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variation of vapor superheat temperature under 
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Abstract-Transverse variations of vapor superheat temperatures across a rod bundle are measured for 
convective boiling of water in the post-CHF regime. Significant differences in superheat (up to 120°C) are 
observed across the flow subchannels. The steepness of this transverse superheat profile decreases with 

increasing vapor Reynolds number. 

INTRODUCTtON 

IN BOILING heat transfer systems, critical heat flux 
(CHF) occurs when the heated surface can no longer 
support continuous liquid contact. These systems nor- 
mally operate in the nucleate boiling regime where 
high heat fluxes may be obtained at relatively low 
superheat temperatures of the heating surface. How- 
ever, boiling in the post-CHF regime can lead to high 
superheat temperatures at the wall surface. Accurate 
prediction of the surface tem~rature requires knowl- 
edge of the post-CHF heat transfer process. 

Heat transfer in the post-CHF regime has often 
been modeled with the assumption of thermodynamic 
equilibrium between the liquid and vapor phases. 
More recent models have attempted to consider the 
possible existence of thermodynamic nonequilibrium, 
where superheated vapor would coexist with 
entrained liquid droplets. Measurement of this non- 
equilibrium phenomenon in rod bundles is the pri- 
mary purpose of the present work. 

Though a number of convective film boiling exper- 
iments have been conducted over the past 20 years, 
only a few attempts to quantify the degree of ther- 
modynamic nonequilibrium have been reported. 
Mueller 111 and Polomik [2] obtained some limited 
data at high vapor qualities for internal flow in a tube. 
Hochreiter [3] obtained some indication of vapor 
superheats in rod bundles limited primarily to high 
vapor quality conditions (see also Loftus et al. [4]). 
Nijhawan et al. [S] successfully used an aspirated 
the~ocouple probe to obtain measurements of vapor 
superheats at one axial location for convective film 
boiling in a tube. Gottula et af. [6] and Swinnerton et 
al. [7] extended the tube data to higher mass fluxes 
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and higher pressures. Evans et al. [8] extended the 
available data with slow moving quench front exper- 
iments in a vertical tube. 

Recently, as a part of the present study, post-CHF 
data were obtained [9-111, with vapor superheat 
measurements, in a rod bundle geometry. All of the 
above studies [5-l l] measured the non-equilibrium 
vapor temperature at a single transverse position of 
the flow channel. Their emphasis was on the axial 
variation of vapor superheat in post-CHF convective 
boiling. To date, there is no published data on the 
transverse variation of vapor superheat across the 
flow channel. 

In a typical post-CHF heat transfer experiment, 
the dependent parameters to be measured include the 
vapor temperature, the wall temperature and the wall 
heat flux. In these experiments, it is desirable to hold 
the quench front (CHF) at a fixed location in the test 
section in order to: (i) maintain steady-state con- 
ditions in the test section, (ii) permit easier measure- 
ment of the desired parameters, (iii) obtain vapor 
temperature measurements at a fixed and well-estab- 
lished distance from the CHF location, and (iv) allow 
to traverse the vapor probe across the channel to 
obtain data on transverse variation of vapor super- 
heat. However, arresting the quench front at a fixed 
location in a rod bundle represents a major operating 
difficulty. 

Groeneveld and Gardiner [12] were the first to 
obtain steady-state post-CHF flows in a test section 
using a large thermal mass (hot-patch) at the test 

section inlet. To generate the post-CHF conditions, 
the test section and hot-patch were preheated to 
temperatures well above the Liedenfrost wetting 
temperature (approximately 500°C for water at 
atmospheric pressures), before introduction of the 
two-phase flow. High thermal mass of the hot-patch 
delayed the quench front propagation, giving an 
opportunity to adjust the power input to the test sec- 
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NOMENCLATURE 

c, specific heat [kJ kg ’ -C ‘1 
D diameter [m] 
G mass flux [kgm-' s- ‘1 
P pressure [kPa] 

Y heat flux [W m- ‘1 
R radius [m] 

RC Reynolds number [-_I 
T temperature [’ C] 
x vapor mass quality [kg kg- ‘1 
Y transverse distance [ml. 

