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Abstract

In this paper a new approach to predict wall temperature during post-dryout heat transfer in annuli with flow
obstacles is presented. The proposed approach takes into account the obstacle specifics and location in the
channel to determine the onset of post-dryout patch. The wall temperature in the dry patch area is predicted
from a correlation that takes into account the developing post-dryout heat transfer regime. The method is
applied to post-dryout conditions in an annulus with pin spacers and achieves a significant improvement in
prediction accuracy compared to other reference methods.
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1. Introduction

The post-dryout heat transfer regime may occur in
fuel rod bundles of Boiling Water Reactors (BWR)
when the local power level becomes critical. This
type of violation of safety limit conditions practi-
cally never occurs under stationary reactor operation
conditions, since adequate thermal margins are ap-
plied. Under certain transient conditions the occur-
rence of post-dryout is more probable and thus ade-
quate safety margins are required to avoid this type
heat transfer anomaly. The post-dryout exclusion ap-
proach is adopted in most licensing procedures to
avoid reactor shutdown for the purpose of inspect-
ing fuel for possible clad damage. This requirement
is motivated by the fact that clad temperature predic-
tion is very uncertain under post-dryout conditions
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and that temperature levels are believed to rapidly
exceed the clad damage limit.

Post-dryout heat transfer has been intensively in-
vestigated in electrically-heated test sections in the
past. Both obstacle-free and channels with flow ob-
stacles have been employed. Becker et al. [1] per-
formed wall temperature measurements in a verti-
cal, obstacle-free pipe with inner diameter 15 mm
and length 7 m. Their measurements covered a
wide range of operating pressures (3 to 20 MPa)
and mass fluxes (500 to 3000 kg/m?s). Anghel and
Anglart [2] measured wall temperature in a verti-
cal annulus with pin spacers and with inner/outer
diameters 12.7/24.3 mm and with length 3.65 m.
They investigated post-dryout heat transfer for pres-
sures from 5 to 9 MPa and mass fluxes from 500 to
1750 kg/m?s.

Experimental results obtained in obstacle-free
pipes are very valuable due to the simplicity of the
geometry, which allows for a thorough study of the
governing phenomena. However, conditions ob-
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tained in heated pipes do not correspond to the con-
ditions that can be expected in fuel assemblies of nu-
clear reactors. In particular, the critical quality for
heated tubes is significantly higher than the critical
quality for heated rods. Accordingly, correlations de-
veloped with data obtained from tubes are in general
not applicable to channels containing heated rods,
such as nuclear fuel assemblies. In addition, fuel
assemblies always have flow obstacles, such as grid
spacers, which significantly modify the phase distri-
bution in the flow cross-section.

This paper is concerned with prediction of wall
temperature during post-dryout heat transfer in chan-
nels with flow obstacles, such as BWR fuel assem-
blies. Major experimental findings are summarized
in Section 2. Section 3 contains comparisons of
measured [1, 2] and calculated [3, 4] wall temper-
atures during post-dryout heat transfer in pipes and
annuli. The effect of flow obstacles on post-dryout
heat transfer is discussed in Section 4.

2. Measured wall temperature
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Figure 1: Measured [1] wall temperature versus axial distance
in a 15 mm ID uniformly heated pipe at low mass flux condi-
tions

Figures 1 through 4 show the measured wall tem-
perature in a pipe and in an annulus with pin spac-
ers. Fig. 1 shows the pipe wall temperature distri-
butions at three heat flux levels, keeping all other
parameters constant. In all three cases the wall tem-
perature monotonically increases with distance in the
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Figure 2: Measured [2] wall temperature versus axial distance
in a 15 mm ID uniformly heated pipe at high mass flux condi-
tions
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Figure 3: Measured [2] rod wall temperature versus axial dis-
tance in a 12.7/24.3 mm ID/OD uniformly heated annulus with
pin spacers at low mass flux conditions

post-dryout region. The rapid wall temperature in-
crease just downstream of the dryout point is due to
a transition from the convective boiling heat trans-
fer to the post-dryout heat transfer regime. Further
downstream, close to the exit from the test section,
the almost linear increase in wall temperature corre-
sponds to a single-phase convection heat transfer to
superheated vapor.

For high mass fluxes the wall temperature pattern
in the post-dryout region changes significantly, as
can be observed in Fig. 2. As with low mass fluxes,
the wall temperature rapidly increases just down-
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Figure 4: Measured [2] rod wall temperature versus axial dis-
tance in a 12.7/24.3 mm ID/OD uniformly heated annulus with
pin spacers at high mass flux conditions

stream of the onset of the dryout point. However,
in the exit region of the test section (between 6 and
7 m from the inlet), the wall temperature decreases
almost linearly with the axial distance. This behavior
is caused by improved heat transfer conditions due to
increasing average flow velocity of the mixture. The
latter is caused by expansion of the mixture due to
an intensive volumetric evaporation of droplets in the
superheated steam.

