Critical Heat Flux

RELAPS5/MOD2 has been criticized for using the Biasi correlation “**” for predicting the CHF
in rod bundles because the correlation is based on tube data. MOD3 uses the 1986 AECL-UO
Critical Heat Flux Lookup Table “® method by Groeneveld and co-workers. The table is made
from tube data normalized to a tube inside diameter of 0.008 m but has factors that are applied to
allow its use in other sized tubes or in rod bundles. In addition, it considers both forward and
reverse flow, axial power shape, and the effect of boundary layer changes at both the bundle inlet
and downstream of grid spacers. The root-mean-squared error at low pressure is generally below
20%. TIts accuracy for rod bundles is uncertain.

Minimum Stable Film Boiling Point

The other point which is fixed on the boiling curve is the minimum film boiling point, T . In
RELAPS aconstant T__ equal to 600 K (620 F) is used.

Transition Boiling

The Chen transition boiling model “* considers the total transition boiling heat transfer to be the
sum of two individual components, one describing wall heat transfer to the liquid and a second
describing the wall heat transfer to the vapor. Radiative heat transfer from the wall to the fluid is
neglected. The model was compared to data (4167 points) with a standard deviation of 16%.
The calculated heat flux value for transition boiling is applied to post-CHF heat transfer if it is
larger than the value for film boiling.

Film Boiling

Film boiling heat transfer is calculated with the Bromley correlation “'. The data were
correlated within +18%. In this case a radiation heat transfer model is included to calculate the
radiation heat transfer from the wall to the fluid. This model is attributed to Sun “*".

Interfacial Heat Transfer

The flow regime determines the bulk interfacial heat transfer correlation to be used. For each
vertical flow regime (bubbly, slug, annular-mist, inverted annular, inverted slug and dispersed) a
correlation is used to calculate the interfacial volumetric heat transfer coefficient for either
superheated liquid, subcooled liquid, superheated gas or subcooled gas. These are generally
semi-empirical and/or mechanistic models which have been modified from the original model in
the literature “"* "*'” to account for numerical stability concerns. The interfacial heat transfer is
the product of the interfacial area based on the flow regime and the interfacial heat transfer

coefficient.

For each flow regime the interfacial heat transfer coefficient is split into superheated-liquid
(SHL), subcooled-liquid (SCL), superheated-gas (SHG) and subcooled-gas (SCG). In the code



metastable states are generally driven rapidly to equilibrium by large empirical exponential
functions. A summary of the interfacial areas and heat transfer coefficients is reported in Table
4-2 while the original interfacial heat transfer models are reported in References 4-12 to 4-17.

Quench Front Model

Besides the heat transfer to the fluid atiother important process during reflood transients is the
rod axial conduction at the quench front. The rod axial conduction is consider in
RELAP5/MOD3 by a specific reflood heat conduction model which is based on a mesh-rezoning
scheme very similar to the one used in COBRA-TF.

Liquid Entrainment

The liquid droplet entrainment process is considered to occur only in the annular-mist flow
regime where the Ishii and Mishima “'*“*” correlation is used to determine the fraction of liquid
flux flowing as droplets. The model gives very accurate results at location where annular mist
flow regime existed.

4.2.1.3 Conclusions

The heat transfer correlations are used to provide closure for the energy equations and are based
on data which reflects only a subset of thermal-hydraulic conditions. Such correlations are very
often applied outside their database. Moreover some of the correlations are based on engineering
judgment, due partly to incompleteness of the science and partly to numerical stability
requirements. From this perspective, by treating each correlation individually, the critical
reviewer will conclude that the models are inadequate. In this case it is recognized that only an
integral assessment is realistic where the global response of the code rather than the local
response, becomes more meaningfal.

For example, the correlation used to calculate the volumetric interfacial heat transfer coefficient
in the annular mist flow between the liquid annular film and the gas core is based on the work of
Brumfield et al. “™®. This was based on a falling liquid film surrounded by quiescent air,
whereas annular-mist involves a turbulent, flowing vapor core. The correlation is also based on
the liquid velocity.

The liquid velocity in the code is a single bulk value representing an average of both liquid
annular film and the liquid droplets in the vapor core. As such, it is possible for the liquid
velocity to be zero when the mass flow of droplets in one direction is balanced by the annular-
film flow in the opposite direction. In such case, the code would incorrectly predicted zero for
the interfacial heat transfer coefficient.

Another example of application of engineering judgment is the calculation of the droplet size in
the inverted slug flow and dispersed flow regimes. The characteristic droplet size is calculated
by assuming a critical We number equal to 6.0 and bounded by a minimum value



Table 4-2 Summary of interfacial areas and heat transfer coefficients®.
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for droplet diameter of 2.5 mm at low pressure, to allow more steam superheat during reflood.
This is inconsistent with what observed during FLECHT-SEASET experiments where the Santer
mean diameter was estimated to be close to 1.0 mm.

A deficiency in RELAP5/MOD3 when compared to COBRA-TF is that there are not specific
models to calculate the entrainment and/or deentrainment at spacer grids. In addition,
entrainment and deentrainment is only calculated for annular flow or horizontal stratified flows.

Concerning the RELAP5/MOD?3 capabilities to simulate accurately the phenomena involved in
reflood transient, a big disadvantage is certainly the two field scheme where a single bulk value
represents both the liquid in the continuous phase and droplets.

4.2.2 TRAC BF1 Reflood Model
4.2.2.1 Introduction

The TRAC-BF1 model was developed specifically for Boiling Water Reactors and its
development followed the development of the TRAC-PD2 PWR model. The heat transfer
models are somewhat more simplified as compared to TRAC-PF1, however, a specific CHAN
(channel) component was added to allow more accurate modeling of the BWR fuel channel
during a LOCA. Surface-to-surface radiation heat transfer models were added with the CHAN
component to calculate the radiation heat transfer expected in the canned assembly for LOCA
conditions.

Quench Front Model

TRAC-BF1 uses a fine mesh renodalization model for modeling quench fronts. The fine mesh
model inserts additional nodes into the heated wall if significant temperature gradients exist
along the wall. In the case of reflood modeling, the use of the fine mesh option allows one to
capture the rapid changes in temperature along a fuel rod due to the presence of the quench front.
It increases both the accuracy and the robustness of the code. No special heat transfer model is
employed in TRAC-BF1 to model the quench front. Instead, both the heat transfer and flow
regime map used in all other wall heat transfer calculations is employed.

Fine-Mesh Algorithm

To model the advancing quench front, a numerical technique is employed which allows
additional mesh points to be introduced within a region around the quench front. The method
allows the resolution of the high thermal gradients encountered near a quench front. The use of
the fine mesh allows a more accurate representation of the heat transfer and energy content of the
wall. The fine mesh heat transfer nodalization is superimposed on the coarse mesh usually used
for the heat transfer analysis. Rows of transitory nodes are inserted whenever the temperature
difference, ATmax, between adjacent nodes exceeds a user specified value. The number of nodes
inserted is also user specified and remain during the entire reflood phase and move with the front.
Multiple quench fronts may be modeled.



The model uses two values of ATmax , one for the quenching region that is in nucleate or
transition boiling and the other to all other heat transfer regimes. The largest wall heat transfer

occurs in the former regions.
4.2.3 TRAC PF1 Reflood Model

4.2.3.1 Introduction

The TRAC-PF1 code series is the oldest best-estimate thermal-hydraulic codes developed for
safety analysis purposes. The code formulation and interfacial heat, mass and momentum
models has had several improvements over the years as the code has been used in a number of
applications. TRAC-PF1 models the two-phase flow with two fields, liquid and vapor with
three-dimensional capability within the vessel component. The coordinate systems used for the
code are cylindrical such that the core region is modeled as a series of connected pie wedges.
Specific models used in the code will be discussed below for this version of the code. A more
recent version of the code, TRAC-PF1/MOD2 has a new reflood model. A brief review of this
code will be added to this section at a later date.

Quench Front Model

TRAC-PF1 uses both fine mesh renodalization and a special heat transfer model for modeling
quench fronts. The fine mesh model inserts additional nodes into the heated wall if significant
axial temperature gradients exist along the wall. In the case of reflood modeling, the use of the
fine mesh option allows one to capture the rapid changes in temperature along a fuel rod due to
the presence of the quench front. It increases both the accuracy and the robustness of the code.
The heat transfer model in MOD?2 is based on Ishii and uses a special flow regime map which
inserts additional regimes near the CHF point.

Fine-Mesh Algorithm

To model the advancing quench front, a numerical technique is employed which allows
additional mesh points to be introduced within a region around the quench front. The method
allows the resolution of the high thermal gradients encountered near a quench front. The use of
the fine mesh allows a more accurate representation of the heat transfer and energy content of the
wall. The fine mesh heat transfer nodalization is superimposed on the coarse mesh usually used
for the heat transfer analysis. Rows of transitory nodes are inserted whenever the temperature
difference, ATmax, between adjacent nodes exceeds a user specified value. The number of nodes
inserted is also user specified and remain during the entire reflood phase and move with the front.
Multiple quench fronts may be modeled.

The model uses two values of ATax, One for the quenching region that is in nucleate or
transition boiling and the other to all other heat transfer regimes. The largest wall heat transfer
occurs in the former regions.



Heat Transfer Model During Reflood

The model for calculating the heat transfer in TRAC-PF1 is based on the void-fraction wall-
superheat plane shown in Figure 4-3, and consists of eight different heat transfer regimes, which
are listed in Table 4-3. The primary basis for correlation selection in TRAC-PF1 are the void
fraction and wall superheat. While some pressure dependence enters the correlations through the
properties of the parameters used in the calculations, the choice of correlation for any one
particular regime is not based primarily on pressure criteria. The same is true for phasic
temperatures and phasic velocities, which are introduced into the correlations through the heat
flux equations and the flow correlations, respectively. To avoid any discontinuities in the heat
flux, the current version of TRAC-PF1 (MOD 2) evaluates the heat transfer coefficient for both
laminar and turbulent natural convection, as well as forced convection, then chooses the
maximurm value of the heat transfer coefficient to use in calculations.

4-12
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Table 4-3: TRAC-PF1/MOD?2 Heat-Transfer Regimes*?*

Mode Wall-to-Fluid Heat-Transfer
Regime
1 Forced Convection to Single-Phase
Liquid
2 Nucleate Boiling
3 Transition Boiling
4 -| Film Boiling
6 Convection to Single-Phase Vapor
7 Convection to Two-Phase Mixture
11 Condensation
12 Liquid Natural Convection

In each of the heat transfer regimes, the heat transfer coefficients are calculated in the subroutines
HTCOR and HTVSSL. HTVSSL is used during reflood. The correlations used in HTVSSL are
summarized here in detail. With the exception of the film boiling regime and the transition
boiling regime, many of the correlations used in HTVSSL are the same as HTCOR. The post-
CHF flow-regimes in HTVSSL are based on the more recent work done by Ishii, which showed
that there are four inverted annular flow regimes downstream of the transition boiling regime, as
shown in Figure 4-4. The selection logic for HTVSSL is shown in detail in Figures 4-5 through
4-11.

During reflood, TRAC-PF1 employs a special flow-regime map based on the flow-regimes
depicted in Figure 4-4. According to Ishii, along the flow channel, various flow regimes occur
beyond the point of CHF. These different flow regimes are characterized by different heat
transfer conditions requiring different closure relations. The different closure relations are
applied depending upon the location of the flow regime within the cell. A weighting factor is
applied based on the cell length and the elevation within the cell at which the regime occurs.
Table 4-4 shows how the weighting factors are calculated.

4-14
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Table 4-4. Weighting Factors of Reflood Interfacial Heat-Transfer Models

z WSb Wsm wa st Winv

2, $7m: 1 0 0 0 0
Zm<z<Zsy Eq.(4-102) _Eq.(4-103) 0 0 Eq. (4 - 103)
Zsm<z<Zac Eq.(4-102) Eq.(4-103) Eq.(4-104) 0 Eq. (4 — 105)
Zac < 7, " Eq.(4-102) Eq.(4-103) Eq.(4-104) Eq.(4-106) Eq.(4-105)
Zy < ZAG 0 0 0 1 0

0<We 22" % <1
min(Z_ )~ max(Z
0 < Wim = Zna) ( ® <1
Ax

Winv = Wi + Wiy

| min(Z,g,2,) =~ max(Zg, )

0<Wrw <1
Ax

. stzl—wsb“wrs‘wsm

The closure relationship is then calculated according to
Xreﬂood =Wy x Xbubbly + Wi x Xdispersed + Winy X Xinverted
where X represents either A; , Havve , Hewrr , or Heyra. For flashing, the maximum value of

Havve or a special model described in the next section is used. For the case of noncondensables,
the value of Hapvge is modified. The exact process is discussed in the references.
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Bubbly-Flow Models.

In bubbly CHF upstream of the quench front, the void fraction is restricted to be between 0.05
and 0.30. Slugs are not allowed to be formed. The interfacial area and heat transfer coefficient
are identical to those used in HTCOR under similar conditions. If T)is greater than T, then the
heat transfer coefficient is not calculated using this method. Instead, the reflood model uses a
simple model based on the kinetic theory of evaporation from liquid surfaces. The theoretical
maximum evaporation rate predicted by this theory was converted by the code authors to a Heat
Transfer Coefficient (HTC). The coefficient of evaporation of 0.4 is modified to predict
evaporation rate for each of the flow regimes in nucleate and film boiling. The HTC for flashing
is given by:

Hps = Cevalifis,reo = Ceva X 0.1857 (evhzfg/T 1.55at)

The coefficient C.,, is defined for bubbly- and mist-annular-flow and is assumed to be void
fraction dependent in the bubbly flow when the cell void fraction is between 0.3 and 0.5;
otherwise it is a constant. The interfacial areas in bubbly flow are identical to those in HTCOR.
The liquid side heat transfer factor during flashing is then given by

Havrv = hasAr bubble-
For the mist annular regime, C.,, is equal to 0.0002.

If the flow regime is determined as the transition between the bubbly and mist annular flows, an
interpolation is used according to

HaLv gans= W X Havv mist + (1-W) X HaLv bubbly -
Dispersed and Post-Agita'ted Inverted Annular Flows

The flow regimes farthest from the quench front according to Ishii are the dispersed and post-
agitated inverted annular flows. In the reflood model, the void fraction is restricted to be
between 0.3 and 0.9995. If there is a cold wall in the hydro cell, a thin liquid film can form and
is allowed by the model. To evaluate the interfacial area it is necessary to divide the liquid into a
film and droplet phase. The liquid is divided by determining a liquid film thickness and
equivalent liquid fraction for the film. Once this is determined, a liquid drop fraction may be
obtained and the corresponding interfacial areas calculated.

The vapor to interface heat transfer is calculated in the dispersed flow regime by first calculating
the mass fraction of liquid. The mass fraction is then used to determine a homogeneous void
fraction. If the homogeneous void fraction is greater than 0.75 and the difference between 1-044
is less than or equal to 0.95, then Henridispersed 1S Set equal to 10°® W/K. Otherwise a correlation
is used according to Unal et al 421 The correlation was modified to allow its use as a heat
transfer coefficient instead of a vapor generation rate. Changes were also made to the constants
which appear in the correlation.
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If the cell void fraction is less than 0.98, then the flow regime is assumed to be post-agitated
inverted annular flow. In that case, the value of Hcyr is calculated using the value for dispersed
inverted annular flow with a void fraction weighting according to

001
Henrpost-ag = Henripp ((0-Otsm)/ (Opp-Oism)) ™ -

The liquid heat transfer in the reflood model is not calculated using subroutine HTIF when T is
less then Tg,. Rather, the sensible heat that goes to the sub-cooled liquid is calculated in
HTVSSL in the wall-to-liquid HTC. If the liquid is superheated, then the coefficient in the
flashing model is set equal to 0.002. The value of Harv for the dispersed or post-agitated
inverted annular flow is calculated as

HALV,dispersed (or post-agitated) = hﬂsAI,dispersed {or post-agiated)-
where hg is calculated according to the flashing model discussed earlier.

Inverted Annular Flow

In inverted annular flow, the void fraction is limited to between 0.05 and 0.95. In this region, the
interfacial area and the heat transfer coefficients are calculated according to the following.

The hydraulic area of the liquid core is calculated by adjusting the hydraulic diameter of the
channel by multiplying by 1-o.. The interfacial area is computed as the product of the core
hydraulic diameter and the length Axm. If flashing is occurring, then the interfacial area is
recalculated using an expression for the film thickness developed by Ishii** . This is then used
to calculate the wall void fraction and the interfacial surface area near the walls. The void
fraction for bubbles may then be determined using the interfacial area near the walls and the void

fraction. The total interfacial area is then the sum of the wall and bubble interfacial area.

The vapor heat transfer model is a simple product of constant times the interfacial area for
inverted flow calculated using the method in the previous paragraph. The liquid side heat
transfer coefficient is not calculated in subroutine HTTF for the inverted annular flow regime
when T, is less than T_. The sensible heat is calculated in HTVSSL in the wall-to-liquid heat
transfer coefficient. As is the case for post-agitated flow, the coefficient for evaporation is set
equal to 0.002. The Harv, uses the same formula as used in dispersed and post-agitated flow.

Spacer Grid Model

If grid spacers are present, an attempt is made to correct for the cooling effect of the grid
spacers. The vapor-to-liquid heat transfer coefficient is modified to account for the temperature
of the grid spacer.



Noncondensables

An attempt to account for the presence of noncondensables is also made.

4.2.4 COBRA-TF Code
4.2.4.1 Introduction -

The COBRA-TF code was developed by Pacific Northwest Laboratory under the sponsorship of
the Nuclear Regulatory Commission to provide a best-estimate calculational capability for
transient and accident analysis. The version of the COBRA-TF “2* code which is being used in
the RBHT program was refined from the original version of the COBRA-TRAC code “?* as part
of the FLECHT-SEASET 163 Blocked Bundle Test and analysis program.

COBRA-TF has several differences as compared to the TRAC and RELAP codes which make it
more suitable for analyzing rod bundle reflood tests. COBRA-TF uses a separated flow model for
the two-phase region conservation equations which model three distinct fields. The three fields
which are modeled include: the continuous liquid field for low void fraction flow and falling or
climbing films; vapor field for the steam flow, and the entrained droplet field. Using two liquid
fields is a more accurate and convenient method of representing the liquid phase over a wide
range of two-phase situations which would occur during reflood of a hot bundle. Flow regimes
such as inverted annular, churn-turbulent, and droplet flow can be modeled more accurately. One
can also model the flow regime transitions more accurately as well as countercurrent flow in
which a liquid film falls and the entrained droplets are carried upward. In addition in the
FLECHT-SEASET version of the COBRA-TF code, a fourth field exists which models the
effects of a non-condensable gas.

Mass conservation equations are written for each field, continuous liquid, vapor, entrained liquid,
and non-condensable gas. The energy equations are more simplified in that the continuous liquid
and the entrained liquid are assumed to have the same liquid temperature within the same
computational cell. Also, a combined energy equation is used for the vapor and non-condensable
gas. There are three momentum equations solved for the vapor, continuous liquid, and the
entrained liquid. The momentum equations are three dimensional such that they can represent a
rod bundle array with the smallest computational cell being a single subchannel. When the code
is used in the subchannel formulation, some of the higher order momentum flux terms which
represent the cross products of the lateral velocities are ignored.

In the FLECHT-SEASET flow blockage program “29) the capabilities of COBRA-TF were
expanded to include a small droplet field which is used to model the smaller micro-droplets
which are generated as larger drops shatter when they impact structures in the rod bundles such
as spacer grids and flow blockages. There were some simplifications used for the small droplet
field model. The small droplet field was not directly coupled to the hydrodynamic solution
matrix, the interface of the small droplet field occurred as source and sink terms in the equation
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such that the mass of the entrained liquid was preserved. It was also assumed that there was no
lateral flow of the small droplets, and the model was not valid for negative top down flow.

COBRA-TF is also unique in that in addition to the conservation equations, the code uses a
interfacial area transport equation which calculates the total droplet interfacial area in a
computational cell considering the sources and sinks of interfacial area such as entrainment and

deposition of the drops on to a liquid film.

One of the differences of COBRA-TF from the other systems codes is that it has both "hot" wall
and "cold" wall flow regimes. The hot wall regime is used when the wall temperature exceeds
Tsa + 42 °C (75°F). The hot wall regimes include subcooled inverted annular flow, saturated
liquid churn or slug flow, dispersed droplet-vapor flow, falling film flow, and top-down liquid
deluge flow. The hot wall flow regimes and logic selection are shown in Figures 4-12 and 4-13.
For bottom reflood when the reflood flow is subcooled, an inverted annular flow regime is
assumed. If the liquid is saturated, the liquid churn or slug flow regime is assumed and the liquid
is treated as very large droplets surrounded by vapor.