Greek symbol 

LL viscosity [kg m ' sm '1. 

Subscripts 
a actual 
C center of the flow channel 
CHF critical heat flux 
e equilibrium 
hr hot-rod 
HP hot-patch 
in inlet to hot-patch 
int inlet to test section 
r rod 
S saturation 
V vapor 
W wall. 

tion to arrest the progress of the quench front and to 
maintain steady post-CHF conditions. Such steady- 

state post-CHF conditions have been achieved also 
by Nijhawan et al. [5], Gottula et al. [6], Swinnerton et 
al. [7] and Evans et al. [8] for single tube experiments. 

In the present experiments, the hot-patch technique 
was applied to a rod bundle geometry for the first 
time. The post-CHF facility required several unique 
experimental developments, as described elsewhere 

[13, 141. Successful operation resulted in measure- 
ments of superheated vapor temperature profiles 
across the rod bundle, both upstream and down- 
stream of a grid spacer. Data from such experiments 

will aid the development of more accurate post-CHF 
heat transfer models. 

EXPERIMENTS 

A recirculating flow boiling loop (see ref. [15] for 
more information) was used for the present work. 
Subcooled water was pumped by a pair of metering 
pumps to a vertical tube boiler which provides a two- 
phase mixture of a known quality to the test section. 
The two-phase mixture leaving the test section flowed 
to a separation tank. The water collected at the bot- 
tom of the separation tank flowed to a water-cooled 
condenser while the steam outlet at the top was con- 

trolled by a back pressure regulating valve. The con- 
densate flowed back to the surge tank. Mass flow rate 
was measured at the downstream side of the metering 
pump, and fluid temperatures were measured at the 
boiler inlet and outlet, the test section inlet, and the 
condenser outlet for overall control of the flow loop. 

Test section 
The 3 x 3 rod bundle test section was designed to 

be representative of pressurized water reactors. The 
bundle, as shown in Fig. l(a), consists of nine rods of 
9.5 mm o.d., 12.6 mm pitch and surrounded by a 
square shroud. 

A schematic diagram of the test section elevation is 

given in Fig. 1 (b). The length of the actual test section 
(between points A and B) is 122 cm (48 in.). A spacer 

grid is used at 76.2 cm (30 in.) from the inlet (Point 
A) to allow the study of its effects on wall temperature, 
vapor temperature and other parameters. The two 
instrumentation ports which are located on one side 

of the shroud (port # 2 and # 3 in Fig. 1 (b)) were used 
for vapor temperature and pressure measurements. 

The test rods are similar in size to typical PWR fuel 

rods (9.5 mm o.d.) and are internally heated with 
uniform heat flux by using a high resistance ribbon 
embedded in boron nitrite. The heated length of the 
rods extends above the test section by 120 mm to 
prevent quenching the test section from the top, and 
extensions of test rods (150 mm) below the test section 
(called hot rods) are used as a part of the lower hot- 
patch. Each rod is equipped with 12 thermocouples 
placed in grooves to measure the wall temperature. 
An electrically heated tubular furnace with three inde- 

pendently controlled zones surrounding the shroud is 
used to heat the shroud. The required heat flux is 

obtained by controlling the temperature of the furnace 
refractory (up to 1200°C) relative to the shroud tem- 
perature. The shroud is made of a 2 mm thick sheet 
of Inconel625 alloy and has 16 externally brazed type 
K thermocouples along the length to monitor its wall 
temperature. Additional details pertaining to the test 
section and the two-phase loop design are presented 

elsewhere [14, 151. 

