and having a fairly shallow slope 
in the axial variation of vapor superheat. This implies 
that the vaporization process is relatively efficient in 
this region near to the quench front location. Evap- 
oration of the liquid phase can be caused by either heat 
transfer from the superheated vapor to the entrained 
liquid or from heat transfer from the superheated wall 
to the liquid. The corresponding driving forces for 
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FIG. 8. Vapor superheats and distributions of wall superheat between the CHF point and the first vapor 

probe for comparable runs. 

these two mechanisms are the vapor superheat 
(TV- TJ and the wall superheat (TW- TS), respec- 
tively. In this near-distance region, the wall superheats 
are seen to be quite significant while the vapor super- 
heats are relatively low. Thus, the data shown in Figs. 
8 and 9 imply that there is an effective mechanism for 
vaporization in the near region due to direct heat 
transfer from the wall to the liquid phase. This 
hypothesis is qualitatively consistent with the obser- 
vations reported by Hewitt ei al. [ 161 and by I&ii [ 17] 
which indicate a near-zone region with a relatively 
large amount of liquid present in a fairly agitated flow 
pattern which could cause significant liquid splashing 
on the channel walls. 

DISTANCE FROM QUENCHb34l 

FIG. 9. Wall and vapor superheats vs distance from CHF 
point for various qualities. 

At greater distances downstream from the quench 
front, the axial gradient of vapor superheat first 
increases and then decreases with increasing axial dis- 
tance. It is our belief that the middle region with 
the high axial gradient indicate that the evaporation 
process diminishes in intensity due to a reduction 
of wall-to-liquid heat transfer, as the two-phase flow 
passes out of the near-region splash zone. This effect 
continues into the far zone but at these downstream 
positions the cumulative evaporation has increased 
the absolute mass flux of vapor flow such that the rate 
of increase in specific vapor sensible heat (per unit 
mass of vapor) is decreased even though most of the 
heat addition still goes toward vapor superheating 
rather than evaporation. This point can be more easily 
observed by comparing the axial gradient of vapor 
superheat to the gradient that would be obtained for 
the limiting case of ‘frozen quality’ conditions where 
all the heat input goes toward vapor superheating. In 
Fig. 8, a frozen quality line is drawn from point A to 
indicate the axial profile if no further evaporation 
were to occur after point A. It is seen that the mea- 
sured vapor temperature profile lies fairly close to this 
limiting condition, indicating a relatively ineffective 
evaporation process in this downstream region. 

A final observation can be drawn from the data of 
Fig. 9, regarding the parametric effect of the two- 
phase quality. The major variable among the sets of 
data represented in the figure is the magnitude of the 
two-phase equilibrium quality at the CHF location 
(Xc,,). The results show that for a given total mass 
flow rate and a given wall heat flux, there is a sig- 
nificant increase in local vapor superheats as the equi- 
librium quality decreases. This is consistent with 
expectations from heat balance that the rate of 
increase in specific vapor enthalpy would be greater 
for the case of low vapor flow rates. The data in Fig. 
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FIG. 10. Wall and vapor superheats vs distance between CHF 
point and the first vapor probe for the bundle and single tube 

experiments. 

9 also indicate that the extent of the transition region 
immediately downstream from the quench front 
increases in length with increasing vapor quality. The 
implication is that increased vapor flux at the CHF 
point causes the entrained liquid and the consequent 
‘splash zone’ to extend further downstream from the 
quench location. Finally, it is seen from Figs. 8 and 9 
that the temperature difference between wall and 
vapor (TW - TV) at far distances from the quench front 
decreases with decreasing quality. Since the vapor 
convective heat transfer coefficient at the wall would 
increase with net vapor flow, this observation implies 
that there is an enhancement mechanism due to the 
presence of a greater liquid flow fraction which more 
than compensates for the decrease in pure vapor con- 
vection as the quality decreased. 

It is of interest to compare these observations for a 
rod bundle with the pubIished data for post-CHF heat 
transfer in a single tube, as reported by Evans et al. 

[13] and Gottula et ul. [12]. Due to the rather limited 
data base, it was not possible to directly compare data 
with identical operating conditions. Figure IO shows 
a composite plot of results for the rod bundle obtained 
in this study with data reported for a singk tube in 
refs. [12, 131 at similar values of mass flux and wali 
heat flux but at different values of pressure and quality 
at CHF. Due to these differences, no meaningful com- 
parison of absolute wall or vapor superheats can be 
made. However, it is evident that qualitative agree- 
ment in the nature of the axial profiles for both wall 
and vapor superheats is obtained. Thus the impli- 
cation of a near region with efficient vaporization, 
followed by a downstream region of relatively less 
efficient vaporization, can be made for both in-tube 
and in-bundle post-CHF heat transfer. 

Oo 1 10 IS 20 30 8 40 e 50 I 60 I 70 t 80 L 90 81 100 1 
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FIG. 11. Evaporation ratio vs distance calculated from com- 
parable runs. 