4.2.4.2 COBRA-TF Heat Transfer Package

The heat transfer package in COBRA-TF consists of a library of correlations and a selection logic
which allows the code to predict a boiling curve as a function of the computational cell void
fraction, pressure, mass flow and the heated surface temperature. Figure 4-14 shows the boiling
curve and regions of interest and Figure 4-15 shows the heat transfer regime selection logic in a
simplified fashion. The heat transfer package which is used by the code calculates both the wall-
to-fluid heat transfer as well as the interfacial heat transfer between the phases (Table 4-5). Since
separate energy equations are used for the phases, a non-equilibrium flow will be calculated in
some cases. Therefore, the interfacial heat transfer and the interfacial heat transfer area are
calculated to determine the temperature of each phase. Both will be discussed below with the
emphasis on reflood heat transfer. °

Single Phase Vapor

COBRA-TF calculates the local Reynolds number within the computational cell and determines
if the flow is laminar or turbulent. If the flow is turbulent, it uses the maximum of the Dittus-
Boelter correlation®? or the correlation developed from the FLECHT-SEASET 161-rod bundle
tests*29)_ If the flow is calculated to be laminar, the code uses a Nusselt number of 10, which is
based on the FLECHT-SEASET data.

Single Phase Liquid

In a similar fashion, the code calculates the Reynolds number of the cell and if the flow is
turbulent, the code uses the Dittus-Boelter correlation for the convective heat transfer. If the flow
is calculated to be laminar, the heat transfer correlation by Sparrow et al?" is used which has a
maximum Nusselt number equal to 7.86.



- L

. Table 4-5
Interfacial Heat Transfer Area Per Unit Yolume

M 2. -
Mode of Correlatjon - Flow
Heat Transfer (Btu/hr-ft°-°F) .Regime
T ] i :
SHY Lo, c, lu,, Ipr 23 Film
v
0.5 o 1/3, Xv
(2.0 + 0.55 Rey"> Pr,™"~) 7ry Drop{a)
1+0,5 (hv - hg)/hfg
: (2.0 + 0.55 Re0*3 pr 1/3) Ky
- = VT v v D’ﬁ Liquid chunk,]
inverted annular
1+ 0.5 (hv - hg)/hfg
Mgy, |10 104 ) o ._,A'n’regi'rngg-‘. |
Hy, 1.0 x 10° (b Large bubble,
: 1iquid chunk and
jinverted annular
The maximum of
Hshi 1.925 o, C, | U, 1/iRe %/ pre/3) Film(c)
for Ree < 1000

a. Rowe, P. N., et al., "Heat Transfer From a Single Sphere in an
Extensive Flowing Fluid," Trans. Inst. Chem. Engin. 43, 1965,

T14-T31.

b. A constant large value is used to drive toward phase equilibrium.

c. From Colburn analogy using friction factors of Hughmark(e)
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Table 4-5

Interfacial Heat Transfer Area Per Unit Volume (cont.)
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Denmark, September 1973.
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eat lTransfer in

"Report 296, Riso National Laboratory,
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Inst. Chem.

Engin., 14, 1973, 1062.
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Table 4-5

Interfacial Heat Transfer Area Per Unit Volume (cont.) _ l

Flow Regime

Interfacial Area, A;'

Film

Liquid chunk

Inverted annular

Drop
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Mg Dy
0 P /A

Drop interfacial area transport
equation
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Nucleate Boiling

When the wall temperature exceeds the saturation temperature but is less than the wall
temperature at the critical heat flux point, the Chen 44 correlation is used to calculate the wall
heat transfer. The Chen correlation applies to both saturated nucleate boiling and forced
convection evaporation and will automatically transition into single phase convection at low wall
superheats and into pool boiling at low mass flow rates. The Chen correlation regards the wall
heat transfer as consisting of a combination of forced convection heat transfer as well as pool
boiling heat transfer. In this fashion both extreme limits of forced convection and pool boiling
are preserved.

Subcooled Nucleate Boiling

The Chen correlation can also be extended into the non-equilibrium regime of subcooled
nucleate boiling. Again, the Chen correlation combines a forced convective heat transfer
contribution and a boiling contribution to calculate the total wall heat transfer. For the subcooled
case, the "F" factor used in the Chen correlation is set to unity but the remainder of the
correlation is applied as in the nucleate boiling case.

In subcooled nucleate boiling, there exists thermodynamic non-equilibrium between the voids
which are formed and the bulk liquid temperature which is subcooled. Therefore, there is heat
transfer between the vapor and the liquid such that the vapor condenses and the liquid
temperature increases along the channel. The heat transfer processes of interest include:

Forced convection to the liquid
Vapor generation at the wall
Condensation near the wall

Bulk condensation in the liquid core.

The partition of the vapor generation and the forced convection portions of the wall heat flux are
calculated by the Chen correlation for the given set of conditions. The interfacial heat transfer
processes are directly calculated in the fluid energy equations as part of the fluid conditions for
the cell. The near wall condensation was calculated using the Hancox-Nicoll correlation®®?®
which was then subtracted the nucleate boiling heat transfer to obtain the net vapor generation.
There were further refinements which accounted for the fraction of the subcooled liquid which
would penetrate the saturated liquid layer on the wall using the Rouhani and Axelsson
correlation®?. Using this approach, the net amount of vapor generation at the wall can be
calculated and the remainder of the vapor will then be mixed in to the bulk flow through the
liquid energy equation and will condense,

Critical Heat Flux

COBRA-TF calculates the critical heat flux and the wall temperature superheat at the CHF point
to fix this location on the boiling curve as shown in Figure 4-14 . For reflood heat transfer, the
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Zuber*>” pool boiling correlation is chosen for the critical heat flux since the liquid flow
velocities are small.

Minimum Stable Film Boiling Point

The other point which is fixed on the boiling curve is the minimum film boiling point, Tmi,. This
location denotes the boundary between stable film boiling and transition boiling. COBRA-TF
uses the larger of a modified version of the homogeneous nucleation temperature which is curve-
fit as a function of the difference between the critical pressure and the local pressure, and which
has also been modified to account for wall properties; and the Henry “31 modification of the
Berenson correlation. In addition, for reflood, COBRA-TF limits the value of Ty, to be

426 °C (800 °F) < Tpin < 650 °C (1200 °F)
Transition Boiling

The transition region is viewed as a mixture of film boiling with a vapor layer contacting the wall
and nucleate boiling or wetted wall in which liquid contact with the wall is possible. The wetted
wall portion of the wall heat flux is calculated using Ganic and Rohsenow “*2 which uses the
McCoy and Hanratty model “33) for determining the droplet migration to the wall. Once the
droplet contacts the wall a droplet efficiency is calculated which is a function of the wall
temperature and the liquid temperature. At high wall temperatures, the efficiency becomes very
small as the drops will not contact the hot wall. The wetted wall portion of the heat flux is added
to the dry wall film boiling heat flux calculation to give the total transition boiling wall heat flux.

There are separate models for top down quench in which the heat transfer is enhanced below the

top down quench front location which is used as a multiplier on the critical heat flux.

L
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Inverted Annular Film Boiling

COBRA-TF assumes the wall heat transfer is in inverted annular film boiling if the wall
temperature is greater than T, and the void fraction is less than 0.4. The modified Bromley
correlation “'? is used for the film-boiling portion of the wall heat flux. The radiation heat
transfer from the wall to the liquid is also accounted for as well as the droplet contact heat
transfer using the Ganic and Rohsenow correlation as described earlier. Therefore:

qQ”1ar8 = qQ"Brom + Q'R+ QWD

When the cell void fraction is greater than 0.4 and less than 0.9, the wall heat flux is linearly
interpolated between the value for inverted annular film boiling and dispersed flow film boiling.
There are also interfacial heat and mass transfer models in the inverted annular film-boiling
regime which include estimates of the interfacial area between the vapor and the liquid such that
the proper liquid and vapor temperatures can be calculated. The heat flux behavior as a function
of void fraction is shown in Figure 4-16 .
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Dispersed Flow Film Boding

The dispersed flow film boiling is assumed to occur when the wall temperature exceeds T, and
the void fraction is greater than 0.9. The dispersed flow film boiling heat transfer mode received
the greatest amount of attention and refinement as part of the FLECHT-SEASET program. The
wall heat flux in dispersed flow film boiling is comprised of three different heat transfer
mechanisms which are summed to give the total wall heat flux:

Then is:

qn DEFB = qu Fe + q”R+ qn WD

where:
q”’rc is the vapor convective heat flux (either laminar of turbulent),
q”’r is the radiation heat flux, and
q" w-p is the droplet impinging heat flux or droplet contact heat flux.

The vapor convective heat flux is enhanced by a factor “psi” which experimentally accounts for
the effect of the entrained droplets increasing the convective heat transfer. Data for the
enhancement factor was obtained from the FLECHT and FLECHT-SEASET programs and has
been compared to data obtained by Drucker and Dhir @39 The two-phase enhancement factor
can be shown to be an extension of the basic analogy theory between heat transfer and
momentum transfer as given in Kays(“'35 ), Figure 4-17 shows the scatter of the data for the
enhancement value psi. Note the scale on the plot. It is relatively easy for value for the single-
phase convective heat transfer to be enhanced by 100% in a two-phase dispersed flow.

The radiation heat transfer ¢"g , consists of two separate models. The surface-to-surface radiation
is solved on a subchannel basis “ such that small test facilities with colder housing can be
modeled more accurately. In a separate calculation, the radiation heat transfer to the droplets and
vapor are calculated using the Sun et al model“ " for the fluid radiation component.

The droplet impingement heat flux term is the same as that described earlier. However, this term
is very small or negligible in the dispersed flow film boiling since the wall temperatures are

much higher and the heat transfer efficiency of droplets hitting the wall is nearly zero.

Above a void fraction of 0.999, the heat transfer becomes single-phase vapor.
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Quench Front Model

COBRA-TF uses fine variable mesh “® which will insert additional nodes into the heated
structure if significant axial temperature gradients exist. This allows a more accurate
representation of the true localized energy release from a localized portion of a heater or nuclear
rod rather than the energy release from all the structures within the fluid node. Fine mesh heat
transfer cells for axial and radial conduction in the structure are superimposed on the coarser
hydraulic computational cells. The heat transfer package described above is applied to each of
these smaller structural nodes to obtain the local heat transfer. In this fashion, the energy release
at the quench front is smoother, and the effects of axial conduction in the quench front region are
simulated.

Spacer Grid Heat Transfer Models

One of the major additions to the COBRA-TF code was the inclusion of heat transfer models for
the dispersed flow film-boiling regime (void fraction greater than 0.9) which represented the
experimental observations on the effects of rod bundle spacer grids. Spacer grids result in three
additional heat transfer mechanisms in the rod bundle flow, namely:

Convective heat transfer enhancement downstream of the grid,
Rewetting of the grid structure,
Entrained droplet breakup caused by the grid structure.

Convective enhancement downstream of the spacer grids was observed in several single phase
experiments and is due to the thinning of the thermal and velocity boundary layers on the rods as
well as the additional turbulence introduced by the grid in the flow. Data from these experiments
were correlated in terms of the grid blockage area in the rod bundle and an exponential
multiplier, which diminishes downstream of the grid, according to Yao, Hochreiter, and Leech™®
3" This correlation is used in COBRA-TF as a multiplier on the vapor convective heat transfer
calculation described above for the dispersed flow heat transfer regime.

Spacer grids can be either dry, that is, with grid temperature which exceed T, or wetted with
temperatures which are close to the saturation temperature. If a fraction of the grid is at the
saturation temperature, it is assumed that a liquid film is present on that surface area. Since the
grids are stationary, they have significant surface area; if the grid wets, a significant amount of
interfacial heat transfer area added to the interfacial area transport equation as an area source
term. The result of this is more rapid de-superheating of the vapor flow in the rod bundle. As the
vapor de-superheats, the driving temperature for the rod heat flux increases (Trop- Tv), and the
rod wall heat flux increases and the rod cools.

There is a two zone detailed spacer grid model in COBRA-TF which calculates the location of

the quench front on the grid, and the dry and wet grid temperatures considering the radiation heat
transfer from the heater rods, convective heat transfer from the superheated vapor as well as the
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quenching of the spacer grid. The model for the spacer grid is shown in Figure 4-18. In this
fashion, the fraction of the grid which is either dry or wet can be calculated as a function of the
thermal-hydraulic conditions within the channel to determine the amount of grid area which
should be added to the interfacial area transport equation. The additional steam generation due to
the evaporation of the liquid film on the grid is also added into the hydrodynamic solution.

The third spacer grid model indicates that when high velocity entrained liquid droplets impact the
grid structure, the drops can shatter producing a range of smaller "micro droplets" which are
more easily evaporated. As the micro droplets are evaporated, the vapor de-superheats due to the
increased surface area for interfacial heat transfer as well as the addition of saturated vapor due to
the droplet evaporation. Both heat transfer effects reduce the vapor temperature and result in a
larger temperature difference between the vapor and the rod surface which increase the rod heat

flux promoting improved cooling.

Figure 4-19 indicates the droplet breakup behavior. The parameter which was found to correlate
the ratio of the shattered drop size to the initial drop size was the droplet Weber number for flow
normal to the spacer grids as seen in Figure 4-20. For low Weber numbers, the change in the drop
size is not significant, at most a factor of two. For these drops, the interfacial area of the larger
shattered drops was added to the interfacial area transport equation as an additional source term.
For the very small drops which were generated at higher drop Weber numbers, these drops are
put into the separate small-drop field described earlier. In addition, if there are small drops
upstream of a spacer grid, they are also broken-up by the downstream spacer and the resulting
small drop populations are then merged preserving the droplet mass, interfacial area and
momentum.

COBRA-TF heat transfer models, which are similar to the spacer grid models, have also been
developed for flow blockage in rod bundle arrays and are described in Reference 4-24 .

L4
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43  Road Map from the PIRT, to the Code Models, to The test Instrumentation and
Data Analysis

4.3.1 Single Phase Liquid Convection Below the Quench Front (Table 4-6)

The contribution of the single-phase liquid convection during a reflood transient ranks low in the
PIRT. To calculate the heat transfer with the liquid single-phase (and vapor single-phase), the
codes use different correlations depending on the Reynolds number. In general the Dittus-
Boelter correlation is used for turbulent flow while other correlations are used to calculate heat
transfer in the laminar flow regime. These correlation are based on pipe geometry data and in
general to geometries quite different than the bundle geometries. RELAPS/MOD?3 uses the P/D
correction relation to account of this effect but its uncertainty is very high. The two TRAC codes
do not account of this effect at all. In COBRA-TF a specific correlation was developed during
FLECHT-SEASET experiments but was tuned on the 163 rod bundle geometry.

Beside the geometry effect, the flow regime during reflood is often in the transition between
laminar and turbulent flow and therefore a bundle specific correlation needs to be developed to
predict accurate convective heat transfer. The RBHT facility allows to transverse temperature
probe across the channel. This allows to have a better estimate of the bulk average temperature
which is needed to assess these models.

The important phenomena were identified in the PIRT in Section 2 for the different periods or
phases of the reflood transient. Examining the PIRT for single phase convective heat transfer,
the items which are highly ranked are:

The decay power which is the energy source into the fluid,

The liquid velocity or Reynolds number,

The liquid temperature or subcooling,

The convective heat transfer coefficient, which is ranked as a medium.

The difference in the ranking of the liquid velocity and subcooling and the convective coefficient
is that the convective fluid conditions will determine the behavior of the flow in different
locations downstream, whereas the effects of uncertainty on the heat transfer coefficient for
single phase heat transfer has a very small effect on the calculated peak cladding temperature.

The decay power is a test boundary condition which is controlled in the experiment and is
directly measured such that this parameter is known accurately for a given test.
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Table 4-6 - Single Phase Lir "1 Convective Heat Transfer
in the Core Compo..cnt During Reflood

Below the Quench Front
Process/Phepomena Ranking ELAP, 2 TRAC-B TRAC-P COBRA-TF
Does the model  |Uncertainty] Does the model  [Uncertainty| Does the model |Uncertainty| Does the modlcl Uncertainty
exist exist - : exist exist
1¢ Liquid Convective Heat L '
Transfer
] Yes, max of

Turbulent Forced Convection Dittus-Boclter * 30% Dittus-Boelter 30% Diutus-Boelter 30% | Dittus-Boelter or 15%

FLECHT-SEASET
[ .aminar Forced Convection Kays 10% Kays 10% Nu=4 50% Yes, Sparrow 50%

No, for bundle can .

Effects of Geometry L P/D correction H No under predict HTC 40% Yes, in FLECHT- 15%

by 40%. SEASET Correlation
Effects of Spacers L Input grid loss Input gﬁd loss Input grid loss Yes, convection 15%

enhancement added,

input grid loss
Effects of Properties L Yes code calculated Yes code calculated Yes code calculated Yes, code calculated
1¢ Liquid Natural Convection
Heat Transfer L Churchill and Chu L McAdams 15% Holman L ~20% Yes, McAddams 15%
Effects of Geometry L No No No No




v

Effects of Spacers grids Input grid loss 20% Input grid loss 20% Input grid loss 20% Input grid loss 20%
No H.T. effect No H.T. effect No H.T. effect No H.T. effect

Effects of Properties Yes code calculated Yes code calculated Yes code calculated Yes, code calculates

[Decay Power Input Input - Input " Input




Although it is not given a ranking of high, convective heat transfer for the single phase
convective experiments is of interest since most of the current codes use a pipe correlation as
compared to a rod bundle correlation, as seen in Table 4-6. The computer codes calculate the
local convective heat transfer from the local note velocity, the fluid properties, and the given
hydraulic diameter of the node. The correlations for forced convection require the code to
calculate a local Reynolds and Prandt] number which depends on the the flow and temperature
conditions within the computational node. In the RBHT experiment, the local power is
calculated from the total power of the rods and the axial power distribution, such that the local
value of the heat flux is known along the bundle. The heater rods are instrumented with 8
thermocouples which calculate the local heater rod surface temperature from an inverse
conduction calculation.

There are several subchannel fluid temperature measurements along the length of the bundle.
Most of the temperature measurements have the ability to traverse across the subchannel such
that the temperature distribution can be obtained within the subchannel. Therefore, the local fluid
temperature or subcooling will be measured directly in the experiments. The temperature
traverses will have to be velocity weighted and integrated across the subchannel area to obtain
the local bulk subchannel fluid temperature.

The local subchannel flow is not directly measured in the experiment, however, the total liquid
flow into the bundle is measured. The pressure drop of the bundle will already have been
characterized by single phase pressure drop experiments which will confirm the losses of the
spacer grids as well as the frictional loss of the total bundle. The hydraulic data can be used to
benchmark a subchannel computer code such as COBRA-IV or VIPRE-II which will then be
used to predict the local subchannel velocity and the subchanne] Reynolds number. These code
calculations can be checked, for fully developed flow, with hand calculations to confirm the
flow split between types of subchannels. Given the measurements of the rod heat flux, the heater
rod surface temperature, and using the fluid temperature traverses and velocities predicted by
COBRA-IV, the local convective heat transfer coefficient can be calculated from the data. The
COBRA-IV local subchannel velocities can also be used with the fluid properties to calculate the
local fluid Reynolds and Prandtl numbers such that comparisons can be made between the
correlations used in the computer codes and the RBHT data to determine if the current models
are adquate. This data analysis approach has been used on the FLECHT-SEASET single phase
steam tests “2®, The RBHT tests are designed to be performed over a wide range of fluid
Reynolds numbers such that either a new convective correlation can be developed or an existing
correlation can be confirmed.

In the case of single phase natural convection, or mixed convection, the highly ranked PIRT
items include:

natural convection heat transfer coefficient,
effects of forced or free convection heat transfer,
liquid velocity,

liquid subcooling,

decay power.
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The local Reynolds and Grashoff numbers can also be calculated from the data using the same
analysis approaches as given above to determine if forced convective heat transfer of natural
circulation heat transfer exists within the subchannel. The ratio of the Grashoff to the square of
the Reynolds will be calculated to determine if the flow is forced, free or mixed convection. For
most reflood rates of interest, the convective heat transfer will be forced. If the heat transfer is
free convection, a similar approach to that used for the forced convection heat transfer analysis
can be used to determine the local heat transfer coefficient excepting that the local subchannel
velocity will not be needed. If the convection is mixed, the data will be compared to
conventional methods for mixed convection in which the forced and natural convection heat
transfer coefficients are raised to a power (typically 3), summed (for aiding flow), and then raised
to the inverse of the power (typically 1/3). The natural or mixed convective heat transfer
coefficient is ranked higher as compared to the forced convection coefficient since there is very
little data available for natural convection heat transfer in bundles.