Hot-patch 
Stabilized post-CHF data have been obtained by 

several researchers through the use of the hot-patch 
technique for single tube experiments. The geometry 
of the single tube permits the use of a large metal 
(copper) block, with high heat conductivity and high 
heat storage capability, so that it can supply the 
required high heat flux to the CHF location. In a 
rod bundle geometry, the problem is obviously more 
complicated, in that each individual rod requires a 
separate hot-patch with no major changes in flow 



Convective boiling in a rod bundle : transverse variation of vapor superheat temperature 1697 

44.9 mm 

9.7mm 12.6mm 

-l-l - 

E 
VAPOR n 

PROBE ; 

FIG. 1 (a). Cross-sectional view of the test bundle. 
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FIG. 1 (b). Schematic diagram of the test bundle. 

cross-sectional area. The internally heated high heat 

flux rods (hot-rods) with the same outside diameter 
as the bundle rods (test rods) were implemented as 
extensions toward the inlet. In order to test the feasi- 
bility of the hot-rod concept before fabrication, a 
sample rod was constructed and tested. The exper- 
iment consisted of a cartridge heater, 9.5 mm o.d. and 
15 cm long, with a 1.5 mm thick copper oversleeve. 
The hot-rod was placed in a 25 mm i.d. tubular test 

section where it could be exposed to two-phase flows 
of various qualities and flow rates. A schematic of the 
test set-up is shown in Fig. 2 with the test results, 
indicating the required heat fluxes to stabilize the 
quench front for various inlet qualities. The hot-patch 
for the shroud is made of copper and is similar to that 
used with a single tube. A schematic of this lower hot- 

patch is shown in Fig. 3. 
The upper end of the test section is also required to 

be kept at higher wall superheats, in order to prevent 
any quench propagation from the outlet of the test 
section. This is achieved by : (i) extending the test rod 
heaters beyond the test section length, and (ii) using 
a heated copper block at the upper end of the shroud 
(Fig. 4). The liquid and vapor exiting from the test 

section are collected in a plenum and discharged into 
the return pipe of the loop. To further reduce the heat 
losses from the plenum walls to the fluid, the plenum 
is covered with sheet metal, which is about 2.5 mm 
(0.1 in.) away from the plenum wall with a gap main- 
tained in between. 

The preliminary tests indicated the need for use of 
different heat fluxes for each hot rod, at least for 
short periods of time, although the long-term average 
powers could be the same for all of them. In order to 
provide variable heat fluxes to the hot-rods, a mag- 
netic relay was installed in each hot-rod power line. 
The relays were operated on/off individually, depend- 

ing on the surface temperature of the individual hot- 
rod in question. This was done with the use of an 
additional temperature controller for each hot-rod. 
With this hot-rod power control system, the hot- 
patch, hot-rod combination was able to arrest the 
quench front below the test section inlet for all the 
anticipated experimental conditions given below. A 
sample plot of the temperature histories of five hot- 
rods are shown in Fig. 5. Temperatures of the rods 
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FIG. 2. Domain of stable quench front during single ‘hot-rod’ tests. 
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FIG. 3. Lower hot-patch assembly. 

varied by + 20°C with the opening and closing of the 
relays, but the mean values stayed constant. The small 
differences between the mean temperature values were 
due to minor differences between the individual tem- 
perature controllers. 

Measurement of vapor superheat 
The vapor superheat probe used in the present rod 

bundle experiments is similar in concept to those 
developed by Nijhawan et al. [S] and used by Evans 
et uE. [8] and Gottula et al. [6}. As shown in Fig. 6, it 
utilizes two shields on a thermocouple for: (a) the 
inertial separation of liquid droplets from the sampled 
vapor, (b) the differential aspiration of the separated 
phases to minimize probe quench by liquid, and (c) 
multiple radiation shielding of the thermocouple junc- 
tion to minimize radiation heat transfer from the 
neighboring hot walls. The probe consists of a 2.13 
mm diameter 304 stainless steel outer tube and a 1.25 
mm diameter 304 stainless steel inner tube as shown 
in Fig. 6. The rest of the plumbing accomplishes the 

appropriate aspirations. A 0.25 mm diameter 
grounded stainless stell sheathed type K thermocouple 
is used for the temperature measurement. The probe 
is movable in the lateral plane, into and out of sub- 
channels, because of the bellows provided therein. The 
operation of the vapor probe is operator dependent 
and also a strong function of the vapor quality of the 
two-phase flow in the test section [8,9]. 