The experimental results of this study permit an 
evaluation of the net evaporation process as a function 
of axial distance. Since core vapor superheat is 
observed in this post-CHF heat transfer process, it is 
obvious that only a fraction of the total heat input to 
the two-phase fluid results in vapor formation. the 
balance being absorbed as sensible superheat of the 
vapor. To improve our ability for mechanistic model- 

ing of the process one would like to know the division 
of heat input between evaporation and sensible heat- 
ing. 

The evaporation ratio defined by equation (4), rep- 
resents the fraction of total heat input that is utilized in 
vaporization. The evaporation ratio can be expressed 
locally 

or, it can be expressed as an average value between 
any two axial locations 

ih) 

DISTANCE FROM QUENCH CM 

FiG. 12. Average evaporation ratio vs distance for different 
inlet qualities. 
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Axial gradients of actual and equilibrium qualities 

are required for calculation of the local evaporation 
ratio. A sample case is calculated for the conditions 

of Fig. 8 and plotted in Fig. 11. The scatter of the 
data in this figure is partly due to slightly different 
operating conditions for the various runs that are 
included, and partly due to experimental accuracy. 
The data obviously show a decreasing trend in RE 
with increasing axial distance. It is seen that the local 
evaporation ratio approaches unity at CHF (quench 
front), decreasing to approximately 0.3 at about 20 
cm. This decrease continues with increasing axial dis- 
tance, approaching magnitudes of less than 0.1 after 
60 cm. This trend was consistently observed for all 
tests in this study. 

The average evaporation ratio can be calculated 
from equation (6). Some results are plotted in Fig. 12 
for the three experimental conditions reported by the 
data of Fig. 9. Each point in this figure represents the 
average evaporation ratio between the test section 
inlet and the probe location, plotted vs distance 
between the CHF (quench front) and the probe port. 
Also shown in the figure is the gradient of the frozen 
quality conditions at a distance of 60 cm for one of 
the test conditions. The average evaporation ratios 
indicate three different regions with increasing 
distance. Immediately downstream of the dryout 
quench front (about 10-20 cm), the average evap 
oration ratio is close to unity and its decrease with 
distance is rather slow. At distances between 2WO cm 
from the dryout quench front R, decreases faster with 
increasing distance. In the third region, which is above 
the 40-50 cm level, the axial gradient of the average 
evaporation ratio approaches the gradient for frozen 
quality conditions, indicating that local evaporation 
is almost zero at these locations. 

It is clear that post-CHF heat transfer downstream 
from the CHF quench front involves a ‘near region’ 
with reasonably effective evaporation and a ‘far 
region’ where the evaporation process is relatively 
ineffective and almost all the heat input goes toward 
sensible superheating of the vapor phase. 

The experimental information represented in Figs. 
7-l 1, showing axial variations of heat flux, wall super- 
heats, vapor superheats, and evaporation ratios, are 
the final results of this study. Clearly, such detailed 
experimental information is needed to assess and 
improve models for analysis of the post-CHF heat 
transfer process. An initial attempt to compare exist- 
ing models [4, 5, 71 with these data showed unsat- 
isfactory agreement [ 181. A few models were reason- 
ably close in prediction of heat fluxes, but essentially 
all the models did not satisfactorily predict the axial 
variation of vapor superheating or the evaporation 
ratio. Clearly, one can have confidence in a phenom- 
enological model only if it can satisfactorily describe 
the total interacting mechanisms. These experimental 
findings are presented in this paper in the hope of 
aiding future developments of improved mechanistic 
models for the post-CHF heat transfer process. 

Detailed documentation and tabulation of the data is 
available in a separate reference report [ 191. 
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EBULLITION EN FILM AVEC CONVECTION DANS UNE GRAPPE DE TUBES: 
VARIATION AXIALE DES FLUX D’EVAPORATION 

R&m&-Une etude experimentale de l’ebullition en film avec convection (post-CHF) est faite sur un 
ecoulement diphasique eau-vapeur d’eau dans une section d’essai dune grappe de neuf tubes. Des mesures 
de flux thermique et de surchauffe parittaux, de surchauffe de la vapeur sont obtenus en fonction de la 
distance axiale a partir de flux critique (front de trempe) pour des domaines de debit et de qualitt 
d’tcoulement. Ces don&es permettent l’evaluation des taux d’evaporation effective (fraction de la chaleur 
totale fournie qui cause une production nette de vapeur) en fonction des conditions d’essai et de la distance 
axiale au front de trempe. Les resultats indiquent l’existence dune “region proche” avec une evaporation 
importante, suivie dune region ou le taux d’evaporation effective decroit jusqu’a 10% du flux de chaleur 
total foumi. Tandis que les surchauffes de paroi et de vapeur mesurtes dans ces experiences different en 
intensite de celles obtenues dans des experiences prtcidentes avec un seul tube, un accord qualitatif est 
observe dans le comportement axial du mecanisme post-CHF. Ces don&es sont presentees dans I’espoir 
de favoriser le developpement de modeles micanistes ameliorts pour le transfert thermique par ibullition 

en film avec convection. 