432 Subcooled and Saturated Boiling Below the Quench Front (Table 4-7)

The heat transfer in this region ranks low in the PIRT but it determines the degree of subcooling
at the quench front location, which in turn affects the ranking processes in that region. The Chen
(44 .o rrelation is used in the codes to determine the heat transfer in the subcooled and saturated
boiling regimes. In experiments the total heat transfer to the fluid in the two-phase region is
measured while the codes need to calculate the heat transfer to each phase separately. Once the
heat input in each phase is calculated the interfacial heat and mass transfer terms provide the
closure to the equations. The subcooled boiling is modeled as follows:

1) convection to the liquid

2) vapor generation at the wall

3) vapor condensation near the wall

4) subcooled liquid ‘pumped’ into the thermal boundary layer.
5) bulk condensation (subcooled liquid core) :

The fraction of vapor not condensing near the wall represents the net vapor generation term
which is added explicitly into the mass-energy conservation equations. The condensation of the
vapor because of the presence of vapor in the liquid core is calculated implicitly during the
solution of the energy equation and it does not affect the determination of phasic heat inputs.

The convection to the liquid is calculated starting from the liquid phase Reynolds number. The
code needs the local liquid bulk temperature, the local flow quality and flowrate velocity. The
nucleate boiling component of the Chen correlation defines the amount of heat available to cause
vapor generation at the wall. A fraction of this vapor condenses near the wall, the rest will
condense in the liquid core. The near-wall condensation is determined by the conditions (flow
and thermal) of the fluid near the wall while the bulk condensation is determined by the
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Table 4-7 Subcooled ..d Saturated Boiling
. The Core Component Below the Quench Front

Process/Phenomena | Ranking RELAP5/MOD3.2 TRAC-B TRAC-P COBRA-TF
Does the model Uncertainty Does the model Uncertainty | Does the model| Uncertainty | Does the model [Uncertaint
exist exist exist exist y
+180 -60% +180 -60%
- L Yes, Chen correlation +180 -60% Yes, Chen correlation Yes, Chen Yes, Chen +180, -60%
Subcooled Boiling correlation
Effects of Geometry, L Inayatov eq. (P/D) H No No No
P/D, De
[Effects of Spacers L No, H.T. effect No, H.T. effect No, H.T. effect No, H.T. effect
Effects of Properties L. Input Yes, code calculates Yes, code Yes, code
calculates calculates
ocal Void Fraction H Yes 20% for Bubbly |  Yes, code calculates Yes, code 25% for Yes, Hancox,
Interfacial Heat code calculates Flow interfacial area and HTC calculates Bubbly Flow | Rouhagi models,
interfacial arca and interfacial area see Table 4- for
Transfer) in agffrf‘cm " and HTC interfacial H.T.C.
(see table 4.1-1) and area
Saturated Boiling L Chen 12% Yes, Chen 12% Yes, Chen 12% Yes, Chen 12%
Effects of Geometry, L Inayatov eq. (P/D) H No No No
P/D, De
1
Effects of Spacers L No H.T. effects No H.T. effects No H.T. effects No H.T. effects
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Effects of Properties

Yes, code calculates

Yes, code calculates

Yes, code calculates

Yes, code calculates

[ ocal Void Fraction
slip flow)

Yes, code calculates Slip

Yes, code calculates Slip

Yes, code calculates Slip

Yes, Code calculates slip




interfacial heat transfer. Detailed void fraction measurements, void distribution, and liquid
temperature during separate steady-state subcooled boiling tests should provide the information
needed to assess these models. '

For example, during subcooled boiling experiments, the contribution of the near wall
condensation combined with the effect of subcooled liquid ‘pumped’ into the thermal boundary
Jayer can be calculated from an energy balance if the transverse temperature distribution of the
liquid in the subchanne] is measured or estimated.

Information about void fraction distribution (bubble size distribution and bubble location) are
needed to estimated the interfacial heat transfer area. Measurements or estimates of bubble
velocity can be used to estimate the interfacial drag. Note that the interfacial heat transfer and
interfacial drag, which determines the condensation of steam in the liquid core and the slip
between the two phases, rank high in the PIRT.

During saturated boiling, condensation does not take place. The code divides the total heat
transfer rate in two contribution. The first is the heat removed by liquid convection, the second is
the heat removed by boiling. Both components are from wall-to-liquid. Since metastable states
are essentially not permitted in the code, energy absorbed by the liquid at the wall is transformed
into vapor generated at the vapor-liquid interface with an artificially large interfacial heat transfer
coefficient. Boiling at the wall enhances the near-wall convection. This is modeled in the Chen
correlation with the Reynolds number factor which is a function of the local quality. The effect
of the Reynolds number is also to prevent/suppress boiling and this is accounted by the
suppression factor in the nucleate boiling heat transfer component of the Chen correlation.

Similarly to the subcooled boiling regime, the code evaluates the flow rate, the quality, the
temperature of the liquid and the temperature of the wall to calculate the heat transfer. The
temperature of the liquid is at saturation. The interfacial heat transfer is not a key in this case
because the liquid superheat is prevented numerically in the code and all the energy going to the
liquid is converted in vapor generation.

Separate steady-state boiling experiments with a detailed measurement of void fraction can be
used to assess the model in this region. The separate effect of the Reynolds number factor and
the boiling suppression factor can be quantified in these experiments. Finally bubble velocity

measurements and transverse void distribution, can be used to estimate the interfacial drag.

The PIRT table for the subcooled and saturated boiling regions are given in Tables 2-2 in Section
2. The important phenomena identified in these tables include:

decay power,
local void fraction,

interfacial area and heat transfer,
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liquid subcooling.

As discussed above, decay power is a test boundary condition and is known. Local void fraction
is measured using finely spaced differential pressure cells as well as using an X-ray attenuation
technique. The liquid subcooling is measured using traversing temperature rakes at several
different elevations in the bundle. These miniature thermocouples will traverse across the bundle
between the heater rods and will measure temperature in the rod-to-rod gap, as well as at the
center of the subchannel.

Several different computer code models interact to develop the local void fraction within a
computational node in the case of subcooled boiling. Models for vapor generation, interfacial
heat transfer such as condensation of the generated bubbles (if the liquid flow is subcooled),
single phase convective heat transfer at the wall, criteria for wall voidage, bubble size at
departure and interfacial drag all influence the resulting void distribution in the rod bundle for
subcooled and saturated boiling below the quench front.

In the RBHT program, the total wall heat flux will be determined from the power applied in the
test and the axial power shape as well as from the inverse conduction calculations using the
measured heater rod temperature and the power. The local fluid temperature will be measured at
many elevations using the traversing miniature thermocouples in the bundle which will indicate
if the bulk liquid flow is subcooled or saturated. The axial behavior of the liquid temperature in
the bundle can be measured such that the location of where the bulk flow becomes saturated can
be determined.

The wall heat flux consists of two components; a direct convective component and a boiling
component in similar manner as the model by Chen®. The axial fluid temperature distribution
reflects both the wall convection heat transfer as well as the condensation of the voidage
generated at the wall. If one assumes that the convective and boiling processes are separate and
are additive (similar to Chen’s model), the wall convective heat transfer can be estimated from
the bulk flow conditions as well as the portion of the heat flux which is due to convection. Since
the total wall heat flux is measured, the difference between the total and the convective heat
fluxes is the boiling component. This is an estimate since the local liquid phase velocity
distribution will be different at the wall because of the bubble formation.

Low void fractions, characteristic of nucleate boiling, will be very difficult to measure even
with sensitive differential pressure cells. The laser illuminated digital camera system can detect
the voidage but it may be difficult to quantify wall voidage since the bubbles will adhere to the
heated surface. As subcooling of the bulk flow is reduced, the fraction will grow and the bubbles
will depart from the wall and will be condensed in the bulk flow. This can occur for voids of
approximately 20 percent. In this situation, the finely spaced differential pressure cells data can
be analyzed to obtain an average void over the cell span with more confidence. Also, the laser
illuminated camera system can also be used to obtain data on the bubble diameter and velocity
distributions, for low voidage flows in which there is minimum bubble interaction.
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A measurement of the local void will also be obtained using an X-ray source, photoelectric cell
and a digital camera. Given the void distribution, the bubble diameters and velocities, estimates
of the product of the interfacial heat transfer and the interfacial area can be made. Therefore, the
computer code models and correlations for the product of the interfacial hA can be compared to
the estimates of the hA | estimates form the data. Itis expected that the uncertainties will be
large. Both the axial liquid temperature gradient as well as the void fraction (which represents a
net situation, that is the void generation minus the condensation) can also be used to develop and
refine models for the interfacial heat transfer and area.

When the liquid reaches saturation, all the energy from the heater rods generates vapor since
there is no longer any liquid subcooling. In this case saturated boiling is occurring on the heater
rod surfaces and the void fraction increases. The important items from the PIRT Table 2-2 for

this case are:

Void fraction,
Decay power

The void fraction in this region is ranked high since it will influence the steam velocity at the
quench front and the generation of liquid entrainment. The decay power is ranked high since it
represents the energy input into the fluid which will generate steam. The saturated boiling heat
transfer coefficient is not ranked as a high since a large uncertainty in its value will not effect the
peak cladding temperature. Note that there is an overlap between the decay power and the
boiling heat transfer coefficient since all the energy generated in the rod is transferred to the
fluid. If the decay power is ranked as a”high”, in reality, the surface heat transfer coefficient is

also a high.

The void distribution will be determined using the finely spaced differential pressure cells which
will result in a node average void along the axial length of the bundle. In addition, an X-ray
technique will be used to obtain the void distribution at specific axial locations to confirm the
values obtained from the differential pressure cells.

4.3.3 Quench Front Behavior (Table 4-8)

This is the most complex region in the bundle. There are several process taking place across the
quench front which rank high in the PIRT table. This is also the most difficult region to simulate
with the codes because a big transition in the thermal-hydraulic conditions is experienced in a
small portion of the computational domain. Moreover the hydraulic process is strongly coupled
with the thermal behavior in this region. The froth region behavior determine significantly the
heat transfer downstream in the film boiling region. This is where compensating errors most
likely occur. The code has to be able to handle each separate process accurately to limit to a
minimum extent the effect of compensating errors. Unfortunately the lack of data in this region
causes the models to simulate this region poorly in most of the codes. Essentially, the codes need
to calculate heat transfer from the rod to the fluid, vapor generation and entrainment. The
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Table 4-8 Quench Front Behavior in the Core Component

Process/Phenomena Ranking RELAP5/MOD3.2 TRAC-B TRAC-P COBRA-TF
Does the model |Uncertainty| Does the model | Uncertainty| Does the model | Uncertainty Does the model | Uncertainty
exist exist exist exist
F ter R nch ’
Fuel/heater rod materials, H Input Input Input Input 15%
p: Cp, k, rod diameter :
Gap heat transfer coefficient M FRAP-T6" For plant gap HT
~100% | Yes, user ~100% | Yes, user ~+100% | isadjusted to ~100%
specified specified match plant
1 calc’s
Cladding méterials, p,.Cok L Input Input Input Input
| Cladding surface effects H

T N No No Input

‘o Oxides ° P
- Roughnesg No No No No
. Materials Input Input Input Input
. T.. Yes, code Yes, homogen. Yes, Nelson Yes, Henry

mm »
calculates nucleation, ‘model Homogeneus
Shumay Nucleation
Yes, code Yes, Baisi CHF Yes, Biasi CHF Yes, Zuber CHF,
* Towr calculates and Chen and Chen and Chen
]




LSV

Yes, Tw-Twuin
temperature weighting

James and BankofT::

non-equilibrium

code calculates flow
regime dependent

code calculates flow
regime dependent

situations,

Flow Regime
dependent, has hot
and cold wall F.R..
Has interfacial are

 transport equation

Transition Boiling Heat Transfer Chen 16% composition of Yes, To-Tiin
of nucleate and film nucleate and film -
- o . , Weighting of nucleate
boiling. boiling weighted with s
and film boiling,
wet versus dry wall.
Steam generation at quench front Yes Yes, Yes, Yes, interfacial H.T.
(interfacial H.T.) code calculates interfacial H.T. interfacial H.T. depe:nds on Flow
interfacial area and depend on Flow depend on Flow Regime
H.T.C. depending on Regime Regime Both Hot and Cold
flow regime wall regime
Decay Power Input Input Input Input
Liquid entrainment at quench front Entrainment .
which includes liquid ligaments, initial Entrainment is Ishii model used for calculated for annular Uses droplet
drop size, and droplet number density calculated for the all flow regimes flow by Ishii and correlation based on
annular film flow Mishima Flecht data and drop
regime) force balance.
Void fraction/flow regime Yes, has Flow Regime Yes, has él_ow Regime - Yes, has Flow Regime Yes, has cold wall and
logic logic logic hot wall flow regime
logic
Yes, calculated for
Interfacial area Yes calculated for 100% | Yes, 100% | Yes, 100% | non-equilibrium 50%

(1) - L., Sierken et al.. FRAP-T6 - A computer code for the transient analysis of oxide fule rods, EGG-CDAD-5410, April 1981.




amount of droplets entrained in that region will determine the heat transfer downstream, in the
dispersed flow region.

The codes at first calculate Tcyr and Tym. and if the clad temperature falls between those two
values transition boiling regime is assumed. The heat transfer selection logic of COBRA-TF is
shown in Figure 4-15. The present version of COBRA-TF does not have a transition boiling
model and the heat transfer is calculated by extrapolating the dispersed flow film boiling heat
transfer or the inverted annular film boiling heat transfer in that region. The models used by
other codes are described in Section4.2. A more accurate transition boiling model and a more
consistent entrainment model need to be developed during the RBHT program.

Critical Heat Flux and Ty are calculated by different codes using different correlations as
described in Section 4.2. In the transition boiling regime the codes calculate the total heat
transfer as the sum of convective heat transfer from the wall to the vapor, radiation heat transfer
to the liquid and wall-liquid direct contact heat transfer. The radiation heat transfer is a small
contribution in the froth region where the wall temperature is not very high and the void fraction
is low.

The code needs to predict accurately the void fraction and the slip in this region. Therefore
detailed information is needed about the void fraction distribution. An estimate of the slip is also
needed and can be obtained through a mass and energy balance in the froth region when
sufficient data about void fraction are available. The vapor in this region can be assumed at
saturation while the liquid can be subcooled. The degree of subcooling is needed to calculate the
interfacial heat transfer and net vapor generation on condensation. The void fraction distribution
is also needed to calculate the radiation heat transfer component as well as to define the
mechanisms of entrainment. The entrainment is a function of the vapor generation rate.

Information about the size and velocity of the entrained droplets and ligaments just above the
froth region are also needed to develop a mechanicistic entrainment model.

Compared to the other codes, COBRA-TF has the unique feature of a three-field approach. This
is a big advantage in the froth region because continuous liquid, droplets and vapor coexist. This
feature combined with proper entrainment and de-entrainment model provide a more realistic
representation of the phenomena at the quench front. Data from RBHT experiments can be use
to assess these separate models.

All the codes attempt to calculate the rod axial conduction at the quench front by using a fine
mesh rezoning in that region. The axial conduction is a very important phenomena during
reflood because it represents a flow path for the energy from the region above the quench front
where the heat transfer to the liquid is low to the region below the quench front characterized by
a much higher heat transfer coefficient. This component needs to be extracted during the test
data analysis by solving a two-dimensional inverse conduction problem.

Other effects, such as fuel/heater rod material properties, dimensions and cladding thickness, gap
heat transfer coefficient, cladding surface effects, need to be correctly simulated and measured.
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The highly ranked items from the PIRT in Table 2-3 for the quench region are:
Fuel/heater rod material properties, dimensions and cladding thickness,
Gap heat transfer coefficient,
Cladding surface effects,
Transition boiling heat transfer(surface-liquid contact heat transfer),
Steam generation at the quench front,
Tenr the temperature where CHF occurs (maximum limit of nucleate boiling),
Tumm the temperature at the minimum film boiling point,
Surface temperature.

The heater rod physical properties such as the clad conductivity, density and specific heat are
known as a function of temperature from property tables. The boron nitride filler material
properties such as the conductivity, specific heat and theoretical density will be determined by
Purdue University Thermal Physical Property Center such that the heater rods will be well
characterized. The property and geometric information is used to calculate the surface heat flux
by an inverse conduction technique using an internal thermocouple. The surface temperature is
also calculated using the same method. The same information is available for nuclear fuel rods
such that the differences are known. The scaling analysis given in Sections 6 and 7 addresses the
differences between the nuclear and the electrically heated rods.

The gap heat transfer coefficient is very high for the heater rods since they are swagged to close
the gap between the boron nitride and the inside of the cladding. A typical valued of 96.875

kW/m2K (5000 Btu/hr-ft*-°F) is used to characterize this gap resistance. The gap heat transfer
coefficient in a nuclear fuel rod is a dynamic quantity since it changes over the fuel lifetime as
well as during the accident. While the fuel rod gap heat transfer coefficient has a large
uncertainty, this uncertainty will not effect the total stored energy, since it will be released during
quenching. However, the gap heat transfer can affect the rate at which this energy is released.
Sensitivity calculations as well as nuclear rod data can be used to quantify these effects.

Cladding surface effects such as crud, oxide layers, roughness, material types, have been shown
to effect the minimum film boiling temperature, Tmmy and the CHF temperature Teyg . Both of
these temperatures define the region of transition boiling.

The heater rod surface conditions will be well characterized by the Purdue University Thermal

Physical Property Center as well as at Penn State. A nuclear fuel rod cladding, however, can
have a range of surface conditions which affect Ty and Tcur. Therefore, it has been proposed
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that as part of the Rod Bundle Heat Transfer Program, that a series of “bench top” experiments
be performed to characterize the surface effects on both Tmmv and Teur using small samples of
different cladding materials which have known surface conditions. The end result of this effort
will be to develop specific criteria for a Ty correlation and to confirm the relationship for Tcar.
The literature will be reviewed and relevant data for different surfaces will be found and
assessed.

Transition boiling heat transfer occurs as the fraction of the heated surface which has liquid
contact increases until the entire surface is wetted and quenched. The RBHT electrical heater
rods are well instrumented with internal thermocouples to measure the total wall heat flux using
a radial inverse conduction calculations given the power and the internal temperature. The local
fluid thermocouples will measure the local subchannel fluid temperature which should be near or
at the saturation temperature. As the rod quenches, the measured temperature can be influence
by the axial conduction down the rod to the quench front since there is a very large axial
temperature gradient near the quench front. Therefore, the calculation of the radial heat flux and
the resulting heat transfer coefficient from the inverse conduction scheme must be corrected for
the axial conduction when the quench front passes a thermocouple location.

Two-dimensional, transient calculations will be performed on the heater rods to predict the axial
heat flow such that the data can take account of axial heat flux as the quench front approaches.
The transition boiling heat transfer will then be calculated as the corrected heat flux divided by
the difference of the heater rod surface temperature minus the local saturation temperature. The
data sampling during this time period will be sufficiently rapid such that a number of data
samples will be obtained as a particular location quenches. Similar calculations will be
performed on the bench top experiments.

The values of Ty and Tcyr will be obtained directly from the data as the heater rod quenches.
The local void fraction will also be available which can be used to determine if the liquid content
in the flow has an effect on Ty and Tcyr. These values will be supplemented with similar data
from the bench top experiments such that a material and surface condition specific transition
boiling correlation could be developed. The RBHT heat transfer data can then be compared to
different Ty and transition boiling correlations in the literature as well as those currently used
in safety analysis computer codes.

Steam generation near the quench front is responsible for the downstream development of drops,
liquid ligaments and or chunks which are entrained upward by the steam flow. The entrained
liquid provides an additional heat sink for the heated surface since the drops evaporate in the
superheated steam flow, generating additional steam at the saturation temperature, which cools
the steam. The droplets are also a radiation heat sink for the heated surfaces. Local steam flows
within the bundle are not measured. The exit steam and liquid flows are measured as well as the
vapor temperature distribution along the bundle as well as the rod bundle total heat flux along the
heater rod surfaces. The bundle heat flux represents the total energy leaving the heater rods. The
" rod bundle energy has several different paths, directly to the fluid by convection and radiation to
steam and droplets, to the colder housing, to colder rods, and to the colder support tubes. The
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temperatures of all the structures in the rod bundle are measured at several elevations (heater
rods, thimbles, housing, spacer grids).

The radiation network used to determine the radiation heat transfer in Section 6 and 7 can be
used to determine the expected radiation heat fluxes during a two-phase experiment. The
radiation-only tests will be used to calibrate this method such that the radiation can be subtracted
from the total measured heat flux to obtain the heat flow into the fluid.

Constructing a one-dimensional transient heat balance from the exit of the test section, using the
measured vapor temperatures, the measured vapor flows and liquid flows, and the portion of the
wall heat which is transferred to the fluid, the axial fluid quality can be calculated in the bundle
above the quench front. This calculation can be carried to the top of the froth region, where the
majority of the entrainment occurs.

The vapor temperature at the top of the froth region is superheated, however, it is expected that
the miniature thermocouples will have wetted such that they will not yield an accurate reading of
the true vapor temperature. The vapor superheat will be assumed to be the average of Tsat and
the heater rod wall temperature Twarr. This approach was successfully used in the analysis of
the FLECHT-SEASET data. This calculations will yield the bundle average vapor and liquid
flowrates at the top of the froth region. The local subchannel vapor velocities can be estimated
using COBRA-IV or VIPRE-II above the froth region assuming that the droplets do not influence
the vapor flow since the void fraction is very large (0.999).