Some results obtained with the vapor probe 
described above are shown in Figs. 7 and 8. The plots 
are time histories of the vapor temperature recorded 
on a strip chart and are classified according to the 
type of signal as ratings 14. The trace corresponding 
to rating 1 (Fig. 7) indicates very few droplets in the 
probe and thus the vapor temperature can be read 
right off the chart as the mean corresponding to the 
top of the line indicated. The dips in the temperature 
shown in rating 2 are indications of liquid droplets 
reaching the probe thermocouple and the complete 
recovery of the thermocouple to the vapor tem- 
perature (TV) is evident. Figure 8 shows two types of 
traces (ratings 3 and 4) that result when larger 
amounts of liquid exist in and around the vapor probe. 
The estimated vapor temperatures corresponding to 
the two plots are also shown. When larger amounts 
of liquid phase exist in the vicinity of the probe (rating 
4), the probe thermocouple has no opportunity to 
recover in the traditional sense, to display the asymp- 
totic behavior shown in rating 2 of Fig. 7. In this case, 
the vapor superheat is interpreted to be in the range 
shown and at least as high as indicated by the lower 
peaks in the plot. All of the data presented in later 
sections of this paper had vapor temperature trace 
ratings of 1, for which the estimated experimental 
uncertainty was +7”C. Furthermore, these vapor 
temperatures include additional uncertainties due to 
disturbance and mixing effects of the probe tip. There- 
fore, the vapor tem~ratures presented here should be 
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considered as mean values over a finite cross-section 
that is equal to the projection area of the probe tip. 

Insertion of the probe into the flow field could dis- 
tort the flow and alter the wall and vapor temperatures 
as compared to the case without the probe insertion. 
This was experimentally checked, by observing wall 
temperature variation as the probe tip was traversing 
the channel. No significant temperature variation was 
observed on the wall while the probe was traversing 
the channel from point B to A as shown in Fig. 1 (a). 

Test procedure 
In a typical stabilized post-CHF experiment, the 

test section would be preheated to a selected post- 
CHF state with the shroud, rods and hot-patch at 
substantial superheats. A steady two-phase flow, with 
desired flow rate, pressure, and inlet mixture enthalpy 

HOT 

would be established, using a bypass around the test 
section during the preheating stage. Upon obtaining 
the desired initial condition, data acquisition was 
started and the two-phase fluid would be switched 
from the bypass line to the test section. By proper 
adjustment of the hot-patch and hot-rod power, the 

dryout quench front would be arrested at the inlet of 
the hot-patch, providing stabilized post-CHF con- 
ditions in the test section (see refs. [9-l 11). A total of 
74 and 62 data sets were recorded for the upstream and 
downstream vapor probes, respectively. The vapor 
superheat data included the following range of flow 
parameters : 

mass flux : 7-26 kg me2 s-’ 
pressure : 105-120 kPa 
inlet vapor quality : 40°C subcooled to 0.40 
heat flux : 19.1-43.0 kW m-*. 

RESULTS AND DISCUSSION 

Sample results 
The primary information recorded was spatially 

varying temperatures of two-phase vapor and the 
heater rods. Figure 9 shows a representative plot of 
the rod and vapor temperatures measured along the 
length of the test section. The open circles represent 

surface temperatures measured on the nine rods in the 
test section at the various elevations indicated. The 
uniformity and smoothness of this composite curve 
confirms the similarities of thermal-hydraulic con- 
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FIG. 8. Vapor superheat probe traces for lower vapor qualities. 
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FIG. 9. Variation of wall and vapor temperatures, and equilib~um and actual qualities with axial distance 
for a sample fixed-CHF run. 