FILMSIEDEN BE1 ZWANGSKONVEKTION IN EINEM STABBUNDEL : AXIALE 
VEMNDERUNG DER VERDAMPFUNGSRATEN BEI NICHTGLEICHGEWICHT 

Znsammenfassnng-Das Fihnsieden bei Zwangskonvektion einer Dampf-Wasser-Stromung wurde mit 
einer MeBstrecke bestehend aus einem 9-Stab-Bilndel untersucht. In einem weiten Bereich von Mas- 
senstromdichte und Dampfgehalt wurden Messungen der Wiirmestromdichte sowie der Wand- und 
Dampftiberhitztmg in Abhlngigkeit des axialen Abstandes vom Ort der Siedekrise durchgefiihrt. Die 
erhaltenen Daten erlauben die Bestimmung des effektiven Verdampfungsanteils (zur Dampferzeugung 
verbrauchter Anteil an der gesamten zugefiihrten Warme) als Funktion der Versuchsbedingungen und des 
axialen Abstandes vom Ort der Siedekrise. Die Ergebnisse deuten darauf hin, dag eine “nahe Zone” mit 
starker Verdampfung vorhanden ist, auf die eine entfemte Zone folgt, in der der effektive Ver- 
dampfungsanteil auf weniger als 10% der gesamten zugefiihrten W&me absinkt. W&rend die bei diesen 
Stabbiindelversuchen gemessenen Wand- und Dampfiibertemperaturen gegeniiber friiher in Ein- 
zelrohrversuchen ermittelten Werten urn eine GriiBenordnung abweichen, wird eine qualitative Uber- 
einstimmung im axialen Verhalten des Filmsiede-Vorgangs beobachtet. Diese Daten werden in der 
Hoffnung vorgestellt, Anstrengungen zu unterstfitzen, die zur Entwickhrng von verbesserten mech- 
anist&hen Modellen fur den W&meiibergang beim Filmsieden in Zwangskonvektion untemommen werden. 

KOHBEKTkiBHOE fIJIEHOr4HOE KPB’IEHME B IIYgKE CTEPXHE$%: II3MEHEHUE 
AKCHAJIbHOn CKOPOCTM IICI-IAPEHPDI 

AlltloTBHBK-3KCnepHMeHTanbHo HCCnellOBaJtOcb KOHBeKTHBHOe nneH09HOe KWtleH~e (3aKpHTH‘tecKHH 
TenrtOBOfi nOTOK) npH BByX@3HOM (nap-Bona) 06TeKaHHH 3KCnepHMeHTanbHOrO I‘jTKa 83 9 CTepxHek 
113MepeHbt 3HaHeHHB rennoBor0 noroKa Ha creHKe, neperpesa creHKH H neperpena napa B 3amicriMocTri 
OT paccTOBHHB n0 OCH OT MeCTa B03HHKHOBeHAR KpH3HHeCKOrO TtXIJIOBOrO IIOTOKa npH B3MCHCHHU 

pacxona u napoconepnanar. fIonyseeabte namrbre n03~0mn0~ 0HeHHrb ~@&KTHBH~I~~ K03@+nrHeHT 
ricnapemin (Sacrb nonrioro noTOKa no~oAHMoro Tenna, pacxonyeMaR Ha napoo6pa3oeanne) KaK 
+,JHKL,WlO SKCnepHMeHTa,tbHbrX yCBOBHii H paccTOXHHK n0 OCH OT TOYKH KPH~HW’2KOrO nOTOKa. I-IO 
pe3yBbTaTaM BMRBneHO CyrrrecTBOBaHHe “6JHnKHeii o6nacm” C BHTCHCBBHbIM UClIapCHHeM, 3ii KOTOpOii 
cnenyer nanbHffn o6nacrb, me ~+$~KTHBH~~% Ko3+&imieHr HcnapeHrrn cHHncaercB H cocraenwr MeHCC 
10% nonnoro noTorca nonno!nihtoro Tenna. Hec~olpB Ha TO, HTO 3HaYeHHn neperpeBoB CTeHKH U napa, 
H3MepeHHbre B HccnenyeMot.4 nyvxe cTepxrneii, 0TnararoTcn no nenHHHHe or paHee nony¶eHHblx 3Kcne- 
ptit,4eHT&TbHbIX AaHHbIX AJtB enHHRVH0i-i Tpy6bJ Ha6JIlOZiCTCK KWECTBWIHOC COBlEUWiEiC ilC3)‘JtbTaTOB 

,rrnn 3axpiiTuvecKoro Tennoaoro noToxa B OC~BOM uanpaenemiw. Pe3ynbTaTbr pa6oTbr MoryT cnoco6cr- 
BOBaTb yCOBepmeHcrBOBaHHH3 MOKeneii KOHBeKTHBHOrO TeMOO6MeHa WU ITJEHOYHOM KE%N?H~~. 