A similar transient one-dimensional energy balance calculation scheme can written from the
bundle inlet to the top of the quench front. The local fluid temperatures as well as the heater rod
temperatures can be used to determine if the flow is saturated or subcooled at the quench front
such that the quality or subcooling can be calculated from the inlet flow conditions and the
energy input into the fluid from the rod decay power, housing, and structures, as well as the heat
release at the quench front. If the fluid conditions are subcooled at the quench front, the steam
generation can be calculated using the difference between the energy released and the energy
needed to raise the fluid temperature to the saturation temperature. This approach is reasonable
for low flooding rate cases in which the flow entering the quench front is at or near saturation.

For higher flooding rate cases, additional assumptions and approximations are required since the
subchannel] fluid thermocouples will wet and read the saturation temperature. For high flooding
rate cases (flooding rates of 6 inches/second or larger, the subchannel thermocouples could read
the liquid subcooling such that an estimate of the steam flow can be made. Also, for high
flooding rate cases, the two-phase mixture temperature above the quench front is at or near the
saturation temperature since steam superheats are small. Therefore, an equilibrium energy
balance can be used to estimate the flow quality using the bundle exit flows and the rod energy
which is calculated to go into the mixture. Highly ranked PIRT phenomena of steam generation
at the quench front can be calculated from the data with reasonable uncertainty and compared to
the computer code predictions.
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Values of Ty and Teur can be obtained directly from the heater rod thermocouple data. Tcur
can be obtained from plots of the calculated wall heat flux against Twarw - Tsar for the different
heater rods. Tyum can be obtained from the data by using a criteria that if the temperature change

is greater than 27.89C/sec (50 ®F/second), the heater rod is wet. The 27.8°C/sec (50 °F)is a
historical value used in the FLECHT and FLECHT-SEASET programs to estimate Tym. This
value will have to be verified for the RBHT facility. However, data for both Tcpr and Ty can
be obtained to address these PIRT phenomena.

The heater rod surface temperature is also a highly ranked PIRT phenomena as given in Table 2-
3. The heater rod thermocouple directly measures temperature close to the inside cladding
temperature. The outside cladding temperature is calculated from the one-dimensional inverse
conduction calculation at the thermocouple location. For most of the time when the rod is in film
boiling, the measured inside temperature and the calculated outside temperature are nearly
identical since the heat flux is very low. Immediately near the quench front, the data have to be
corrected for two-dimensional effects due to the axial conduction. In either case, the RBHT
facility will provide data on the surface temperature which is a highly ranked PIRT phenomena
for the quench period.

The decay power, which is ranked as a high in the PIRT, will be directly simulated in the
experiments over a range of powers.

Liquid entrainment at the quench front is also ranked high in the PIRT. Liquid entrainment
begins at the quench front by the formation of liquid chunks, ligaments, and drops. The liquid
chunks and ligaments are sheared by the high steam velocity into small particles which are then
entrained as droplets at the top of the froth region. Large liquid chunks or pieces will fallback
and will be sheared until they are small enough to be entrained. The bundle energy balance
calculations described earlier will give the flow quality at the top of the froth region such that the
bundle average liquid and vapor flowrates can be calculated from the test data. FLECHT-
SEASET reflood tests indicate that the froth region thickness is approximately constant over
most of the rod bundle as it refloods. Therefore, the liquid mass stored in the froth region is a
constant such that the liquid flow at the top of the froth region is approximately the same as the
liquid flow at the quench front. This is particularly true for lower flooding rate conditions.
Using the analysis of the test data, the liquid entrainment at the quench front can be determined
in the RBHT tests.

The void fraction and flow regime are also ranked high in the reflood PIRT for the quench
region. The void fraction will be directly measured in the quench region using sensitive
differential pressure cells with a three-inch span such that more detailed void measurements can
be made as the quench front advances upward through the bundle. An X-ray attenuation
technique will be used to obtain the transient chordal-average void fraction along the center plane
of the bundle to obtain a time dependent void fraction. The local flow regime can also be
photographed using high speed cameras or videotaped to infer the flow regime in the quench
region, provided the test section windows have a minimum of wetting. Therefore, these highly
ranked phenomena can be measured in the RBHT facility.
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Interfacial area is also ranked high for the quench region since it effects the interfacial drag and
interfacial heat transfer. There is no direct measurement of the interfacial area in the
experiments. The void fraction will be measured and the liquid and vapor flowrates will be
calculated from the data such that the phase velocities can be determined from the data. High
speed photography can be used to infer the flow regime and hence the interfacial area. Therefore,
this highly ranked PIRT phenomena can not be measured in the RBHT tests, but can be inferred

from photography.

The local fluid temperature is also a highly ranked PIRT phenomena in the quench region. The
miniature fluid thermocouples which are located at different axial positions in the rod bundle will
measure the liquid temperature. Liquid subcooling, if present, may be difficult to measure since
most of the liquid will be at the saturation temperature for most cases. When the liquid flowrate
is large combined with large liquid subcooling, the subcooled liquid temperature will be more
accurately measured. Therefore, for the cases when subcooling is important, the RBHT facility
can measure this highly ranked PIRT phenomena.

4.3.4 Two-Phase Froth Region for the Core Component (Table 4-9)

The PIRT given in Table 2-4 from Section 2 indicates that several of the phenomena are highly
ranked in this region. The froth region can be described as the region in which a transition is
occurring between the continuous liquid or low void fraction mixture at and below the quench
front; to a continuous vapor region with entrained liquid approximately one foot above the
quench front. The void fraction changes very sharply from typical values of zero to 20 percent
near the quench front to 0.99 or higher at the top of the froth region. The sudden change in the
void fraction is the result of the large steam generation at the quench front as discussed earlier. It
is this steam generation and the resulting film boiling heat transfer in the froth region which
provides the large steam velocity needed to shear and entrain the liquid upward in the rod bundle.
The wall temperatures in the froth region is above the wetting temperature such that the heated
surfaces are in film boiling. The film boiling heat transfer in this region has been shown to
correlate well with the local void fraction. The phenomena which are highly ranked include:

Void fraction/flow regime

Liquid entrainment

Liquid ligaments, drops sizes, number density, interfacial area
Film boiling heat transfer

Decay power
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Table 4-9 Two-Phase Froth (Transition) Region for Core Comporient

Process/Phenomena Ranking RELAPS/MOD3.2 TRAC-B TRAC-P COBRA.TF
Does the model Uncertainty | Does the model |Uncertainty[Does the modeiUncertainty| Does the model |Uncertainty
exist exist exist | exist
Yes, has more
Void fraction/flow Regime H Yes, has Flow Regime Yes, has Flow Yes, has flow detailed flow
logic Regime logic regime logic regime logic
: Force balance on
" Liquid entrainment H Ishii and Mishima Ishii and Ishii and drop, empirical
Mishima Mishima model based on
S ) FLECHT data
Liquid ligaments, drop sizes, H Yes, Single liquid field, Yes, single Yes, single Yes, has
interfacial area, droplet single drop size liquid field, drop liquid field, separate drop
number density size drop size field, can treat
’ two drop sizes
Film Boiling H.T. at low void H Bromley void weighted 25% Modified Modified Bromley void 25%
fraction classical film boiling Bromley, void Bromley weighted
weighted, max correlation :
of pool Film (Denham)
Boiling and
vapor
convection
droplet contact heat transfer H No No No Yes, has Ganic | 100%
and Rohsenow
convective vapor HLT. M Dittus-Boelter 30% Dittus-Boelter 30% Yes, max of Max Dittus- 25%
Doughall- Boelter or
Rohsenow FLECHT-
and Dittus- SEASET'
Boelter




o v

interfacial H.T. Yes Yes Yes Yes, code
code calculates interfacial code calculates code calculates
area and HLT.C. interfacial area calculates interfacial area
depending on flow regime and H.T.C. interfacial using hot wall
depending on area and flow regime and
flow regime BT.C. interfacial heat
‘ depending on transfer
flow regime
Yes, with Yes, with Yes, with
radiation H.T. to liquid/vapor Yes, with modified modified modified Bromley Film
Bromley film boiling Bromley film Bromley film Boiling
boiling boiling
effects of spacers No No No Yes,if 0.9
' considers
convection,
rewetting
droplet breakup
Decay Power Input Input Input Input




The components of film boiling heat trainer include the classical film boiling such as Bromley as
well as drop contact heat transfer, vapor convection heat transfer as well as interfacial heat
transfer and radiation heat transfer.

Void fraction and flow regime are ranked high in the PIRT for this region. Void fraction will be
measured using the finely spaced differential pressure which should be accurate since the void is
lower in this region. The local void can also be measured at a fixed point as the froth region
passes through the location where the X-ray attentuation system is located. If there is significant
vapor superheat, it maybe detected by the miniature thermocouples, however, since the void
fraction is lower in the froth region as compared to the dispersed flow region, it is expected that
the thermocouples will wet and will indicate the saturation temperature. The flow regime in this
region is difficult to quantify, however, high speed photography can be used to indicate the
features of the flow regime. Also examples of the froth flow region exist in the FLECHT and
FLECHT-SEASET high speed movies. Therefore, the RBHT program can obtain the data
needed for these PIRT phenomena.

Liquid entrainment is one of the most highly ranked phenomena in the reflood PIRT since it
directly determines the peak cladding temperature downstream of the froth region. The mass
flowrate of the entrained liquid can be calculated, on an bundle average basis, using the energy
and mass balances described earlier from the exit mass flow measurements, vapor temperatures,
and the heat flux into the fluid. In the RBHT facility, additional effort has been made to design a
closely coupled liquid collection tank such that the delay time from the beginning of entrainment
to the detectible liquid measurement out of the bundle is minimized. Estimates of the liquid
velocity can also be made using a mass and energy balance from the bundie inlet, accounting for
the quench energy and the measured void fraction.

The characteristics of the entrained liquid in the froth region is also a highly ranked PIRT
phenomena. Parameters such as liquid ligaments, drop size, interfacial area, droplet number
density and droplet velocities, are alt highly ranked phenomena which directly effect the resulting
peak clad temperature. The drops sizes and velocities will be measured by the Laser Illuminated
Digital Camera system near the top of the froth region. As the froth region approaches the
measurement point there may be too much liquid for the laser system to properly determine the
sizes and velocities. However, if there is a significant amount of liquid present, the finely spaced
differential pressure cells will provide an accurate measurement of the void fraction as the froth
region passes within the span of the cell. The behavior of the froth region was also measured in
the FLECHT-SEASET experiments.

Film boiling heat transfer will be measured at many locations along the length of the electrical
heater rods in the bundle. The heater rod thermocouples have been placed such that they are
located at or very near the center of a differential pressure span such that the average void
fraction determined from the differential pressure span can be used to correlate the resulting film
boiling heat transfer. The data can be corrected for radiation heat transfer assuming that the
radiation is to a liquid rich two-phase mixture within the froth region.

4-66



Radiation heat transfer can be void fraction weighted and subtracted from the total measured
heater rod heat transfer. Estimates can also be made of the convective heat transfer to the vapor
using the single phase heat transfer correlation which was developed earlier in the program as
well as the wall and vapor temperature. Use of such a correlation assumes that the presence of
the liquid has a small effects on the local velocity and temperature profiles in the steam near the
wall. As the void fraction decreases, this assumption becomes invalid and the correlation will be
suspect. However, for very low void fractions in the froth region, the vapor will be concentrated
at the wall in a traditional inverted flow film boiling situation. The local vapor temperature
measurements may also be very uncertain since the miniature thermocouples can easily wet in the
froth region and will indicate only the saturation temperature, not superheat temperature such that
the true vapor temperature is underestimated resulting in an over-estimate of the convective heat
flux. Care will have to be used in the interpretation of these results.

Another component of the heat transfer in the froth region is direct drop-wall contact heat
transfer. This individual heat transfer component is zero when the surface temperature is above
the minimum film boiling temperature, Ty, and increases as the surface temperature decreases.
Drop contact correlations are usually expressed as a exponential of the surface temperature which
calculates a multiplier which is then applied to a nucleate boiling flux. The drop contact heat
transfer cannot be measured directly in the Rod Bundle Heat Transfer facility because of the
highly turbulent nature of the flow and the advancing quench front along the heater rods. The
contribution of the drop contact heat transfer is accounted for in the film boiling and transition
boiling heat transfer which is calculated from the measured heater rod surface temperatures and
power using the inverse conduction technique, however, the precise portion of the total heat
transfer attributed to drop contact cannot be separated from the total with confidence. If
additional detail is needed on this phenomena, a bench top experiment would be useful such that
only the effect of the drop contact heat transfer is present. The resulting data could then be
correlated into a model.

Vapor convection heat transfer is also an important PIRT phenomena for the froth region. In this
situation, the vapor is generated as a very rapidly growing film along the walls of the heater rods
and then mixes with the large chunks, drops, and ligaments of liquid which are being accelerated
in the froth region. The bundle average vapor flow rate can be calculated from the bundle mass
and energy balance and the bundle average vapor velocity can be calculated from the measured
void fraction. Measurement of the vapor superheat is uncertain.

The measurement scheme is to use miniature bare thermocouples which point into the flow. In
the liquid rich froth region, there is a high probability that the thermocouples will be wetted by
the liquid which is being entrained in the flow. Therefore, the miniature thermocouple probes
will read the saturation or liquid temperature most of the time. For very low void fraction
mixtures within the froth region, one could expect that the vapor superheat would be at or near
the saturation temperature because of the large interfacial heat transfer and the lower mass flow
of the vapor. As the void fraction increases within the froth region, one could expect that the
vapor temperature is between the heater rod surface temperature and the local saturation
temperature such that some vapor superheat exists.
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The vapor superheat data for a given test will be plotted as a function of axial position to
investigate how to extrapolate the data into the froth region. This has been done in the previous
FLECHT-SEASET experiments with some success. Knowing the vapor temperature, and
velocity (from the energy balance and the vapor temperature), the vapor Reynolds number and a
single phase convective heat flux can be calculated. Since this situation is single phase
convection in a two-phase mixture, correlation is developed from droplet injection experiments.
This type of a calculation will give a reasonable estimate of the portion of the total wall heat flux
which is due to convection.

Heat transfer by radiation is also an important phenomena in the froth region because of the large
liquid content of the flow and the increasing heater rod surface temperatures. However, the
percentage of the total heat flux due to radiation should be relatively small since the majority of
the heat is transferred directly by film boiling to the low void fraction mixture. The radiation heat
transfer to the liquid can be estimated for the test conditions using the void fraction and high
speed movies which indicate the behavior of the liquid using the measured surface temperature
and the saturation temperature. Similar calculations can be performed for radiation to the vapor
using the estimated vapor temperature and the heater rod surface temperature. Again, it is
expected that the total effect of radiation heat transfer is small for the froth region since the
absolute value of the film boiling heat transfer is much larger in this region. The radiation
modeling approach has been used in the FLECHT-SEASET program and would be modified for
the RBHT facility.

As liquid is entrained and accelerated in the froth region, both interfacial shear and heat transfer
occur. Models for both of these important processes are crude, at best. The interfacial area and
interfacial shear are not measured directly; however, estimates of the interfacial drag (shear)
times the interfacial area can be made from the data. The local quality can be calculated from a
detailed mass and energy balance on the bundle, particularly in the froth region. The principal
uncertainly in this calculation is the vapor temperature.

Void fraction is also measured such that the average liquid velocity in the rod bundle can be
calculated. Also, by the same calculation, the average vapor velocity in the bundle can be
determined at different axial locations, within and above the froth region. At this point, one
would have to make assumptions which can significantly effect the calculated resuits. If a two-
phase frictional pressure drop modal is assumed, and set equal to the portion of the measured
pressure drop which is believed to be caused by friction, a measure of the product of the
interfacial drag and area can be calculated. Another approach is to review the high speed movies
in the froth region and postulate a liquid surface area and then calculate the resulting drag.

In the case of interfacial heat transfer, the change in the local quality within the froth region will
indicate the product of the interfacial heat transfer coefficient times the interfacial area. The
uncertainly in this calculation is the accuracy of the measured vapor temperature. Heat transfer
should be a two-step process with the wall energy being transferred to the vapor, and the
resulting vapor energy causing evaporation of the entrained liquid. The axial dependence of the
measured vapor temperature will have to extrapolated into the froth region from the dispersed
flow film boiling region, using the miniature thermocouples, to obtain an estimate.
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To separate the heat transfer coefficient from the interfacial area, further assumptions must be
made such as characterizing the liquid surface in the froth region from high speed movies, or
applying an appropriate convective coefficient to the entrained liquid. Both methods are
approximate and have large uncertainties but will be examined. The different models in a
computer code can be compared to the data for void fraction in the froth region, and mass
balance on the froth region to obtain the entrained liquid flow. The energy balance will give the
bundle average liquid and vapor velocities. A computer code should match these measured and
calculated quantities from the data with their particular interfacial models.

4.3.5 Dispersed Flow Film Boiling Region (Table 4-10)

In the dispersed flow film boiling region the total wall-to-fluid heat transfer is calculated by the
codes as the sum of the following contributions:

1) Forced convection to the vapor
2) Radiation heat transfer to both drops and steam
3) Drop direct and dry wall contact heat transfer.

The forced convection heat transfer is calculated with the Dittus-Boelter correlation by knowing
the vapor Reynolds number. The vapor Reynolds number is a function of the vapor velocity, the
void fraction and the vapor temperature. Some dispersed flow experiments have shown that the
interfacial shear between dispersed particles and a continuous phase increases the turbulence
level and enhances the convective heat transfer.

In the COBRA-TF code, this two-phase enhancement factor is approximated by an extension of
the analogy between wall shear stress and heat transfer. From the momentum-heat transfer
analogy, the turbulent convection heat transfer coefficient is proportional to the square root of the
shear stress. The total shear stress for the two-phase is the sum of the vapor-wall shear stress and
the interfacial stress due to the droplets. The ratio between the interfacial shear stress due to the
droplets and the vapor-wall shear stress is a function of the vapor velocity, interfacial area the
droplet velocity and the entrainment phase void fraction. These quantities can be estimated from
the test data such that this effect can be quantified.

The temperature of the vapor is determined by the interfacial heat transfer and the convection
from the wall. Information about the drops velocity and size distribution and the vapor
temperature are also needed to estimate the interfacial heat transfer. Using steady-state droplet
injection experiments, by measuring the shift in the drop size distribution as the droplets move
along the channel, it may be possible to estimate the droplet evaporation rate and therefore the

interfacial heat transfer.

Radiation heat transfer from wall-to-wall, wall-to-vapor, and to drops need to be analytically
estimated and separated from the total heat transfer during test data analysis.
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Table 4-10 A Dispersed Flow Region for Core Component

Process/Phenomena Ranking RELAP5/MOD3.2 TRAC-B TRAC-P COBRA.TF
Does the model |Uncertaintyl Does the model |Uncertainty| Does the model |Uncertainty] Does the model |Uncertainty
Exist exist exist exist
4
Decay Power H Input Input Input Input
Fuel Rod/Heater Rod properties, p, L Input Input Input Input
C,, k
Bromley correlation Modified Bromley 'Yes, modified
Dispersed Flow Film Boiling H for conduction 189 [void weighted single Bromley correlation | Yes, Sum of several
cross the film phase convection (Denham) individual models
Yes, based on Webb-[Not verified| Yes, max of Dittus-
Convection to superheated vapor H Dittus-Boelter 30% (Chen correlation , |for rod Boclter and 15%
pundle FLECHT-SEASET
- Yes, somehow
Dispersed phase enhancement of H No No " - considered in the 100% Yes, empirical | >100%
convective flow [Webb-Chen correlation
correlation
Direct wall contact H.T. L No No Yes, Ganic- >100%
Rohsenow
Dry wall contact @2 M No No No
Yes, code calculates Yes, code calculates Yes, code calculates
Droplet to vapor interfacial heat interfacial area and interfacial area and interfacial area and Yes, Lee Ryley 30%
umgfa apo T.C. depending on| H.T.C. depending on T.C. depending on| ‘Imodel
ow regime flow regime ow regime




ILv

Radiation Heat Transfer to:

Yes, surface

Fuel Clad Swelling/Ballooning

version

Yes, has rod and No -20%
, Surfaces No channe! radiation radiation model
: models
J
© vapor Yes, Sun Gonzales, [s0% [ o Sum. Gonzales, No Yes, Sun Gonzales, |59,
Tien. Tien [Tien
o droplets No
Yes, Sun Gonzales, |50, ¥.°s’ Sun, Gonzales, Yes, Sun Gonzales, |,
Tien 1en Tien
Gap heat transfer FRAP-T6 Yes, code calculates Yes, code calculates Yes, does have 100%
dynamic gap
Cladding Matcrial Input Tnput Tnput Input
hleaction Rate No [Yes, Cathart, Powell [Yes, code calculates Yes, Cathart Powell
model
No No No INot in current




The third component is the most difficult to estimate from the test data. Fortunately this
component rank low-medium in the PIRT. In COBRA-TF, direct wall heat transfer is a function
of the deentrainment rate and the drop evaporation efficiency. The deentrainment rate is a
function of the droplets concentration gradient (the concentration is zero at the wall) which is a
function of the average entrainment fraction. The drop evaporation efficiency is a function of the
wall superheating. The code need information about the entrainment volume fraction, drop
concentration gradient and wall temperature to estimate this component.