The wall temperature distributions in the annular test
section for low and high mass fluxes are shown in
Fig. 3 and 4, respectively. The last pin spacer located
at the distance of 3.26 m from the inlet causes a com-
plete rewetting of the dry patch created upstream of
its location. This effect persists for both low and high
mass flux conditions and effectively prevents such
wall temperature development as observed in Fig. 1
and 2.

The temperature patterns shown in Fig. 3 and 4
clearly indicate that several dry patches in channels
with flow obstacles can be created. This behavior
suggests that the onset of each dry patch should be
governed by upstream conditions, such as distance to
the flow obstacle, equilibrium quality at the obstacle
location and local heat flux.
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Figure 5: Calculated and measured wall temperature in a pipe
with an inner diameter of 15 mm

900

I%—¢—x Measured [2]
Caleulated [3] -
850 4| — — — Calculated [4] e

800
G = 1494 kg/m’s

p= 7.02 MPa
AT= 97 K

q, = 828 kW/m?
q: = 804 kW/m?

750 H

700

Wall temperature [K]

650

600

350 T T T T T T T T T T
1.6 1.8 2 22 24 26 28 3 32 34 36 38

Distance from inlet [m]

Figure 6: Calculated and measured inner wall temperature in an
annulus with an inner/outer diameter of 12.7/24.3 mm

3. Calculated wall temperature

Various methods to calculate a wall temperature
at post-dryout heat transfer conditions have been de-
veloped in the past. A short summary and descrip-
tion of such methods was given recently by Anghel
and Anglart [2]. Two computational methods are em-
ployed in the present paper: the Groeneveld correla-
tion [3] and the Saha model [4]. Both approaches
are compared to the measured data in a pipe and in
an annulus, as shown in Fig. 5 through 10. The wall
temperature calculations are performed only in the
post-dryout region, starting from the first appearance
of a dry patch. As shown in Fig. 5, reasonable agree-
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Figure 7: Comparison of measured [1] and calculated [3] wall
temperature in a pipe with a diameter of 14.9 mm at pressure

Figure 9: Comparison of measured [2] and calculated [3] wall
temperature in an annulus with pin spacers
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Figure 8: Comparison of measured [1] and calculated [4] wall
temperature in a pipe with a diameter of 14.9 mm at pressure
7 MPa

ment between the measured and the calculated tem-
perature is obtained for both methods, even though
the axial shape of the wall temperature is not cap-
tured. However, a significant over-prediction of the
wall temperature can be seen in Fig. 6. This should
not be surprising, since no spacer effect is included
in the calculations. Fig. 6 merely indicates that this
effect must be taken into account in calculations in
order to obtain reasonable agreement between exper-

Figure 10: Comparison of measured[2] and calculated [4] wall
temperature in an annulus with pin spacers

imental data and predictions.

Figures 7 and 8 show a comparison of the mea-
sured wall temperature in a pipe [1] with the calcu-
lated wall temperature using the Groeneveld correla-
tion [3] and the Saha model [4], respectively. The re-
ported unbiased root mean square deviation (RMSD)
is defined as,

=

N

1
P

1

ATwRMS = T, — ATwm) (1)
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where T, and T,,. are the measured and the calcu-
lated wall temperature, respectively, N is the number
of experimental data points and AT,,, is the mean
deviation (bias) calculated as,

N

1
N Z (Twc - Twe) (2)

1

AT, =

Figure 7 indicates that the calculated wall temper-

ature is on average slightly lower than the measured
temperature (negative bias). Figure 5 suggests that
this is due mainly to under-prediction of the peak
wall temperature in the post-dryout region. A rela-
tively high RMSD (70.8 K) results from a significant
over-prediction of the wall temperature in the region
just downstream of the dry patch onset point.
As can be seen in Fig. 8 RMSD is slightly reduced
(50.3 K) when the Saha model is used. This is mainly
due to more accurate prediction of the wall tempera-
ture in the developing region of the post-dryout heat
transfer regime.