ditions in all flow subchannels of the rod bundle. 
Downstream of the CHF, the rod’s surface tem- 
perature increases with a fairly uniform rate until the 
grid spacer. At the grid spacer, as indicated by the 
symbol S in Fig. 9, the rods experienced a sharp 
decrease in wall superheat, requiring an axial distance 
of approximately 0.2 m 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. Axial locations of 
the two vapor probe stations are indicated by the 
symbol P in Fig. 9. During this particular experiment, 
the measurement tips of the vapor probes were located 
at the center of the inner cell (i.e. point B in Fig. 1 (a)). 
These ‘center-line’ vapor tem~ratures are indicated 
by the dark symbols in Fig. 9. It is seen that the vapor 
attains a very significant level of superheat (SOO’C) at 
the upstream vapor probe location, and across the 
spacer the vapor temperature drops due to the 
desuperheating effects of the grid spacer on the 
two-phase fluid. More detailed info~ation on the 
axial variation of vapor superheat can be found in 
ref. fll]. 

Due to the extreme difficulty of arresting the quench 
front at the beginning of the rod bundle, most of 
the available post-CHF data had been obtained by 
allowing the quench front to propagate upward to the 
test bundle. Post-CHF heat transfer data obtained from 
such a transient run, however, were never compared 
with the data obtained under stabilized post-CHF 
conditions to verify the agreement in wall and vapor 
temperatures for both types of runs. Comparison of 
a steady-state test from the present work with a pre- 
viously obtained slow moving-CHF test [I l] under 
similar flow conditions is of interest here. Matching 
the mass flux, wall heat flux, and equilibrium quality 
along the test section length beyond the hot-patch 
were the basis for this comparison. The wall and vapor 
temperatures and equilibrium qualities of moving- 

CHF and fixed-CHF runs are shown in Fig. 10 for 
almost the same mass flux of about 20 kg m-* s- ‘, 
and similar electrical wall heat fluxes. The equilib~um 
qualities at the test section inlet are 0.263 and 0.422 
for the fixed-CHF and the moving-CHF runs, respec- 
tively. For the fixed-CHF runs, due to the high heat 
input in the hot-patch/hot-rod region, however, the 
equilibrium quality reaches a value of 0.49 at the hot- 
patch outlet, which is shown by the vertical solid line 
at a distance of 15.2 cm away from the origin. Thus 
equilibrium qualities at this location are also similar, 
0.49 for the fixed-CHF test and 0.47 for the moving- 
CHF test. Similar equilibrium quality distributions 
are observed for the two runs for the rest of the test 
section. The wall temperatures shown in Fig. 10 
belong to rods numbered 1, 2 and 3 in Fig. l(a). It 
should be noted that distances between the quench 
front and the location of the vapor probe are relatively 
short in the moving-CHF test due to the absence of 
the hot-patch power in this run. The wall temperature 
profiles for the two runs are in good agreement except 
in the hot-patch region. In this immediate down- 
stream region of the CHF, the initial sharp increase 
in the wall temperature, seen in the moving-CHF run, 
is compressed in a short distance in the fixed-CHF 
run. Furthermore, the hot-rods operate at relatively 
higher temperatures (about 700°C) to arrest the 
quench front. The wall temperatures right after the 
hot-patch outlet decrease to values expected to occur 
in the absence of the hot rods. At higher elevations, 
the wall temperatures are in good agreement, with an 
acceptable 10% scatter. Finally, the conclusion was 
that similar thermal-hydraulic conditions exist for 
fixed-CHF and slowly-propagating CHF tests, 
beyond the length of the hot-patch. 