When the direct contact heat transfer becomes important (mostly in transition boiling), the
intermittent wetting of the surface should produce localized oscillations in the temperature at the
surface. These oscillations could be capture if the thermocouples response time is fast enough.
The analysis of the oscillation can be an indirect way to estimate this component.

The dispersed flow film boiling region is a region of very low heat transfer located above the
froth front in which the mixture consists of highly superheated steam in which small liquid
droplets are entrained. The peak cladding temperature is calculated in this region and the
temperature remains elevated until the froth region approaches the peak temperature axial
position within the rod bundle. The important PIRT phenomena for this region are given in
Table 2-5 as:
Decay power,
Dispersed flow film boiling, which consists of:
Convective heat transfer to superheated vapor flow,
Dispersed phase enhancement of convective flow and heat transfer,
Radiation heat transfer to drops, vapor and surfaces,
Interfacial heat transfer between drops and superheated vapor,
Interfacial drag between drops and superheated vapor,

Dry wall drop-contact heat transfer.

The decay power will be simulated and measured as a test condition and will be ranged over
typical power values expected in a nuclear power plant.

The measurement methods used in the RBHT have been developed specifically for the dispersed
flow film boiling regime since it is the most limiting region of the reflood process. The Laser
Tluminated Digital Camera System (LIDCS), will be used to measure the drop size and velocity
at different location along the bundle. The actual flow quality will be calculated from the bundle
mass and energy balance such that the bundle average flow rates for the vapor and the liquid can
be obtained. Since the vapor velocity can be calculated (accounting for the vapor superheat), and
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the droplet velocity and quality are known, the local void fraction can be calculated. The local
void fraction can also be estimated from the droplets measurements taken with the LIDCS.
However, the LIDCS measurements can over-estimate the void fraction since the measurement
does not record droplets which are behind the heater rods since the measuring volume is the gap

between the rods.

A separate series of convective heat transfer experiments over a wide range of Reynolds numbers
is planned as one of the first test series, before the actual reflood experiments. These tests will be
analyzed on a subchannel basis using COBRA-IV, VIPRE-II, as well as hand calculations, to
obtain the local subchannel flow for a given measured bundle inlet flowrate. The subchannel
data will be correlated both on a bundle basis as well as a subchannel basis using the bundle or
subchannel Reynolds number and the Nusselt number calculated from the measured wall heat
flux obtained from the heater rod thermocouples. The subchannel vapor thermocouples will be
used to determine the axial vapor superheat distribution. The correlation from these experiments
will be compared to existing convective correlations.

Another series of separate effects experiments will examine the effects of the dispersed entrained
droplets on the convective heat transfer within the rod bundle. There are different postulated
phenomena which could be occurring within the dispersed flow regime. One school of thought is
that the droplets increase the total shear which increases the turbulence level in the flow such that
the single phase convective heat transfer increases. Since the Reynolds are very low in
superheated steam (typically 1000 to 4000), any increase in turbulence could have a significant
effect.

Another thought is that the drop addition acts as a distributed heat sink within the continuous
steam flow and directly effects the vapor temperature resulting in a larger temperature gradient to
the wall. These and other heat transfer enhancement mechanisms will be investigated in these
experiments. The local wall temperature will be measured on the heater rods to obtain the wall
heat flux, the vapor temperature will be measured on a subchannel basis using the traversing
miniature thermocouple probes, and the entrained droplet size, distribution, velocity and velocity
distribution will be measured using the Laser Illuminated Digital Camera System. The droplet
injection system will be previously characterized in a bench test, such that the initial drop size
and distribution will be known. The analysis of the test data will provide a basis for the
development of an improved model for these phenomena. '

Separate experiments are planned to examine the surface-to-surface radiation in an evacuated
bundle. The purpose to verify the data analysis program which will be used to separate the
radiation heat transfer components to the surfaces, drops, and vapor, from the measured total wall
heat flux such that the convective portion of the dispersed flow film boiling can be determined.
Ample heater rod, structure, grid, and housing thermocouples are placed at or very near the same
elevations such that a radial temperature distribution across the bundle can be obtained. These
tests will also indicate the influence of the housing and the radiation to the other surfaces within
the bundle. The emissivity of the surfaces will have already been determined from previous tests



to characterize the surfaces such that the surface condition uncertainty is removed from the
analysis.

Radiation heat transfer components from the wall to the surfaces, drops, and vapor will be
calculated from the data using the measured temperatures of the heater rods, support tubes, and
housing, as well as the measured vapor temperature and the droplet temperature, which is
assumned to be saturation. The uncertainty in this calculation will be reduced because the method
will have been verified using radiation-only tests as well as the surface emissivity properties
which were independently measured for the heater rods and surfaces. The droplet data obtained
from the LIDCS will be used to determine the droplet size and area to determine the radiation
from the heater rods to the drops.

Using a bundle energy balance, the local quality can be calculated along the test section. The
change in the calculated quality due to the interfacial heat transfer can be obtained from the
energy balance once the heat flux from the wall has been corrected for the radiation effects. The
convective portion of the wall heat flux is determined from the measured value minus the
radiation component. Using the energy balance data and the LIDCS data, the size and velocity of
the drops are known and the number of the drops can be estimated such that the interfacial area
and a droplet heat transfer coefficient can be calculated and compared to correlations used in the
literature and those used in the computer codes. A similar approach can be used for the
interfacial drag using the droplet information from the LIDCS and the mass and energy balance
for the bundle. The above calculations from the data will be estimates since there is a droplet
spectrum, not single sized droplets. The spacer grids are also postulated to shatter the entrained
drops resulting in the generation of “micro” droplets which can evaporate faster. Therefore, a
Sauter mean drop size will be calculated from the distribution measure and will be used in the
energy calculations. This approach has been used in the FLECHT-SEASET tests with some
success, although some of the uncertainties were very large.

Dry wall contact can not be directly measured in the RBHT program as a separate heat transfer
contribution to the total wall heat flux. The examination of the wall convective heat flux (once
radiation effects have been subtracted from the measured total heat flux) as a function of void
fraction will give some guidance on the relative importance of this component. There may be
double accounting of the single phase convective enhancement of the convective flow and the
dry wall contact phenomena such that they are really the same since the convective enhancement
should include the effects of the dry wall phenomena.

4.3.6 Top Down Quench in Core Components (Table 4-11)
None of the phenomena identified in Table 2-6 for the top down quench were identified as a
highly ranked PIRT phenomena. The most important phenomena for this period is the value of

Twm which will allow the quench front to propagate down the bundle. Tum appears elsewhere as
a highly ranked phenomena and is discussed there.
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Table 4-11 Top Down Quench in Core Components

Process/Phenomena Ranking RELAPS5/MOQDA3.2 TRAC-B TRAC-P COBRA-TF
Does the model  |Uncertainty| Does the mode! | Uncertainty | Does the model [Uncertaint Does the model [Uncertainty
exist exist : exist y exist ’
De entrainment of film flow L! No No No Yes
Sputtering droplet size and L No ‘No No Yes, min size 100%
velocity specified
fuel rod/heater rod properties for L! Input Input Input Input *
stored energy p, C,, k.
Gas gap
Gap heat Transfer L FRAP-T6 Code Yes, code Calculated by
calculates calculates code

Note: Some of these individual items can be ranked as high (H) within the top down quenching process; however,

downstream of the PCT location.

the entire list is ranked as low for a PWR/BWR since it occurs




4.3.7 Other Effects: Spacer Grids, Housing

The spacer grids affect the total heat transfer during the reflood by:
1) enhancement of convection heat transfer to the vapor

2) large drops are shattered by the grids

3) grid rewetting and deentrainment

Specific models to account of these effects are in COBRA-TF. The information needed by the
code to assess these models are: _

1) temperature of the grid

2) vapor temperature axial distribution (downstream of the grid)

3) the rod temperature axial distribution (downstream of the grid)

4) drop velocity and size distribution

In COBRA-TF an additional small drop field is added explicitly in the equation. The model
solves the small drop acceleration and interfacial heat transfer downstream the grid once the
vapor flow solution is known. Information about the small drop velocity and size distribution at
different position downstream the grid can be used to validate these models.

The presence of the housing which represents a distortion of the facility if compared with the real
plant, must be simulated by the code. Therefore the radiation heat transfer from the rods to the
housing, the heat transfer to the fluid and the quench of the housing (stored heat) need to be
characterized during the experiments.

The RBHT test facility instrumentation has been designed specifically to determine the heat
transfer effects of the spacer grids. The heater rod thermocouples are spaced along the rods to
determine the convective enhancement of the grids, droplet breakup effects and local subchannel
vapor temperature. The grids are located within the viewing regions of the windows such that
the effects of the grids can be observed and measured.

4.4 Conclusions

The different large thermal-hydraulic computer codes have been briefly reviewed and compared
against the reflood PIRT tables. While each code had the basic models for a boiling curve, and
thermal and mechanical non-equilibrium, the COBRA-TF thermal-hydraulic formulation and
additional detailed component models makes this code an attractive choice for refined reflood
development. COBRA-TF can be used on a subchannel basis to model the limiting hot fuel pin in
a rod bundle. COBRA-TF is also a three-field formulation with an explicit entrained liquid field
and a corresponding interfacial area transport equation which permits more accurate modeling of
the entrained liquid phase, which is most important for calculating dispersed flow film boiling.
Using the unique representation of the third field or entrained droplet field results in more
accurate predictions of flow regimes, their transition, and the resulting heat transfer in the
different regimes. There is also believed to be less chance of compensating errors, since one is
not adjusting a two field model to represent the effects of three fields. Specific attention was
given in COBRA-TF to the dispersed flow heat transfer model to account for the different
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component models which represent reflood heat transfer. Fine mesh renodalization for the heated
conductors is used to better represent the quench front. Two-phase convective enhancement is
accounted for in the calculations and a subchannel radiation model is used to more accurately
represent radiation within a rod bundle.

COBRA-TF also models the effects of spacer grids in dispersed two-phase flow in a mechanistic
manner accounting for convective effects of spacer grids, spacer grid quenching behavior and the
droplet breakup caused by spacer grids. In particular, a small-droplet field has been added to
COBRA-TF to model the heat transfer effects of the much smaller drops as they evaporate and
provide additional cooling downstream of the grids.

As shown in the PIRT table comparisons, the formulation of the COBRA-TF code, as developed
as part of the FLECHT-SEASET 163 Blocked Bundle Program, has the desired basic
formulation to develop the improved component models needed for dispersed flow film boiling
in reflood. The Rod Bundle Heat Transfer program will utilize COBRA-TF for modeling
purposes, and predictions and model validation purposes in the development of improved reflood
models.
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5. ROD BUNDLE HEAT TRANSFER PROGRAM OBJECTIVES AND FACILITY
MISSION

5.1 Introduction

Sections 2 and 3 identified the phenomena of interest and the existing database for reflood model
development and validation over the range of conditions of interest. Section 2 also identified the
individual component models and phenomena which a computer code uses to perform
calculations for the complete heat transfer. Section 3 identified those existing data useful for
addressing particular types of phenomena of importance to reflood heat transfer. Section 3 also
provided information on the range of parameters to be selected for the various types of
experiments to be performed in the Rod Bundle Heat transfer Program. Section 4 reviewed the
different reflood heat transfer models in current computer codes and identified the current state-
of-the-art needs for a best-estimate safety analysis computer code. The need for the improved
analysis models becomes the objectives of the Rod Bundle Heat transfer Program. The needs
define the specific mission of the test program as well as the analysis efforts which will
compliment the experiments. The combination of specifically directed experiments and the
corresponding data analysis, development of physically based heat transfer and two-phase flow
models as well as implementation of these models into a best-estimate computer code will
achieve the program objectives.

5.2  Rod Bundle Heat Transfer Program Objectives

The objective of the Rod Bundle Heat transfer Program is to provide needed, unique, separate-
effects rod bundle data on specific component models which comprise the “reflood” heat transfer
phenomena observed in PWR and BWR rod bundle situations for a large-break loss of coolant
accident. The emphasis of the program is to provide specific experimental data and associated
analysis which will enhance the urrderstanding of the dispersed flow film boiling region which is
the limiting heat transfer situation for the LOCA transient. The reflood heat transfer processes
are very complex. The full range of the phenomena identified in a boiling curve occur in the
reflood heat transfer calculation as well as the multi-dimensional conduction heat transfer in the
fuel rod at the quench location. The rod heat transfer is coupled to the two-phase flow behavior
of the coolant such that as the stored energy from the rods is released into the fluid, the local flow
regime can change and continuous liquid flow, at the quench front, can be dispersed first into
slugs and ligaments then sheared into dispersed droplets. The coupling of the rod heat release
drives the liquid entrainment which then provides additional cooling above the quench front.

There are several different thermal-hydraulic phenomena which interact to provide the “reflood
heat transfer” which best-estimate safety analysis computer codes must predict. In the dispersed
flow film boiling regime, no single phenomena dominates. The total heat transfer is comprised
of several different mechanisms as identified in Section 1 of this report. The relative importance
of a particular mechanism will vary as the rod surface temperature increases or decreases, as the
pressure varies, and as the flooding rate into the bundle changes. In dispersed flow film boiling,
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the primary heat transfer mechanism is convective heat transfer to superheated steam. It is
known that the steam heat transfer coefficient can be enhanced by up to 100% due to the
presence of entrained droplets. No suitable models currently exist for this phenomenon.

The combination of single-phase vapor heat transfer tests with the forced droplet injection tests
(where drop size and flow rate are known) will result in the development of the needed model.
What is needed is a series of experiments which help isolate a particular heat transfer mechanism
such that its individual effects can be identified, modeled and used to predict the total heat
transfer in the bundle.

Therefore, the objectives of the Rod Bundle Heat Transfer Program are to:

1.

Develop a Phenomena Identification Ranking Table for reflood heat transfer on a
component model level and estimate the relative importance of each phenomenon
for predicting reflood heat transfer,

Develop a test facility design which has a minimum of distortion to represent
reflood heat transfer in PWR and BWR cores,

Assess the needs of best-estimate computer codes on their modeling approaches
for reflood heat transfer and the component models used in the computer codes

Perform component experiments which isolate individual phenomena which
compromise reflood heat transfer,

Determine the effects of the fuel assembly spacer grids on the dispersed flow film
boiling heat transfer downstream of the grid,

Develop specific component models from these experiments,
Add the component models into a best-estimate computer code and compare to
the forced reflood heat transfer data from this series of expedients as well as other

sets of reflood heat transfer data,

Validate the new proposed component reflood heat transfer models over their
range of application,

Document the results of the experiments and analysis in a form that it can be used
by others.

The majority of the experiments will be separate effects tests which will isolate individual
models. The separate effects tests which are proposed include:



1. Single phase flow pressure drop experiments to characterize the hydraulic
behavior of the facility,

2. Heat loss experiments which characterize the heat losses to the atmosphere which
are needed for modeling the facility and analyzing the test data,

3. Radiation heat transfer experiments in a evacuated bundle to assess the rod-to-
surface, and rod-to rod radiation heat transfer which is needed to subtract out the
radiation contribution from the total measured heat transfer,

4. Single phase steam flow convective heat transfer experiments which cover the
Reynolds number range expected in a rod bundle during reflooding,

5. Single phase steam flow experiments with injected droplets over a range of
conditions to simulate the dispersed two-phase flow region above the quench
front,

6. Forced reflooding experiments over a wide range of conditions typical of a PWR

and BWR rod bundle during reflooding,

7. Forced oscillating flow experiments which characterize the inlet flow into a
reactor system during reflooding.

The proposed experiments will be performed in a building block approach such that the more
complex experiments occur after the more fundamental experiments. In this fashion, additional
information and desired test conditions can be modified as needed to optimize the test matrix of
the forced reflooding tests which are the most difficult tests to perform. The proposed
experiments will provide new unique data as well as supplement existing reflood heat transfer
data but they will focus on the improvements of specific best-estimate thermal-hydraulic models
rather than identifying licensing margin.

To achieve the objectives of the experiments and to capture the important thermal-hydraulic
phenomena which have been identified for reflood heat transfer, several new or novel approaches
are proposed for the bundle instrumentation. The characteristics of the froth region are relatively
unknown. In this region, the flow changes from a liquid continuous flow to a vapor continuous
flow as the rods quench and generate a significant amount of steam. The liquid flow is sheared
by the steam and generates a droplet distribution which is entrained into the upper regions of the
bundle where the peak cladding temperature occurs. The void fraction in the froth region varies
from nearly zero to almost one in the span of approximately one-foot. There are three different
measurement systems which will be used in the Rod Bundle Heat Transfer Program:

1. A soft gamma detector with beryllium windows on the test section will measure

the chordal average void fraction within the rod bundle as the dispersed flow;
froth front and quench pass at selected elevations.
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2. Finely spaced, very sensitive differential pressure cells will measure the local
pressure along the test section and will be corrected for frictional and acceleration
effects to calculate a span average void fraction. It has been demonstrated that
many of the apparent functional dependencies (i.e., mass flux, subcooling, and
distance from the quench front) for this heat transfer regime are primarily due to
the axial profile of the yoid fraction in this region. Currently available data for
this regime in rod bundles is insufficient for model development due to the coarse
spacing (from 1 - 2 feet) used for the delta-P cells used to measure the void
fraction. The RBHT program will redress this data deficiency through the use of
finely spaced delta-P cells (three inch span) and by a local void fraction
measurement provided by a low energy gamma-densitometer.

3. A laser illuminated digital camera will be used to measure the drop size,
distribution, and velocities at the dispersed flow/froth flow boundary such that the
droplet entrainment distribution can be obtained. To correctly calculate the
interfacial heat transfer requires the knowledge of both the entrained droplet flow
rate and droplet diameter. There is very little data of this type available for
quenching rod bundles. The RBHT program will generate the needed database
through the use of advanced instrumentation, specifically through the use of the
Laser Iluminated Digital Camera System (LIDCS).

At several axial locations in the rod bundle, there will also be steam probes to measure the vapor
temperature in the dispersed two-phase mixture or the local fluid temperature for single-phase
tests. The laser illuminated digital camera will also be used in this region to obtain the drop
distribution, size, and velocity. There will also be ample heater rod temperature measurements
along the bundle as well as exit and inlet flow measurements such that the bundle energy and
mass balance can be performed and the total heat flux can be separated into radiation heat
transfer and flow film boiling heat transfer.

Spacer grids which support the rods in the rod bundle will be instrumented as well as the rod
temperatures downstream of the grids and the coolant subchannels downstream of the spacer
grids. There will be laser illuminated digital camera system data taken above and below the
spacer grids to observe and quantify the change in the droplet diameter and velocity distributions
due to the droplet breakup caused by the spacer grids. The heater rod thermocouples and the
vapor temperature measurements will also measure the local heat transfer enhancement caused
by the spacer grids. '

Specific bench-top experiments have been designed to aid in the instrumentation development
for the Rod Bundle Heat Transfer program. These bench top experiments test the laser
illuminated digital system for droplet measurements in an unheated 3x7 bundle and in a 3x3
heated one-third length bundle. The 3x7 experiments verify the performance of the droplet
injector component which will be used in the Rod Bundle Heat Transfer Program. These tests
also confirm the ability of the laser illuminated digital camera system to measure the droplet
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distribution accurately. The 3x3 heated bundle experiments will specifically examine the effects
of spacer grids on the entrained droplet distribution within subchannels. This heated bundle will
also provide comparison data on the thermal-hydraulic effects of different spacer grid designs.
The 3x3 bench test will also be used to determine the flow disturbance effects of miniature
thermocouples which will be used to traverse the rod bundle. A reliable measurement of the
non-equilibrium vapor temperature is desired, but since the method used is intrusive, the
measurement method must be assessed to ensure that the rod bundle flow is not changed by the
measurement technique.

5.3 Conclusions

The objectives of the Rod Bundle Heat Transfer Program have been established to provide the
needed data on the highly ranked PIRT phenomenon for reflood heat transfer. Experiments will
be performed to isolate a specific phenomenon as best as possible so as to permit specific model
development for that phenomenon. The test facility instrumentation has been designed to obtain,
as best as possible, the local fluid conditions within the bundle using new and unique techniques.
In this manner, the local heat transfer can be related to the local fluid conditions such that the
risk of introducing compensating errors into the advanced reflood model package is minimized.

5-5



6. . FIRST TIER SCALING FOR THE ROD BUNDLE HEAT TRANSFER TEST
FACILITY

6.1 Introduction

In order to simulate actual systems (prototype), many experiments are performed at a
reduced size, with different materials and different working fluids. The object of the experiment
is to capture the phenomena which have been determined to be important for understanding the
full size system. Scaling analyses are normally performed for the smaller size models to verify
the performance of the full size system.