Figures 9 and 10 show a comparison of calculated

and measured wall temperature in an annulus with
pin spacers for a sample of N = 710 experimental
points in the following parameter range: mass flux
from 500 to 1750 kg/m?s, pressure from 5 to 7 MPa
and inlet subcooling from 8 to 40 K. It is evident that
both prediction methods significantly over-estimate
the wall temperature, with a bias as high as 215.2 K
in the case of the Groeneveld correlation. A slightly
lower bias (146.7 K) was obtained when using the
Saha model. The discrepancy between predictions
and measurements stems mainly from the failure of
both approaches to capture the wall temperature in
the transition region from the onset of dryout point
to the maximum wall temperature point.
Figures 9 and 10 indicate that to improve the overall
accuracy of prediction of post-dryout heat transfer in
channels with flow obstacles it is necessary to better
capture the wall temperature development in the re-
gion just after the point of the onset of a dry patch.
Anghel and Anglart [2] proposed the following cor-
relation to calculate the local Nusselt number in that
region:

Nu = Nu, (1 + ae‘b(x_x"*)) 3)

where Nu, is obtained from the Saha model [4], x
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Figure 11: Comparison of measured [2] and calculated (Eq. 3)
wall temperature in an annulus with pin spacers

is the local equilibrium quality and x,, is the clos-
est upstream critical quality. Applying Eq. (3) to
the data shown in Fig. 10, and using a = 5.87 and
b =79.81 (valid for the annular test section with pin
spacers [5]) a significantly reduced bias is obtained,
as shown in Fig. 11.

The Saha model and Eq. (3) require the value of the
critical quality in order to calculate the local wall
temperature in the post-dryout region. The mea-
sured critical quality was used in the results shown
in Fig. 10 and 11. In general, however, an additional
correlation is needed to find this quality. Usually
such correlations are derived from dryout experimen-
tal data obtained in the same geometry, assuring that
the influence of possible flow obstacles is taken into
account.

4. Effect of flow obstacles

Flow obstacles have a significant impact on post-
dryout heat transfer due to several effects. The
first important one is the translation and/or rewet-
ting of a drypatch. This effect is clearly visible in
Fig. 3 and 4, where dry patches developed upstream
of the last pin spacer are rewetted directly down-
stream of its location. The rewetting phenomenon
has a significant impact on the local wall tempera-
ture, since pre-dryout convective boiling heat trans-
fer is re-established and the local wall temperature

5
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is brought back to values close to the saturation lig-
uid temperature. Figure 6 suggests that the wall tem-
perature can be reduced as much as 200 K due to
rewetting. The second effect of flow obstacles is to
intensify heat transfer without rewetting, due to in-
creased turbulence downstream of their locations. In
such cases the reduction in wall temperature is not as
high as with rewetting, but it is still quite significant.
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Figure 12: Critical quality relationship for the last pin spacer in
the annular test section

The rewetting phenomenon can be investigated for
each obstacle separately. In particular, one can de-
velop a separate critical quality correlation, which
will be used to predict the onset and location of the
dry patch downstream of each obstacle. The criti-
cal quality can be expressed in terms of the boiling
number Bo as follows,

’7

_q
(G-ig)

where x,, is the equilibrium quality at the obsta-
cle location, g” is the wall heat flux, G is the mass
flux and iy, is the latent heat. Non-dimensional pa-
rameters A and B are in general functions of the mass
flux, the pressure and the inlet subcooling that can be
determined from experimental data. Fig. 12 shows
the relationship (4) obtained for the last pin spacer
in the annular test section and for selected opera-
tional conditions, p = 7 MPa, G = 1500 kg/m?s
and AT = 10 K. Thus, the following expression is
obtained,

Xep = Xop+A—B-Bo, Bo=

“4)

Xer = Xop +0.295 = 740.9 - Bo (5)

A similar analysis performed for the same opera-
tional conditions gives the following expression for
the penultimate pin spacer,

Xer = Xop +0.095 — 40.9 - Bo 6)
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Figure 13: Calculated and measured inner wall temperature in
an annulus with an inner/outer diameter of 12.7/24.3 mm

Equations (3) through (6) were used to predict the
wall temperature in an annulus with pin spacers. A
comparison of predicted and measured wall temper-
ature is shown in Fig. 13. The Chen correlation was
used to calculate the wall temperature in non-dryout
regions. As can be seen, the accuracy of the new
method is very good and the calculated wall temper-
ature follows the same pattern as the measured tem-
perature.

5. Conclusions

A new method to predict post-dryout heat transfer
has been developed and demonstrated using experi-
mental data obtained by Anghel and Anglart in an an-
nular test section with pin spacers. The method em-
ploys a separate critical quality correlation for each
flow obstacle, which is used to predict the onset and
location of the dry patches. The critical quality corre-
lations are geometry-specific and have to be obtained
for each geometry from experimental data. The wall
temperature evolution downstream of the onset of
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dryout point can be calculated from the generic ex-
pression given by Eq. 3. The new methods make it
possible to capture significantly more accurately the
wall temperature during post-dryout heat transfer in
channels with flow obstacles.
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