Transverse variation of vapor superheat 
The first vapor probe was located at an axial dis- 

tance of 762 mm downstream from the hot-patch inlet 
and 152 mm upstream of the grid spacer. The data 
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FIG. 10. Comparison of wall and vapor temperatures for similar fixed-CHF and moving-CHF runs. 
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FIG. 11. Transverse vapor temperature profiles for various vapor qualities 

obtained from the first probe represents the transverse 
variation of vapor superheat in hydrodynamically 
established convective film boiling [ 161. Typical trans- 
verse variations of vapor temperature for different 
inlet vapor qualities are shown in Fig. 11. The figure 
shows significant temperature differences, AT,,, up to 
120°C in the cross-sectional plane of the test bundle, 
between points A and B in Fig. 11, for low inlet 

quality conditions. The profile has a bell shape with its 
maximum value obtained at the minimum channel 

width (point A), and its minimum values at the centers 
of inner and outer flow cells (points B and C). The 
symmetric behavior of the vapor temperature profile 
(between points A and B and points A and C), is, 
again, evidence of similar thermal-hydraulic con- 
ditions in the inner and outer cells. Also shown in Fig. 
11 is the effect of inlet quality on the vapor tempera- 
ture, as also reported elsewhere [9]. The vapor tem- 
perature profile becomes flatter with increasing inlet 
quality. For the conditions of Fig. 11, the maximum 
transverse variation in vapor temperature (AT,,,,,) is 
reduced from 120 to 40°C when the inlet quality is 

increased from 0.04 to 0.40. More data were obtained 
at various inlet qualities and mass fluxes and are 
shown in Fig. 12. It is seen that the effect of mass flux 
is similar to the effect of vapor quality; the vapor 
temperature profile becomes flatter with increasing 
mass flux. It was also observed that though the vapor 
temperature profile was influenced by the flow con- 
ditions in the channel, the locations of maxima and 

minima of the vapor temperatures were not affected. 
The data presented in Figs. 11 and 12 also include 

several measurements at a given transverse position, 
and under the same test conditions. Such measure- 
ments showed good reproducibility, indicating only 
2% scatter in measured superheats (approximately 
12°C out of 600°C). 

In order to combine the effects of mass flux and 
the vapor quality on vapor temperature profile, the 
Reynolds number for the vapor phase (Re,) is cal- 
culated for each measurement point and tabulated in 
Figs. 11 and 12. The vapor Reynolds number is 
defined as follows : 

Re,, = G,D/p, = x,GDlp,. 
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The data presented in Figs. 11 and 12 indicate a gen- 
erally decreasing trend in maximum transverse vari- 
ation of vapor temperatures, AT,,,,,, with increasing 
vapor Reynolds number as shown in Fig. 13. 

In order to compare the experimental vapor tem- 
perature profiles on a general basis, a non-dimen- 
sional form is used in Fig. 14. This figure plots dimen- 
sionless vapor temperature, (T- Tw)/(Tc-- T,+,), vs 
dimensionless transverse distance, Y/R,. Also shown 
in the figure are the predicted non-dimensional tem- 
perature profiles for fully developed laminar and tur- 
bulent single phase flows under constant wall heat flux 
[ 171. Calculated profiles were based on a pure vapor 
flowing in a circular duct with a diameter equal to the 
pitch of the bundle array, shown by 2R0 in the figure. 
It is seen that for low vapor Reynolds numbers (i.e. 
1310 and 1398, dark symbols in Fig. 14), the exper- 
imental temperature profiles are similar to that en- 
countered in a single phase laminar flow. This implies 
that the existence of the discontinuous phase (liquid 
droplets) in the two-phase mixture does not have a 
noticeable enhancement effect on the heat transfer 
for such conditions. As the vapor Reynolds number 
increased (1633-25 14), however, the temperature pro- 

file started to depart from that of the single phase 
laminar flow, and agreed better with that of the fully 
developed single phase turbulent flow. With further 
increase in Rev, the non-dimensional temperature pro- 
file for the two phases became very flat; implying 
that the dispersion of liquid droplets increase with 
increasing Re, and, in turn, enhance the heat transfer 
process. It may be concluded from Fig. 14 that, for 

Re, < 1400 the measured vapor temperature profiles 
(shown with dark symbols in Fig. 14) are similar to 
that of fully developed laminar single phase flow. For 
Re, values between 1400 and 2600 the vapor tem- 
perature profiles are similar to that of fully developed 
turbulent single phase flow, For Re, values larger than 
about 2600 the vapor temperature profiles are almost 
flat with dimensionless temperature variations of less 
than 10% for most of the channel. 