Scaled experiments have been used for many years in the areas of fluid mechanics for
airfoil design, hydraulics for ship design as well as water tables for harbor designs and heated
effluent discharges. Scaling fluids have been used in heat transfer studies to simulate high
pressure fluids and other dangerous working fluids to examine critical heat flux behavior and
core melt conditions. More recently, scaling has been used to simulate the thermal-hydraulic
conditions expected in a nuclear reactor for postulated accident conditions. There have been
several different thermal-hydraulic scaling approaches proposed by Larson®" and Ishii‘? for
single and two-phase systems.

A generalized scaling approach has been developed by Zuber®? for thermal-hydraulic
systems in which a two tier scaling approach is given. An important aspect of Zuber’s approach
is that the scaling process can be used to help identify the most important phenomena as well as
the less important phenomena such that when compromises are made, the important phenomena
are correctly simulated. This approach has been refined by Wulff®® who recommended that the
full equation be divided by a “driver term” such that the relative importance of the different terms
could be assessed. Zuber® also extended the methodology by using the maximum ranges to
normalize variables such that correct limits would be represented. The result has been to
translate the scaling analysis into a workable methodology which can be used on any general
thermal-hydraulic system.

The Zuber approach was used for the scaling efforts for the Oregon State University
AP600 small break Loss of Coolant Accident (LOCA) and long term cooling experiments®®.
The combination of the Zuber and Wulff scaling methodologies were used for the other AP600
experiments to assess possible test distortions relative to the full size reactor®”. The combined
Zuber-Wulff scaling approach is the current state-of-the-art methodology for scaling thermal-
hydraulic systems.

This methodology has been used to assess the ability of the Rod Bundle Heat Transfer
Test Facility to capture the phenomena of interest for the reflood phase of a LOCA transient such
that the data can be used with confidence to verify and develop heat transfer and two-phase flow
models for best-estimate thermal-hydraulic computer codes. In addition to verifying that the test
facility can produce the desired data, the two tier scaling process also identifies possible
distortions in the test facility relative to the nuclear reactor core and will provide a numerical
assessment of the importance of the possible distortion.
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6.2  Two Tier Scaling Approach

The two tier scaling approach, as developed by Zuber, consists of “top-down” scaling
which gives a scaling group for each transfer process as derived from the dimensionless control
volume equations for the conservation of mass, momentum, and energy as written for the
thermal-hydraulic system. The scaling groups which result from the normalization of the control
volume equations are time ratios for the different processes which occur in the system. These
groups are called “Pi” parameters. Therefore, top-down scaling or systems approach provides a
method for identifying the important phenomena, derive similarity groups, weighting of the
different groups to establish priorities, and providing a basis for decoupling fast and slow acting
processes which have different time scales. The top-down scaling approach, which is used for
both the experiment and the prototype, or full scale system, can identify the lack of similarity
between the test and the prototype which indicates scaling distortions. Top-down scaling will
also identify those thermal-hydraulic processes which require additional detailed analysis using a
“bottom-up” scaling approach.

The bottom-up scaling approach (or process approach) addresses only those thermal-
hydraulic processes which are identified as being important or can have distortions which could
impact the experiment. Bottom-up scaling will focus on specific Pi terms in the system
equations which govern the particular phenomena of interest. The bottom-up scaling can be used
to characterize the transport terms in the control volume equations (transport of mass,
momentum or energy), establish the relationships for calculating these terms and compare the
scaled experiment to the full size prototype.

This section of the report will discuss the application of the first tier or top-down scaling
for the Rod Bundle Heat Transfer Test Facility, the bottom-up scaling will be discussed in
Section 7.

6.3  Application of the Top-dowr'l Scaling Approach

There are three equations which are examined for the Rod Bundle Heat Transfer test
facility; the fluid energy equation, the solid energy (heater rod, fuel rod) equation and the fluid
momentum equation. Each conservation equation is derived in the fashion as recommended by
Zuber and Wulff, the equations are normalized and the terms are divided by the “driver term”
such that the resulting Pi groups are dimensionless. This approach is applied to both the Rod
Bundle Heat Transfer test facility as well as to a PWR and a BWR fuel assembly to indicate the
possible non-typical effects and distortions in the test facility relative to the actual plant
component.

Since the tests proposed for the Rod Bundle Heat Transfer test facility are separate
effects, the flow at the inlet is forced, or is a prescribed boundary condition. In these situations,
the fluid momentum equation has lesser importance as compared to the fluid energy and solid
energy equations. However, since one of the primary goals of the analysis is to identify test
distortions, the momentum equation will be used to examine the hydraulic behavior of the test
facility relative to PWR and BWR fuel assemblies.
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6.3.1 Fluid Energy Equation

A simplified fluid energy equation is written for the test bundle with the following
assumptions:

. Constant forced flooding rate into the bundle,

. Zero-dimensional analysis. No radial gradients in the fluid. Single and two-
phase regions are treated separately,

d No radial temperature gradient in the structures that interact with the fluid;
averaged solid temperatures are used,

. The analysis represents a snapshot in time with a single phase region, a two phase
region and a quench front on the rods, housing, grids, and dummy (unheated)
rods,

. Once a structure is quenched, there is no longer any energy transfer to or from the

fluid, flow is assumed to be single phase liquid below the quench front.

The “fluid” in the fluid energy equation is assumed to be single phase liquid below the
quench front and superheated vapor, in the two-phase mixture, above the quench front. The real
flow above the quench front is a two-phase dispersed flow mixture. However, the vapor
represents the continuous phase and is the heat sink for the heat transfer above the quench front.
The interfacial heat transfer is also modeled such that the correct vapor temperature would be
calculated.

The single phase liquid (below the quench front) and the single phase vapor (beyond the
quench front) thermally connects the electrical heater rods (or fuel rods), the test section housing
(no housing for a PWR, fuel can for a BWR), the spacer grids used to support the rod bundle and

the dummy rods in the test bundle (control rod guide tube thimbles in a PWR and water rods in a
BWR). With these assumptions, the fluid energy equation becomes:

(1) (2) (3) @ & ©6 O

d d
‘/I‘P EZ(WPAT)W + V2¢ zl';l—(pvev)z Qq,r+ Qq,H+ Qq,g+ Qq,DR"F QDP

- Qloss. H~ Qloss, g8 Qloss, DR — Ql + th - Woho
(8) 9) (100 (1 (12 (13)
Where:
term 1 is the rate of energy change in the single phase region

term 2 is the rate of energy change of the vapor in the two-phase region
term 3 is the energy release to the fluid from the rod quenching
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term 4 is the energy release to the fluid from the housing quenching

term 5 is the energy release to the fluid from the grids quenching

term 6 is the energy release to the fluid from the dummy rods (thimbles) quenching
term 7 is the energy release to the fluid from the rods above and below the quench front
term 8 is the energy loss to the housing

term 9 is the energy loss from the fluid to the spacer grids

term 10 is the energy loss from the fluid to the dummy rods or control rod thimbles
term 11 is the interfacial heat transfer between vapor and droplets

term 12 is the energy flow into the bundle at the inlet

term 13 is the energy flow out of the bundle at the exit.

A listing of the nomenclature used for the equation development is given at the end of this
section.

The quench front represents the dividing line between efficient cooling (nucleate boiling or
forced convection) and poor cooling (film boiling, either in a froth region or dispersed flow film
boiling). An alternate expression for term 6 for the energy transport into the fluid on either side
of the quench front can be used. Below the quench front, the flow will be assumed to be single
phase such that the energy into the fluid is equal to the decay power which is specified for the
test. Above the quench front, the energy into the fluid is transported by film boiling heat transfer
as well as by radiation heat transfer from the heated surfaces to the fluid. Therefore, a more
general expression for the energy transfer above the quench front is given as

Qs = hog, AT~ T,)+ 1y A (T, - T,) 6-2)

Where h,_, . is the convective/film boiling heat transfer coefficient, and hR ” is the radiation
A%

heat transfer coefficient from the heated rod surfaces to the fluid. The reference temperatures for
both transfer processes are the rod wall temperatures (T,) as well as the local fluid vapor (non-
equilibrium) temperature (Ty). Therefore, term 7 becomes:

QDP = QDP|1¢ + [hM,rAr(Y; - 7:»)+ hR,%Ar(Tr - T\:)+ hR,Z,Ad (7: - Y;at)]zq) (6-3)

The heat transfer in the two-phase region can also be written as energy flows (Btu/hr) instead of a
heat transfer coefficient, area and temperature difference as

Opp = Opp, + Qerrs t Or (6-4)

where Q. g Tepresents the convective/film boiling portion of the heat transfer while Qg
represents the radiation portion of the total heat transfer from the rods to the fluid above the

quench front.

6-4



The quench energy release from the heater rods (or the fuel rods), term 3 (Q,. ), canbe
calculated as

dar,

Q,, =PV, " (6-5)
2

where T, is the property weighted average temperature for the heater rod (or the fuel rod ) with
C, VY, and p,, are the rod weighted specific heat, volume, and density respectively. The
temperature-time curve can be estimated from data for heater rod ©® and/or nuclear rod
quenching, “* as well as from more accurate calculations for a heater and nuclear rods using
finite difference methods. Rod quench is assumed to occur when the rod temperature reaches the
minimum film boiling temperature. The effects of property differences between the electrical
heater rod and the nuclear rod cladding, will be considered when determining the minimum film
boiling temperatures used to calculate the rod energy release for electrical heater rods and
Zirconium clad fuel rods.

The test section housing heat release is given in term 4 (Equation 6-6) as

dr,

Q.1 = PuCpuVu " = (6-6)
3

and represents the heat transferred to the coolant when the housing, which is an elevated
temperature, quenches. Ty represents the average housing temperature and Py, ¢,y and Vy,
represent the housing density, specific heat and volume of the housing which is quenching. The
test section housing represents an atypicality or distortion of the test rod bundle relative to a
PWR fuel assembly since there is no housing for the PWR assembly. However, when comparing
the test facility to a BWR fuel assembly, the similarity is improved, since these assemblies have a
channel, similar to a housing. The BWR channel is Zircaloy and not Inconel as used in the
experiment; therefore, there can be differences in the minimum film boiling temperature and the
resulting quench energy released to the coolant.

Term 5 represents the energy release to the coolant from the quenching of the spacer grids, which
are used to position the heater rods or fuel rods, and is given in Equation (6-7) as

dT;:.q '
Qq,g = 'Ogcp,gvg dt, (6-7)

The spacers are constructed from thin metal shim stock, typically 0.010-inches thick and 1-2
inches in height. It is assumed that the grid will quench at once such that its entire stored energy
is released to the coolant. There can be material differences between the test grids, which will be
made of Inconel or Stainless steel and the current generation PWR spacers which use Zircaloy.
The difference in materials can lead to different minimum film boiling temperatures which in
turn affects the energy release. For the experiment, the spacers, cladding surface, housing, and
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the dead rods are all made of Inconel, therefore, they all have the same value of T,,. Fora PWR
or BWR fuel assembly, the cladding and the spacer grids are made of Zircaloy and a T ;, value
for this material is used.

Term 6 (Equation 6-8) represents the quenching of the unheated support or dummy rods in the
bundle. There are four (4) such rods used to represent the presence of guide tube thimbles in the
test rod bundle and to allow in bundle instrumentation to be brought out with the minimum flow

interference. The dummy rod quench energy is given as

dTe ,

O, pr = PprC), prV pr ds (6-8)
5

Term 7 represents the energy added to the fluid below and above the quench front, as given
earlier in Equation 6-3.

Term 8 represents the heat loss from the fluid to the environment through the housing. This term
will be most important above the quench front where the fluid, rod and housing temperatures are
higher. The heat loss from the fluid to the housing is given as

Qo = agAn(T, = Ty )t By Ay(T,~ T )+ ey, AT - T, (6:9)

where the first term is the convective/film boiling term while the second term represents the
radiation from the superheated vapor to the housing structure and the third term represents the
radiation heat transfer from the hot housing to the entrained liquid drops. Both the convective
and the radiation terms will operate on the same housing heat transfer area. The expressions for
the heat transfer to the housing from the fluid can also be expressed in terms of heat flows
(Btu/hr) as

Qloss,H = Q2¢,C.H t QR,H (6-10)

Where Qg  is the sum of the two radiation components.

In a similar fashion, term 9 models the fluid energy losses to the spacer grids and is given as

Qs = ogg A (T~ T, ) by y AT - T, )4 1 AT, - T, 6-1)

where the fluid will transfer heat by convection/film boiling and radlatlon heat transfer. This
equation can also be written as heat flows as

Qloss.g = Q2¢,c,g + QR,g (6-12)
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Where Qg , is the sum of the two radiation heat transfer terms.

It should be noted that equation 6-11 is only relevant above the quench front where the vapor is
significantly superheated relative to the spacer grids. The differences between the reactor and the
test facility will be the geometry and materials used for the spacers. Once the spacers are
quenched, there is no longer any significant heat transfer to or from the spacers and the fluid.

In a similar manner, term 10 models the fluid energy loss to the dummy rods or the control rod
guide tubes for the reactor case and is given as

Qioss.or = h2¢.DRADR(7:r - TDR) T hR,yDRADR(]; - TDR)+ hR,D%Ad(TDR - Tsat) (6-13)

The heat transfer from the fluid to these structures is by convection/film boiling and radiation.
This only occurs above the quench front where the vapor is superheated and saturated entrained
droplets exist. Once the dead rods or thimbles are quenched, there is no longer any energy
transfer between these structures and the fluid.

Since the fluid energy equation is written for superheated vapor, and there are entrained droplets
present, the two-phase flow above the quench front is not in thermal equilibrium. There is heat
transfer between the superheated vapor and the entrained droplets, which are at the saturation
temperature. The heat transfer occurs by two paths. The first is convection heat transfer in
which the droplet Reynolds and Nusselt numbers depend upon the drop size and the relative
velocities of the drops and vapor. The second is radiation heat transfer from vapor to droplets as
they are swept along in the test section. Both terms contribute to the total interfacial heat transfer
between the continuous vapor phase and the discontinuous entrained droplet phase. The
interfacial heat transfer will result in generation of additional saturated steam which mixes with
the superheated steam and results in increased steam flow at a lower temperature. The droplet
evaporation improves the steam as a heat sink for the heater or fuel rods.

The expression for the interfacial heat transfer becomes:

Q= hIAd(Tr - T

sat

)+ hR,%,Ad(T, -T,) (6-14)

Substituting Equations 6-3 to 6-14 into Equation 6-1 gives the fluid energy equation which
considers all sources of heat gain and heat loss for the fluid in the test section.

6-7



v —d—( AT) +V. 2 (pe,) = o, v, s v, Za
19 dll pcp 19 2¢ dtl pve, —prcp,r r dt2 pHCp,H H d[3

dT, dT,
+0,¢, .V, _C'i;j—'*' PorCp.08V DR dzDSR +
{QDP‘W + l:h'zwAr(Tr - Tv)+ hR%Ar(Tr - YL)*' hR,%Ad<7; - Tsat)]}

(6-15)

—[h’lq).HAH(T; - TH)+ hR,yHAH(Y:z B TH)+ hR,%Ad(TH - Tmt):|

—_hw,gAg(Tv - 7;)+ hR’/Ag(Tv - Tg)+ hRy%Ad(YL - T;at):!

v
g

- -h2¢,DRADR(7:z - TDR) + hR,VDRADR(T; - TDR) t hR,D%Ad (TDR - T;at):l

s AT, - T, )+ hR%Ad(TV ~T, )+ Wh~W,h,

sat sat

The same generalized equation can be used to represent the fluid energy in a PWR or BWR fuel
assembly. The differences will be due to the geometry, materials and possible temperature limits.
The boundary conditions of flow, pressure and power are the same and can be modeled in the
experiments. There are also different components in the fluid energy equation as noted above.
There is no housing for a PWR assembly, therefore, these terms represent a distortion of the fluid
energy equation relative to a PWR assembly. There is more similarity between a BWR fuel
assembly and the test facility since both have a channel surrounding the heater rods.

The next step in the Zuber-Wulff scaling process is to non-dimensionlize the equation to
determine the different Pi groups which represent the different transfer processes in either the test
facility or in a PWR or BWR fuel assembly. A listing of the parameters used to normalize each
term in Equation 6-15 is given in Table 6-1. The initial conditions and boundary conditions are
used for the normalization. Ranges are selected such that they address the variability of the
different parameters. The initial conditions and their definitions are given in Table 6-2.
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Table 6-2
List of Initial Conditions and Assumptions
Normalization for fluid and rod properties was done on the inlet conditions for the fluid,
and the initial conditions for the rod.
The flows were initialized on the inlet flow, W;
Time constants for structures were defined in the text of the report.

The temperature for a component is normalized by the expected maximum temperature
variation for the component, such as

where T, is the centerline temperature and T, is the saturation temperature.
The lengths were normalized on the full length of the bundle.
Pressure drop was normalized on the velocity head of the fluid.

The fluid momentum equation was normalized on the static head for the bundle.

.
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The total volume is the sum of the single phase and two phase volumes. Thus,

Vit Vo = V; (6-16)

The time scale for the temporal terms is assumed to be the same for single phase and two-phase
flow. That is, the time constant is defined in terms of the inlet flow rate and the total fluid
volume as
pVs
T, = 6-17
1 W (6-17)

T, is used to normalize the time rate of change terms on the lefthand side of Equation 6-15.

Separate time constants are used to model the quenching of the heater rods, spacer grids and the
housing. During the quenching, the convection heat transfer coefficient is about 5.6782 kW/m’K
(1000 Btu/hr-ft*>-F). The Biot number is of the order of unity for all the heat structures with the
exception of the spacer grids which has a Biot number much lower than 1.0. Therefore, in
general, the conductivity across the heat structures cannot be neglected. For each structure the
heat removal is characterized by a time constant:

heaterrods 7,
housing 7

grids 4

dummy rods 7

The quench energy terms are normalized as follows:

+
*

V dY:'q pr,icp,r,in,i(Tmin,r_ 7;a!) * K V* dT;q 6 18
Qq,r - prcp r dtz - 7, prcp,r r dt’z" ( - )

*

dTH,q _ pH,iCp.H,iVH,i(Tmin,H - Tsaz) . * * dTH,q

Qq.H = pHcp.HVH dt, = z, pHCp.HVH dt; | (6-19)
ar.  p.c, V. .(T. -T.) dT,
— V 8.q — g D8t 8. min, g sat * % V* g;q _
Q¢ = PeCo,VY, i, . PeC,he g—dt4 (6-20)

*

AT, pDR,iCp,DR,iVDR,i(Tmin—Tsat) - . dTDR,q

= C. eV = Vorp — (6-21
Q. or = PprCo.0rY DR dt, . PprCp.prY DR ] ( )
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The temporal term representing the rate of change of energy storage within the control volume,
" term 2, becomes

Vao dt, (Pvev) Vas dr, (PvC AT) (6-22)
where
e, = cpATv (6-23)
and
AT, =T -1, (6-24)

Operating on each term in Equation 6-15 using the normalizing parameters from Table 6-1 and
ranges from Table 6-2 gives:

VVipv saticp sati(Tmaxv - 7';at) * d * % *
———— : V, —= AT )=
pi 2 dtl (pvcpv v )

* d * ok *
Wie, (T, = TV g (P GAT )y

*

prt prtV ( minr sat)p*c* V* dTr,q + sz leVHl( min, Y;at)p*c* V* dTH,q
Tz reprr dt; 2.3 H pH" H dt;

*

pgl D8 gl( rmng sat) * ok *dTg,q
T gcp.gvg dt* +
4 4

*
pDR,icp,DR,iVDR,i(Tmn_Tsaz) SR T dTDR,q
prCp, R x

7. P-DREDR -y,

{00035+ [, 4, (T, - T oo AT - )4 29

i Aeil T = T i AT =T ) by Ay (T, = Ty, AT - Tm,)]}
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{[hsAH,i(Tmax,H - Y;at)h;;t,HA;I (7:1* - TI;)] + |:hR’%1,iAH,i(Tmax,H sat) R / (T* TI:)} +

-T

P Tm,)ﬂ {[hA Ty - . m,)h;;,gA;‘(f;*—T;)]

(L

b A2 07T 1, A il 2

+

—{[hsADR,i(me.DR =T, )h’z*o,DRA;R(T:; - TI;R )]+ I:hR_%)R"-ADR.i(Tmax.DR sal) R.YpR DR(Y::* - TD*R )} t

*

l: R.DR/ i ( max, DR - T, )h;,D%A;(TDR - Y;Zt )H + [hl,iAd.i(Tmax,v - ﬂa,)h;A (T T;at )]

sat sat

+[hR%JAdJ.(Tm'V - T, )i 4;4 (- T )]+ Wy - )W R - W, (1, - B WK

If we now divide all terms in Equation 6-25 by the “driver term” as first proposed by Wulff, one
can obtain the normalized Pi time constants which represent the heat transfer processes in the rod

bundle during reflood. The driver term selected is the initial decay power, O, , Which is a test

boundary condition. Therefore, each heat transfer process will be evaluated relative the initial
bundle decay power. The resulting normalized Pi groups become:

We, (Tm, 7;) _ 1¢ fluid sensible energy / time
Opep B Initial decay power

I, = (6-26)

6-13



a W;.p v,sat,icp,v,sat,i (Tmax B Tsat) _ Vapor sensible energy / time 6.27)
2 0.0 Initial decay power
Pri0riVrai Tnaxrg = L) _ Rod quench energy / time 628)
30 7, Opp ~ Initial decay power
I Pr.i€p.1Vit0:Toinpig ~ T)  Housing quench energy / time 6:29)
47 7, Opp - Initial decay power
I Pei€p.siVe.qiTming.q ~ L) _ Grid quench energy / time 630)
5T 7, Opp, ~ [Initial decay power
PoriCo.oriVorai Tninorg ~ L)  Dead rod quench energy / time
M, = = = . = (6-31)
6~ Ts Opp Initial decay power
9
= 2orhs (6-32)
Qpr,
I h A, ; (Tmax,r - me) _ Convective heat rate from rods to mixture vapor
8= Opr - Initial decay power
I, hy o ( max,r Tv) _ Radiation heat rate from rods to vapor
Opr - Initial decay power
h r iAd,i Tmaxr_rca 1at1
m,, = R ( t) _ Radiation heat rate from rod to drops 6-35)

6-14

Initial decay power

(6-33)

(6-34)



I hyAp (Tmax.H - Tsar) _ Convective heat rate from mixture to housing (6-36)
e Opr - Initial decay power
m, = hR.%_I,i Ap »i(TmaX»H - TV) _ Radiative heat rate from vapor to housing 6-37)

Initial decay power

hR,%,i Agi (Tmaxﬂ - Tsaf) _ Radiation heat rate from housing to drops 6-38)

Il); = —
b Oor Initial decay power
—_— hsAg,i(Tmax.g - Tsaz) _ Convective heat rate from vapor to grids (6-39)
o Opr : Initial decay power
Ry v/ Agi(Toaxs =) - .
- R i & 8 _ Radiation heat rate from vapor to grids (6-40)
B Opr Initial decay power
_— Pogy i (Toscs =~ Toar) _ Radiation heat rate from grids to drops (6-41)
o Ope B Initial decay power
0. - hsADR,i(Tmax.DR - Tsar) _ Convective heat rate from vapor to dead rod (6-42)
7 Opr Initial decay power
- hpy LR Apri (Tmax.DR - Tv) Radiation heat rate from vapor to dead rods (6-43)
18~ = -

Opr, B Initial decay power
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_ hR,DIyd,i Ad,i(Tmax,DR - 71«11) _ Radiation heat rate from dead rods to drops (6-44)
P Opr Initial decay power

4y (Trnar = Toar) _ Interfacial heat transfer rate

= = = 6-45
20 Opr, Initial decay power (6-4)
- hR,V = Ay (Tmax,v - Tvar) _ Radiation heat rate from vapor to drops (6.46)
2 Opr - Initial decay power )
Wik, -h) Wc |T,-T
ong Opp, '
T = W, (hs _hg) _ Exit mixture energy / time (6-48)
» Opr, Initial decay power
Therefore Equation 6-25 becomes '
d d dr;,
Vi ar (pcAT)1 +11,V,, (pvc AT )=, s
ar, ar; *
$0, — L4 T —E 4 T — 2+ 1+ 11 T -T
4 dt3 5 dt4 6 dts 8h'l¢ r "( )
+11 9h;%A:(7;* - 7:/*) +1I mh;yA (T Tmr) llh’:qb.H A;I(Yl* - T;:) (6-49)

-1 12h;%1A;1(7;* - T, ) I 13h / (T Tm,) 14h2*¢,gA;(7:/* - 7;)
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-1 15h;'%gA;(7;* - 7:)_ II 16h;,%A (T T;at) 17hz¢ prA DR(T TDR)

*

-1 1sh,:,yDRA;)R(7;* - TI;R)— I IQh;’D%A;(TDR - 7;:1:)*' II 2oh;A (T T, )

sat

+11 21h;,%jA (T Y;at) I 1W; hi -1I 23vvo ho

These Pi groups can be numerically calculated using the assumptions given in Table 6-2 for the
heat transfer coefficients, heat flows and material properties. The results of the different Pi group
calculations will be given in Section 6.4 of this report.

Tables 6-3 and 6-4 summarize and compare the expected values of the fluid energy equation Pi
groups of the RBHT test facility with those of a PWR and BWR respectively. Since the rod
bundle geometry models a PWR assembly, it is expected that most of the Pi groups are
preserved. However, since there is no housing in a PWR assembly, to ensure similarity, the Pi
groups which represent the heat transfer processes associated with the housing should be small.
Since the test facility has a housing similar to a BWR channel, the same Pi groups derived for the
RBHT test facility are present for a BWR fuel assembly. Their magnitudes are expected to be
slightly different because of differences in material properties.
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Table 6-3

PWR Comparisons
m, =1, Should be similar since geometry is approximately correct and flows,
' ¥ | powers are typical
In, =0, Similar to I, above, geometry is exact but power and flows are typical
t PWR )
n, =1, not clear due to rod size and properties - need to check
t PWR
nm, #0, Distortion, as there is no housing in PWR.
t PWR
1 s =1l not clear how similar due to different materials and thicknesses (grids)
t PWR
n, =1 not clear how similar due to different materials and thicknesses (dead or
' P | water rods)
M. = controllable boundary conditions
7: 7PWR
. ? should be similar but geometry differences exist
81 - 8PWR
? should be similar but geometry differences exist
Ty, =11,
! PWR
9 should be similar but geometry differences exist
H 10, = 10pwg
Im,, # m, Distortion, as there is no housing in PWR.
PWR
.. # Distortion, as there is no housing in PWR.
12 12 e
n,, # 1, Distortion, as there is no housing in PWR.
t PWR
? some differences due to grid designs, materials
M, =1y,
t PWR
? some differences due to grid designs, materials
M =I5
t PWR
? some differences due to grid designs, materials
n 16, = 16 g
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Table 6-3

PWR Comparisons
? different materials, geometries, number - need to check
ITy; 17
t PWR
? different materials, geometries, number - need to check
T =11
[ PWR
? different materials, geometries, number - need to check
Ty =1l
' PWR
M, =II W Should be similar, as it is related to drops only and not materials,
' dimensions etc.
I, =1, Lo Should be similar, as it is related to drops only and not materials,
' dimensions etc.
n,, = 2 should be similar, but not exact due to geometry differences.
t

Note: some of the parameters, Pi groups, can be made closer by adjusting the fluid conditions.
Other Pi groups reflect the materials and geometry differences between the PWR and BWR
assemblies so the simulation will only be approximate for a BWR.
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Table 6-4

BWR Comparisons
. =11 Should be similar since geometry is approximately correct (not sized for
I, = Lgwe .
BWR) and flows, powers are typical
n, =1, Similar to I, above, geometry is exact but power and flows are typical
t BWR
n, =11, not clear due to rod size and properties - need to check
[3 BWR
n, =1, not clear how similar due to different materials and thicknesses (housing)
! BWR
II s =11 not clear how similar due to different materials and thicknesses (grids)
t BWR
1 6 =g not clear how similar due to different materials and thicknesses (dead or
' B 1 water rods)
I, = controllable boundary conditions
71 7BWR
should be similar but geometry differences exist
Iy =14
] BWR
I ? should be similar but geometry differences exist
91 - 9BWR
-2 should be similar but geometry differences exist
My, =1
t BWR
should be similar but housing thickness, material are different
I 11, 1 pug
? should be similar but housing thickness, material are different
M, =1,
t BWR
M, =M, should be similar but housing thickness, material are different
T BWR
? some differences due to grid designs, materials
T, =11,
r BWR
1, s some differences due to grid designs, materials
t BWR
? some differences due to grid designs, materials
T =11
t BWR
I ? different materials, geometries, number - need to check
17, = M 1750
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Table 6-4

BWR Comparisons
? different materials, geometries, number - need to check
My, =114
t BWR
? different materials, geometries, number - need to check
19, =4
t BWR
I, =II W Should be similar, as it is related to drops only and not materials,
' dimensions etc
Should be similar, as it is related to drops only and not materials,
II 21, = I 21,4, | dimensions etc
.. = should be similar, but not exact due to geometry differences.
23, 23wr g Ty

Note: some of the parameters, Pi groups, can be made closer by adjusting the fluid conditions.
Other Pi groups reflect the materials and geometry differences between the PWR and BWR
assemblies so the simulation will only be approximate for a BWR.
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6.3.2 Heater Rod (Fuel Rod) Energy Equation Scaling

Equation 6-1 accounts for the energy release from the rods to the fluid and for some of
the test distortions relative to a nuclear fuel assembly. The following analysis examines the
behavior of the heater rod and a nuclear rod to determine the similarities and differences in their
response to a reflood transient at or near the time that the peak cladding temperature would be
calculated. In this situation, the quench front would be approximately 2 or 3 feet below the peak
temperature location such that there would be no axial conduction effects and one-dimensional
radial heat transfer is sufficient. The analysis will also consider the effects of the housing on the

rod thermal response.

Two heat transfer equations are developed for the rods; an equation which describes the
transient fuel, or boron nitride (BN) and heating coil power generating region; and an equation
for the cladding which reflects the rod interactions with the flow field, housing and other
surfaces. The assumptions for the equation development include:

o Analysis at one axial position in the bundle,

. No axial conduction, that is, far from the quench front

. Selected location on the rod is in dispersed flow film boiling, and the
temperatures of the rod exceed T .,

. A gap heat transfer coefficient couples the fuel pellet or boron nitride and heating
coil, to the cladding,

. Heat generation is either in the fuel pellet region or in the boron nitride and heater
coil region (BN).

The radial conduction equation can be written for the fuel or BN region as:

31" 1 a’ ﬂ Y
Prénsls 'a%‘??("f ’7:")"1‘ =0 Vs ~hogp (T~ T3) (6-50)

where Q7' is the volumetric heat generation for the fuel or BN region.

A similar radial conduction equation can be written for the cladding as

c V-”l@i(krﬂc)v—h A(T-T,)-hrA(T,-T)
pcp,ccat ra’, cO')r ¢~ "lgap i\ s ci ¢ c\“co v

(from pellet) (convective)
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_hR,ZAR,S(’ILO - Ts) - hR,%,AR.H(Tco - -TH) - hR,h%rAR’h%r(T;o.hr - Tco,cr)

(surface radiation) (housing radiation) (hot rod to cold rod radiation)

(6-51)

_hlwAlw(T;o - Tsat ) - hR,Z,AR,d (7:'0 - Tsat ) - hR,%AR,v(T;‘o - T\:)
(liquid contact HT) (radiation to drops) (radiation to vapor)

where the heat losses to the fluid, direct contact heat transfer, and the radiation heat transfer to
the different components in the flow and bundle are indicated. This formulation allows rod-to-
housing and rod to cold rod radiation heat transfer to occur. The heat transfer from the pellet or
BN and heating coil to the cladding is given as

q= hoyA(L- T.) (6-52)

Since the region of interest for the rod is assumed to be in dispersed flow film boiling, the local
void fraction is greater than 90% such that there is allowable radiation heat transfer between the
different components in the bundle. In this situation, the region of interest is also far from the
quench front. '

The parameters for the normalization of Equations 6-50 and 6-51 are given on Table 6-5 and are
similar to those used for the normalization of Equation 6-1. The individual temperature
difference for that component temperature drop, as shown in Table 6-5. In this fashion, the
relative temperature differences are preserved. The time constant T; is the fuel pellet and or BN
region time constant. !

Using the definitions from Table 6-5 and substituting into Equation 6-50 gives

pf,icp.f.ivﬁ(Tf.CL - Ts) .. aT;
7 pfcp,fvf o

Rokfvi (Y}’CL_ T;)V i__a_ k* *ﬁ V* S 4 14 //r*V*
R? R RN AR A QiViQr Vs

*

N (6-53)

“hy AT - TR, A (T - T,)
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Table 6-5

Normalization Parameters for Rod Energy Equation

* Al * CP.C * cpvf
— _, C - y C =
AZ A‘tt P Cp,c,i P Cp,f,i
h
h* — hc h* - hgap h* - R’h%r
° h, 5 Ry R Py
.k - O .
kf = _fa Qf = __'{_9 r = _r—
kfl Qf,i Rf
« 1 .
t = —, (For clad) t =— (For fuel)
7. Tf
* _ 7:; T* - 7}
¢ ’ f
(Tci - Tco) (Tf,CL - Ts)
* V * Vf
VC = —£ R Vf = —
Vc,i [
* pc * pf
ol =5, p; = ——
pc i d pf o
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Equation 6-50 can be normalized by dividing each term in the equation by the “driver” term as
recommended by Wulff. For this situation, the driver term is the initial power which is given as

Vﬁ Q, . Performing the division results in the different Pi groups for the pellet or BN region of

the fuel or heater rod. The Pi groups are:

. - Pf,icp,f,i(Tf,a - Ts) ___ Stored energy / time
% 7,0 Initial heat generation rate

1

kg ,i(Tf,CL - Ts) _ Clad heat conduction rate
» R2Q] Initial heat generation rate

I, is identically unity since this was the driver term which was used to normalize the other Pi
values. The normalization of the h,,, term yields a Pi group which is identical to IT,.

3 PgapiAii( Ty = T,;) _ Heat transfer rate from pellet to clad

I1 = :
2 o Vi - Heat generation rate

The parameters used to normalize the clad conduction equation are also given in Table 6-5
where T, is the cladding time constant. Normalizing Equation 6-51 gives
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by AT - T AT -T,) - AT, - T W A(T,-T.)

*
* *
-h A (T -T )h A (T -T )
R,”Vcr,i R,h%,.,i cohr co,cr R’h%r R’h%r co,hr co.cr

—hy A (T, - T o A (T - T )

w,i sat

_hR,%i,iAR,%,ii(vaCL S‘") R4 R/d(T Tsaf)*

hR,%,i /(fCL sat)h A/(T T)

ey eaa( T~ T (T = T) = by AT, = Tty 42(To - T,) 659

Equation 6-58 for the cladding can also be further normalized by dividing the coefficients by the
driving term which is the rod initial heat generation rate. After this operation, the different Pi

groups become:

PriCpci cz(T - Tc,,) _ Clad stored energy / time
7,0, V ~ Heat generation rate

n27
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1 kei(T; —T,)Vei _ Clad conduction heat rate

%" g2 Q" Vg Heat generation rate

0

hgapi 4:(T; — T;) _ Heat transfer rate from pellet to clad

Q" Vg Heat generation rate

_ kAT, -T,) Convective HT rate
0= o Vg Heat generation rate

. - hR.% ARy AT~ T) _ Radiation HT rate to surfaces in bundle
3 o'V, Heat generation rate

h i R /H,(T TH) _ Radiation HT rate to housing

32 = Q" V - Heat generation rate

(6-60)

(6-61)

(6-62)

(6-63)

(6-64)

hR,'% RAT/ Lo = Tooer) _ Radiation HT rate from hot rods to cold rods

= - ,
> o'V, Heat generation rate
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by Aw (T, - T)  Liquid contact HT rate

Il,, = - 6-66
H o Vy Heat generation rate (6-66)
.. - hR,Zl.,i Ap s d,i(TCO ~Tou) _ Radiation HT rate to entrained drops (6-67)
3 Qo Vv, Heat generation rate
_ hR,%,i AR.% .i(TCO -T,) _ Radiation HT rate to vapor (6-68)
% Q" v, Heat generation rate

One can replace the radiation heat transfer representation by a more complex model which will
include the material dependent emissivity. The radiation heat transfer equations can also be
replaced with a calculation of the heat flow by this path within the bundle. This will be presented
in Section 7.

The Pi groups presented in Equations 6-54 to 6-57 and 6-59 to 6-68, are valid for either a nuclear
rod or a heater rod in a test bundle, though differences exist due to the difference in materials
between the fuel rods and the electrical heater rods. Also, there is an additional term, H32, which
represents the radiation from the hot rods to the test facility housing. There is no housing in a
PWR fuel assembly. This is a distortion in the test facility relative to an infinitely sized PWR
fuel assembly and will be addressed in Section 7 of this report. The housing effect must also be
addressed in the analysis of the test data. Also, computer simulations of the test will require a
structure model for the housing since the wall will communicate directly with the fluid and both
directly and indirectly by radiation heat transfer with the heater rods in the interior of the bundle.
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6.3.3 Momentum Equation Scaling for the Rod Bundle Heat Transfer Test Facility

The generalized one-dimensional integral form of the momentum equation is given by
Shames®'" and Wulff ¢ and is written for the entire test bundle as:

E—Pe=giJ€deZ 1 1(“@2_1%2) _ifpdz

__—_—+__
it A g |A\p P

2

‘ kW
+ —f_z_ J W|Wldz + —"5>— (6-69)
2D,pA"g. PQA2g,

where the terms on the right hand side represent the

inertia effects of the fluid in the volume,

momentum flux of the fluid into and out of the volume,
gravitational forces,

frictional effects,

form losses within the volume.

The nomenclature is given at the end of this section for these equations. The momentum
equation can be written for the complete bundle from the inlet to the exit. The flow in the bundle
is single phase for some length and two-phase over the remaining length. The inlet is assumed to
be single phase while the exit has a dispersed two-phase mixture. The saturation point is
assumed to be at same location within the bundle as the quench front. Assuming that the
saturation point is at the quench front is a reasonable simplification since for most reflood
situations with low flooding rates (typically 0.0254 m/s, 1 inch/second). The flow up to the
quench front is assumed to be single phase while the flow downstream of the quench front is
assumed to be in two-phase film boiling regime. Thus, the total bundle length can be split intc a
single phase region (from z; to z,) and a two-phase region (from z, to z,).

It is also assumed that the mass flow rate is only time dependent, and does not vary across
the bundle cross section or along the length (this is approximately true for low flooding rate
situations of interest in which the exit flows nearly equal the inlet flows). For constant low
flooding rate situations, a nearly constant flow process occurs. Most of the flow which is
injected into the bundle becomes entrained and flows out of the bundle as a steam/droplet
mixture. Figure 6-1 shows the mass balance on FLECHT-SEASET test 31504, a 0.0254 m/s, 1-
inch/sec, 40 psia, constant flooding rate test. Curve 1 represents the integrated injection, while
curves 3 and 4 represent the integrated exit vapor and liquid flows respectively. The mass
storage in the bundle is shown as curve 5 and is nearly horizontal indicating that only a portion of
the injected water is stored in the bundle, while the remainder exits the bundle.
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If one examines the data at the very beginning of the test; this quasi-steady situation is not true
and the rate of mass accumulation nearly equals the injection rate. However, once the quench
front becomes developed, as seen in Figure 6-1, the flows are quasi-steady.

Operating on the inertia term gives

_l_Jdez LW i, dW(L,) 1 670)

where L is the total length of the bundle.

Operating on the momentum flux term gives
1 1 {(wP) (W 1w 1 1
- s =5l —-— (6-71)
g AT\ P. p; 8 A Pn P

where the difference in the momentum flux is due to the density difference from the bundle inlet
and exit. The density at the bundle exit is a mixture density (P, = P, that reflects the two-phase
flow behavior in the bundle during reflooding. This term is also called the acceleration pressure
drop in two-phase flow.

The gravity term is integrated along the length of the bundle and represents the single and two-
phase flow contributions to the total head in the bundle, therefore,

3

g g, — &
=\ pdz=—L,p,+— p,.az (6-72)
8 j g P, I

C 1

where the single phase portion of the gravitational pressure drop uses an averaged fluid density
from the subcooled inlet to the saturation density for the liquid, and the two-phase region uses a
mixture density.

The gravity term can be expanded in the two-phase region by representing the mixture density as:

p.. = ap, + (1- @) p; (6-73)

Inserting Equation 6-73 into Equation 6-72, and using an average void fraction in the two-phase
region gives
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f—]pdzz -;LLME,+ gi[pva+(1—5)pf]l,2¢ (6-74)

c i c

The frictional terms and the form pressure loss terms can be combined for both the single phase
flow region as well as the two-phase flow region assuming that the mass flow is vertically
upward in the test section (the absolute sign disappears). Operating on the single phase frictional
term gives

Zsar W2
_—L—z_Wz sz - _fZW_Z-
2D.p, A%, 2D.g. A

4

(6-75)

and for the two-phase frictional pressure drop, one obtains,

Z, ¢_20 ﬂ}z W2
L [wwiac- 2"
Depé’A ch DepfA ch

z.\'ﬂl

(6-76)

where

o= [02dz (6-77)

z.\‘ﬂ!

is the average two-phase flow multiplier over the two-phase flow region.