The above results indicate that the vapor tem- 
peratures measured at one fixed transverse position 
(i.e. the center of the inner cell) in the previous studies 
15-91 were the minimum values. These minimum 
values of vapor temperatures have been used as a bulk 
vapor temperature for a typical cell in the model 
development studies. The present results reveal that 
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FIG. 12. The effect of mass flux on the transverse vapor temperature profile. 
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FIG. 13. Variation of maximum temperature difference with Reynolds number. 



1704 c. ANAL et af, 

0.6 

6 

FIG. 14. Comparison of non-dimensional transverse vapor temperature profiles with non-dimensional 
single phase turbulent and laminar transverse temperature profiles. 

the use of cell-centerline vapor temperature as a bulk 
vapor temperature is only satisfactory for Rr,, r 2600. 
For Re,, < 2600, the models should consider the trans- 
verse variation of the vapor temperature. 

The grid spacer efect oj’vapor temperature projile 
The grid spacers are structural members used in the 

reactor core to support the rod bundle array at the 
proper rod pitch. The honeycomb grid spacer used in 
this experiment is one of several types normally found 
in reactor cores. The grid spacer, being an obstruction 
in the flow stream, increases the pressure drop, and 

tends to increase the local heat transfer causing 
additional evaporation and desuperheating of the 
wall. Such an enhancement of post-CHF heat transfer 

around a grid spacer was described by several mech- 
anisms [18]. Irrespective of the mechanism of heat 
transfer enhancement, the grid spacer seems to have 

an important effect on vapor temperature. As a result 
of the desuperheating effect of the spacer, the vapor 
temperature and its variation in the transverse direc- 

tion downstream of the grid spacer is expected to be 
different from the upstream one. 

Typical transverse temperature profiles at 203 mm 
downstream of the grid spacer are presented in Fig. 
15 for approximately the same mass flux but different 
inlet qualities. The figure shows different behavior in 

the inner and outer cells. In the inner cell, uniform 
vapor temperature profiles are observed. Such flat 
temperature profiles would indicate that the presence 
of the grid spacer causes rearrangement of the size 
and distribution of liquid droplets and increases the 
turbulence level in the flow channel. In the outer cell, 
however, a decrease in vapor temperature is observed 
as the distance gets closer to the shroud wall. This 
temperature drop in the outer cell may be attributed 
to the low temperatures of the shroud walls and the 
large surface area of the grid spacer in the outer cell 
relative to the inner cell. Thus, the major finding from 

this figure is that there is negligible transverse vari- 
ation of vapor temperature in the inner cell. The above 
observation could be better illustrated with sim- 
ultaneous measurements of vapor temperature vari- 
ation at upstream and downstream locations around 
the spacer. A typical set of data are presented in Fig. 
16. Considering the data in the inner cell, it is seen 
that the vapor temperature varies about 70°C at the 
upstream vapor probe location (triangles), while 
almost a uniform vapor temperature distribution is 
observed at the downstreanl vapor probe location 
(circles). Furthermore. in the absence of a grid spacer. 
the average vapor temperature would be expected to 
increase with increasing elevation. In contrast. the 
figure indicates similar average vapor temperatures 

for both locations. This is clear evidence of the 
desuperheating effect of the grid spacer on vapor lem- 
perature. While earlier measurements by Chiou ct al. 
[I 61 have indicated that grid spacers tend to desupcr- 
heat the wall, the above figure indicates that grid 
spacers also desuperheat the vapor. To our knowl- 

edge, this is the first reported evidence of vapor 
desuperheating by grid spacers, through simultaneous 
measurement of vapor temperatures at both sides of 

a grid spacer. 

SUMMARY AND CONCLUSIONS 

(1) The hot-patch technique was successfully util- 
ized to stabilize CHF location in a rod bundle, using 
proportional power control on each rod. 

(2) A differentially-aspirated vapor probe of 
sufficiently small diameter was successfully developed 
to traverse across the rod bundle for measurement of 
vapor superheat. 

(3) Similar wall superheats for fixed and slowly 
propagating CHF tests were obtained beyond the 
length of the hot-patch, under similar operating con- 
ditions. 
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FIG. 15. Typical transverse vapor temperature profiles downstream of the grid spacer. 
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FIG. 16. Comparison of transverse vapor temperature profiles upstream and downstream of the grid spacer. 

(4) Significant transverse variations of vapor super- 

heat, up to 12O”C, were measured especially at low 
vapor Reynolds numbers (Re, < 1400). The maxi- 
mum transverse variation in vapor superheat showed 
a decreasing trend with increasing vapor Reynolds 
number. For Re, > 2600, the transverse variation 
of vapor superheat was found to be insignificant. 

(5) Grid spacer reduced the transverse variation of 
vapor superheat substantially. No significant trans- 
verse variation of vapor superheat downstream of the 
grid spacer was found in the cross-sectional plane of 
the bundle for operating parameters used in this study. 
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EBULLITION CONVECTIVE DANS UNE GRAPPE DE TUBES: VARIATION 
TRANSVERSE DE TEMP~~TURE DE VAPEUR SURCHAUFFEE DANS DES 

CONDITIONS STABILISEES POST CHF 

Resume--Les variations transvcrscs de temperature de vapeur surchauffee dans une nappe de tubes 
sont mesurees pour l’ebullition convective d’eau dans le regime post CHF. On observe des differences 
\igniticatives dans la surchautfe (jusqu‘a 120 C) $ travers les sous-canaux. L’amplitude de ces profils 

transversaux de surchauffc decroit quand le nombre de Reynolds de la vapeur augmente. 

KONVEKTIVES SIEDEN IN EINEM ROHRBUNDEL: VARIATION DER 
DAMP~%BERHIT~UNG IN EINEM ~TRBMUNGSQUER~CHNITT NACH UBERSCHREITEN 

DER KRITISCHEN WARMESTROMDICHTE 

~us~mrnen~a~un~--Es wcrden Variationen der ~~lnpf~berhit~ung in &em Striimungsquerschrllitt eincs 
R~~hrb~i~dels beim konvsktiven Sieden oberhalb der kritischen ~~rmestro]n~Ii~hte gemessen. In einzelnen 
Untcrkanilen der Stromung wcrden signifikante Unterschiede der Uberhitzung (bis zu 120 C) beobachtet. 
Die Stcilheit diescs quergerichtcten iiberhitzungsprofils nimmt mit steigender Dampf-Reynolds-Zahl ab. 

KOHBEKT~BHOE K~~EH~E B CTEPXHEBOM HYYKE: ~OHEPE~HOE ~3~~HEH~E 
TEMHEPA~~I ~EPErPEBA HAPA B YCJIOBHXX ~AB~~H3H~BAHHOrO 

3AKPHTH9ECKOI-0 TEHJIOBOFO HOTOKA 

AnuoTaqnrt--HsMeprrorcs nonepevtmre ri3Meneiimr crenenn neperpena napa B crepxtlieeoht nyqre npn 
KOHB‘ZKTABHOM KHIEHBW BOJ&I I3 &WKHMe 3aKPHTHWCKOTO TelLUOBOrO lIOT0KZ-t. B OTBeTBJmHHIlX Te'leHHB 
Ha6nIonamTcn cymecTsemwe pasawar cTenewx neperpesa. KpyrasHa nonepeqaoro IIpO@iflS neper- 

peea yMeHbmaeTc8 c POCTOM gricna Peiirionbnca x.irn napa. 