A similar approach can be used for the single and two-phase form losses in the bundle. The form
losses represent the spacer grids within the bundle structure. Since the quench front is assumed
to be at some intermediate position, there are a certain number of spacer grids which are in the
single phase region and the remaining grids are in the two-phase region. There are typically eight
(8) grids in the rod bundle. The total form loss is given as :

2 2 2
KTW2 _ nK,¢,W ¢fo mKwW 6-78)

= +
ZpZAz'gC 2peA2gC 2peA28c

where ‘n’ and ‘m’ are the number of grids in the single-phase and two-phase region respectively.
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The frictional and form losses can be combined for single and two-phase flow as

1 1
e Bll;‘” ¥ nKM}WZ e [gpﬁ,[ﬂ” ¥ ;mr<,¢HW2 (6-79)
[4 c e ¢

Substituting Equations 6-70, 6-71, 6-74 and 6-79 into Equation 6-69 gives

p-p=—2 — IWZ L1 £ lpat(1-a)o,]
1 2—gCA dt l’r pm pl gc Ll¢p€ gc pv pf l’l¢

w2 w?
> it +nK, |+ —5—| 05, Lt + mK,, (6-80)
pé,A g.| 2D, P,Ag. 2D,
We can define the total frictional and form resistance for single-phase as
JLy
Rf“ = D +nK1¢ (6-81)

4

and for two-phase as

— ¢fo|:ﬂ'l¢ w:\ (6-82)

This equation can be normalized using the initial condition and boundary condition parameters
from Table 6-2 and Table 6-6 as

APW? w? L,L i . w1 (1 iW*z
PA%2g. \ g ) Ap VsA  di’ T g A A"p\ o, o
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£ npsp Elaipaas0-arl-aiors,)

5 / ] s W [R*R ]
p@ 0 A? A" g [waRfm W +p,- e A*zp;g oK, (6-83)

The bundle volume Vg = AeL; can be used in equation 6-83.

% . o iy
~ . the maximum gravitational driving head

c

Collecting the different terms and dividing by &

in the bundle as the “driving term” as recommended by Wulff, gives:

W LW dw W (1 _1_)

————AP = L + -
plA*2gL, P’ A*2gL, di" T gpl AL\ P, P
pvs e *
[zw i 1, )+ 221 ) 1- @) LM} an

2 2

*2 %

+ e R WOR, Y e R, W'R;,

*2 %

where the Pi groups are given as:

w? Velocity head
Iy = =

2 42 = : (6-85)
pfA*2gL.  Gravity head

W2
= ——'-Lr—— but, V, = AL,, therefore
ApVygL.p,

38

- W?  Velocity head
%~ A’pPgL.  Gravity head

(6-86)
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_ W?  Velocity head
¥ A’p’gL,  Gravity head

p, &, Vapor head
" p Total head

,Ofs(l— a'e) _ Liquid head

I,

0, = -
42 Jo) Total head
W’ Single phase resistance
Nyp=—r0 Ry, = :
O rAL g Gravity head
W R - Two phase resistance
" pA’L.g. 7 Gravity head
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(6-87)

(6-88)

(6-89)

(6-90)

(6-91)

(6-92)

Note that II,,, IL;;, and I1,, are the same or are not independent and represent the velocity head or
kinetic energy of the flow relative to the maximum gravity head. Since inlet fluid conditions,
geometry, and energy addition are preserved between the test and the PWR fuel assembly, the
PWR plant would have the same Pi groups and these in turn will have the same numerical value.
Therefore, the test facility will correctly represent the inertia effects of the fluid, the momentum
flux effects and the gravitational force effects.



I1,,, I1,, and II,, represent the single-phase and two-phase gravity head terms in the momentum
equation, relative to the maximum gravity head in the bundle.

I1,, represents the ratio of the single phase frictional and form pressure losses in the bundle to the
maximum gravitational head in the bundle. IL,, represents the same ratio for the two-phase

region within the bundle.

Comparing these terms to those for a PWR fuel assembly, differences can occur. If the spacer
grids used in the test are prototypical, the form loss term will be the same for both the plant and
the test. The frictional term, however, can be different since in the test there is a housing which
adds additional wetted perimeter such that the hydraulic diameter is smaller for the same flow
area. The smaller hydraulic diameter results in a lower Reynolds number for the same flow
condition and hence a higher friction factor. The effects of the non-prototypical hydraulic effect
of the test section housing will be calculated in Section 6.6. All the Pi groups are presented in

Table 6-7.
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Table 6-6

Normalizing Factors for Fluid Momentum Equation

A= 4 I’ = L L, = Ly L, = Ly
A L =L, =L,
(R-B) . R, . Ry
AP= ’ fo = ’ sz =
Wz ’ Rflw' ’ szw'
(28.4%0)
* W * *
W = T pl_—_gl—, pmzpm
W]i pi pz
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Table 6-7: Pi Groups for Fluid Energy Equation

1, Definition Ratio of
I1, Wic, (T = T}) Single phase fluid sensible energy/time
0 Initial decay power
DP,
I, W.0, sat.i€pv.sati Tmaxw = Toar) ~ Vapor sensible energy/time
0.0pp Initial decay power
iCor,
I, Pri€priVeaiTmaxrg = Toar) Rod quench energy/time
z, QD- Initial decay power
Pi
I, PriCp. iV gi Tnintg = Toar) Housing quench energy/time
2.0 Initial decay power
3Ypp
I pg,icp,g’ivqu,,.(Tmin‘g’q - Tia) Grid quench energy/time
' 7.0 Initial decay power
4&pr
I, Ppr,i€p.0R,iV DR g,i Tmin,pR,q = Tsar) Dead rod quench energy/time
7.0 Initial decay power
s¥pp,
I, Q Heat generation rate
Ll'“’ - Initial decay power
QDP,.
I, A, (T — Toat) Convective heat rate from rod to mixture vapor
’ 0 Initial decay power
DP,
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I1, herrviBrilTmax, — 1)) Radiation heat rate from rods to vapor
O Initial decay power

| § O hg r1a.i A2 Tmaxr = Toar) Radiation heat rate from rod to drops
Oor Initial decay power

I1,, Ay i (Tt — Toar) Convective heat rate from mixture to housing
Oor Initial decay power

I, hgoriiBu i Tnaen = T,) Radiation heat rate from vapor to housing
Oor Initial decay power

1,5 hg t1a.iAd i Tnax it = Toar) Radiation heat rate from housing to drops
Oor Initial decay power

Iy, hAg i (Toax,g = Tyar) Convective heat rate from vapor to grids
Oor Initial decay power

I1;s hryvigiBgi(Tmae — 1) Radiation heat rate from vapor to grids
O Initial decay power

Il6 hg grd,iBa,iTmax.g = T Radiation heat rate from grids to drops
O Initial decay power

I, hyApri (Toax.pr = Tsar) Convective heat rate from vapor to dead rods
Oy Initial decay power

Il,g hg vioriApri (Tnax.or = 1)) Radiation heat rate from vapor to dead rods

Opr

Initial decay power




hR,DR/d,i Ad i (Tmax,DR - Tsaz )

Radiation heat rate from dead rods to drops

0 Initial decay power
DF,
I, h i Ag(Toaxy — Toar) Interfacial heat transfer rate
) 0 ’ Initial decay power
DF,
I1,, hgv1diBd ooy — Toar) Radiation heat rate from vapor to drops
— 0 ) Initial decay power
DP,
I, Wic,; (T ~T) Single phase fluid sensible energy
’ 0 Initial decay power
br
I, W, (hy —hy) Exit mixture energy/time
Q— Initial decay power
D,
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Table 6-7 (continued): Pi Groups for Rod Energy Equation

I, Definition Ratio of
IT,, PriCpriTrc-Tp) : .Stored enerzv/‘time
"o Initial heat generation rate
70"
Ty kei(Trcr-Ty) C!gd heat conducti.on rate
2 s Initial heat generation rate
Ry Q"
My 1 Initial power
Initial heat generation rate
I1,, PeiVei€peillei = Teo) ClIe_iId stored enc?rgy/time
V.07, eat generation rate
I, ko V. (T; = T,) Clz}_(li httaat condtl.lctlontrate
eat generation rate
Vf“' Qu 9i Rz g
1, Pogpi i i (T, — T) Heat transfer rate frqm pellet to clad
v Heat generation rate
Vi Q"
I1,, he ;A (Too = Ty) Convective HT rate
v Heat generation rate
Vi@
I, PR pisiBr.r 1i(Teo =T, ) Radiation HT rate to surfaces in bundle

Vf ’,- \1] ’i

Heat generation rate




hR,r/H,i AR,r/H,i (Tco - TH)

Radiation HT rate to housing
Heat generation rate

Vf,l Q" 7i
5, Bg irreriAr rteri Teor = Teo.cr) Radiation ngrate from h.ot rods to cold rods
" eat generation rate
Vi@ 8
15, M i A i (Lo = Tiy) L;{guld contact HT rate
e eat generation rate
Vi Q" B
I35 her1aiBrra XToo — Tsar) Radiation HT rate to entr.amed drops
V.o Fuel rod heat generation rate
7€
Iy he riviArrivi(To —T,) Radiation HT rate to vapor

Vf 4 Qn ,,'

Fuel rod heat generation rate
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Table 6-7 (continued): Pi Groups for Fluid Momentum Equation

I, Definition Ratio of
= = 1
[1,, =TI =115 w2 Veloglty head
2. Gravity head
20,8A Ly
I, 1 Maximum gravitational driving head
Total head
[y, o, Q, Vapor head
: Total head
P
Total head
pi
, .
I4; w? Single thse resistance
2 fio Gravity head
Pi8A" Ly
Iy w2 Two phas'e resistance
P) 1 Gravity head
PigA Ly
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6.4  Calculation of Pi groups for flow energy equation

6.4.1 Introduction

The fluid energy equation includes 23 7 groups which are defined in Section 6.1. Here, the
numerical values of these groups are calculated for the RBHT facility, the PWR bundle and
BWR bundle.

The RBHT reference conditions, given in Table 6-8 are similar to FLECHT-SEASET experiment
(Run 31504) conditions. Hence, reference conditions used in the calculations are obtained from
FLECHT-SEASET and then applied to the geometry and materials for each case (RBHT, PWR
and BWR).

Table 6-8: RBHT Program Conditions

Flooding rate, m/s (in/sec) 0.0254 (1.0)
Pressure, bar (psia) 2.67788 (40)
Inlet subcooling, °C (°F) 60 (140)

kW/m (kW/ft) at peak power location 2.3(0.7)

Peaking factor 1.5

The fluid energy equation represent the energy balance for the fluid in the entire bundle at a
given time which is selected to be the PCT time (this is 125 seconds in Run 31504). Measured
values are then averaged axially to obtain the values to be used in the calculations which are
shown in Table 6.9.

6.4.2 Calculation of Convective Heat Transfer Pi groups
The Pi groups for the fluid energy equation can be categorized mainly into quench energy terms,

convective heat transfer terms and radiative heat transfer terms. The present section discusses
the Pi groups of the fluid energy equation.
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Table 6-9: Reference Conditions for the Fluid Energy Equation Pi groups

Exit Temperature, T, °C (°F) 260 (500)
Quench front location, m (ft) 1.2 (4.0)
Average clad temperature, T, °C (°F) 898.88 (1650)
Average housing temperature, T °C (°F) 246.11 (475)
Average surface temperature, T, °C (°F) 246.11 (475)
Fluid saturation temperature, T, °C (°F) 130.55 (267)
Average vapor temperature, T, °C (°F) 656.11 (1177)
Avearge thimble temeprature, Ty, “C(F) | 746.66 (1376)
Average grid temeprature, Tg °C (°F) 746.66 (1376)
Exit void fraction, o, 0.999

6.4.2.1 Methodology used for Calculations:

The following assumptions and simplifications were used in the analysis:

1.

Data from FLECHT-SEASET experiment (Run 31504) with conditions similar to the
RBHT facility were used, however, these values were applied to the RBHT facility
geometry and power shape.

The maximum temperature encountered in the run occurred at 125 sec for channel 99.
This was at an elevation of 1.98m (6’-6"). All other quantities from the FLECHT-
SEASET, Run 31504 were obtained at this time (125 sec).

Quench front: The location of the quench front at 125 sec was obtained from the plot of
quench front location vs. time in the FLECHT-SEASET report (Figure 6-6). Att = 125 s,
the quench front was at the 1.2m (4 ft.) elevation. The quench front has been ‘frozen’ at
this location for all calculations. In the calculation of the fluid energy equation Pi groups,
all data used from FLECHT-SEASET report represents a snapshot in time, taken by
freezing the quench front at that elevation (4 ft).

Time averaged values over 1.2m - 3.6m (4' - 12") of the heater rod clad temperature,
vapor temperature and thimble temperature were used in the calculation of the Pi groups.
For the housing temperature, the maximum value of the housing temperature at that time
(125 sec) was used to provide a more realistic estimate of the Pi group value. This value
is 410°C (770 F), obtained from the FLECHT SEASET report. The dummy rod
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temperature was taken to be the same as the maximum housing temperature. The grid
temperature was set equal to the thimble temperature.

5. The heat transfer coefficient value for convection, was the time avearge value obtained
from data above the quench front location to the exit of the test section. This value was
referenced to the fluid saturation conditions (T, )

6. The exit void fraction was assumed to be 0.999.

7. Finally, the exit temperature was obtained from the FLECHT-SEASET plot for channel
199, which gives temperature of the vapor near the exit location 3.45m (11.5 ft). Thus
T, . =260°C (500 F).

exit

All values used in the calculations are summarized in Table 6-9.

6.4.2.2 Numerical Input Quantities:

Initial decay power:

Qpp; = 2.3 kW/m (0.7 kW/ft), is the initial rod decay power (40 seconds into a LOCA) at the peak
power location, which is equivalent to a value of 5.6 kW/rod using a peaking factor of 1.50.
With 45 heated rods in the bundle, the total bundie power was 252 kW.

Inlet conditions:

Based on the information in Tables 6-8 and 6-9, the inlet properties were obtained from
thermodynamic tables at a temperature of 52.77°C (127 F).

Areas of rods, housing, grids and dead rods above the quench front (4-feet):

a. The total rod area is calculated based on rod diameter 9.55mm (0.374")
and length above quench front 2.4m (8 ft) for 45 heated rods.

b. The housing area is obtained from the product of the inner perimeter of the
housing and the length of housing above the quench front.

c. The total grid area is calculated based on the product of the following;:

Area of each cell =4 x pitch 12.6 mm (0.496") x height of the grid
38.1mm (1.5")

Number of cells per grid = 45

Number of grids strops above quench front =6

d. The total dummy rod area is based on the dummy rod diameter 9.5mm
(0.374") and length above quench front 2.4m (8 ft) for four dummy rods.
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6.4.2.3 Numerical Values of the Convection Pi groups:
The Pi groups representing the energy storage terms are

I1,=0.144

I1, = 0.0007
For the convective energy terms for rods, housing, grids and dummy rods, a heat transfer
coefficient of 56.78 W/m’-K (10 Btu/hr-ft>-F) was used, based on the average from the
FLECHT-SEASET report (Run 31504) data. To give a more realistic value for the Pi group,
Iy instead of average value of housing temperature, the maximum housing temperature of
410°C (770 F) at PCT time (125 sec), at the 6’ elevation was used. Also, the maximum housing

temperature 410°C (770 F) was for the value of T, of dummy rods.

Using the above information and the calculated areas, the Pi values for the various convective
heat transfer terms are

I, =0.567
[Ty = 0.055
I1,,=0.072
I,,=0.019

The Pi group for the interfacial heat transfer is

e hy i Ag(Tan = rsar) _ Interfacial heat transfer rate
» Opr Initial decay power

where A, represents the interfacial area, given by the product of area of a single drop times the
number of drops. The number of drops is given by '

6(1- o
N, = —%gl (6-93)

With a mean void fraction value of 0.995, and a drop diameter of 1.016mm (0.04"), the number
of drops 1s

N, = 9.104 drops/cm® (149.2 drops/in’)
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The quench front is at the 4’ elevation, hence, the number of drops in the two-phase region which
extends from the location of the quench front to the bundle exit is obtained by the product of the
number of drops per unit volume times the volume above the quench front.

Flow area = 45.8 cm’. (7.0987 sq in.)
Hence, the total number of drops is calculated to be 101641.

From the FLECHT-SEASET report (Pg 6-26), the mean droplet velocity and mean vapor
velocity are found as

u, = 6555 m/sec (215 ft/sec)

uV

13.415 m/sec (44 ft/sec)

The Reynolds number for drop based on the relative velocity of drops and vapor is given as:

Re, = p”d(LZ ) (6-94)

The droplet Reynolds Number is calculated to be 803.65

Taking a Pr, = 1.04 (from Collier and Thome'*'?) and using the Lee-Ryley Correlation, the
Nusselt number is

Nu, = 2+ 074Re)’ pr/s (6-95)
Nu,k, (6:96
1, - d - )
where the thermal conductivity for vapor is obtained from Collier and Thome®'? as

k, = 0.02799027 W/m-K (0.01617 Btu/hr-ft-F)
Based on these,

Il,, = 043

The flow energy Pi groups for exit energy is calculated assuming the exit mass flow is equal to
the inlet mass flow. Value of saturated vapor enthalpy is used from thermodynamic tables at P =

40 psia. Thus
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Il,,=I1,=0.144
I,,=0.121

From these, it is seen that the Pi groups representing the energy storage, the flow energy and
convection from rod to vapor and the interfacial heat transfer terms are the dominant Pi groups.
The other terms are very small by comparison. This clear distinction between the dominant terms
and the others are in line with what is expected typically.

_ PuiCpiiVia (Tmin,H,q - Tsm) _ Housing quench energy / time

4

75 Opp B Initial decay power

{. - Py i€ p,g,ng.q,i(Tmin,g,q - Y;ar) _ Grid quench energy / time
=

7, Opep ~ ' Initial decay power

_ pDR.iCp,DR,iVDR,q,i(Tmin,DR,;; - Tsm) _ Dead rod quench energy /time ¢4.3

O 7 O  Initial decay power uench
e T nergy
groups — §
\\W/""MM T SIS -
The Pi groups describing the heat transfer at the quench front for the rods, the housing, the grids
/\/ and the surfaces (dummy rods) are the following:
\’/Q : The calculation is based on the input data from in Table 6-8 and 6-9 and the methodology used in
" Section 6.4.2.1. In addition, the following assumptions have been made to complete the

calculation:

¢ The same transition boiling heat transfer coefficient of h ;= 5.678 kW/m*-K

(1000 Btu/hr-ft’-F) is assumed for the structures (rods, housing, grids and surfaces);
¢ The same T, = 550°C (1022 F) is assumed for all surfaces;
¢ The same axial quench front velocity u, is assumed for all the structures.
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where the same value of T.. has been used for all surfaces since the material is all Inconel. The

min

material properties and geometry data used in the calculation are summarized in the following

tables (6-10, 6-11, 6-12, 6-13).

Table 6-10: Material Properties

Material Reference Density (kg/m3) Heat Capacity Conductivity
Temperature (C) (J/kg-K) (W/m-K)
Inconel-600 1100 8254 696 247
Boron Nitride 1100 1910 1500 86.3
Monel K-500 1100 8470 531 34.4
Uranium Dioxide 1100 9649 326 3.9
Zircaloy-2 1100 6560 362 16.8

Table 6-11: Electrical Rod Geometry

Material r; (mm, in) dr, (mm, in)
Boron Nitride 0,0 1.7145, 0.0675
Monel K-500 1.7145, 0.0675 1.143, 0.0450
Boron Nitride 2.8575,0.1125 1:1811, 0.0465

Inconel-600

. 4.0386,0.1590

0.7112, 0.0280

Rod surface

4.7498, 0.1870

Table 6-12: Nuclear Rod Geometry for PWR

Material

r; (mm, in)

dr, (mm, in)

Uranium Dioxide

0,0

4.18084, 0.1646

Zircaloy-2

4.18084, 0.1646

0.56896, 0.0224

Rod surface

4.7498, 0.1870
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Table 6-13: Nuclear Rod Geometry for BWR

Material r; (mm, in) dr; (mm, in)
Uranium Dioxide 0,0 5.199, 0.2047
Zircaloy-4 5.199, 0.2047 0.810,0.0319
Rod surface 6.0198, 0.2370

At first we need to calculate the volume of the rod which is quenching. This is related to the

assumed quench front velocity, (v q) and the heat structure time constant to release the stored

energy:
V.= A VT, (6-97)
where, A, is the cross section of one of the heater rods and is given as
T 2
A .= N, —D (6-98)
’ 4
This expression, when substituted in the definition of I, gives
prcp,r As,rvq.rT2 (Tmin,r - T;at)
II,= (6-99)

Opr, 7,

4

Note that the time constant drops out. This is because, regardless the time constant, most of the
stored energy will be released during the quenching time period. In other words, if the time
constant is larger, then the energy release rate will be lower but the energy will be released by a
larger volume as the quench front is advancing over the same time period. This follows from the
assumption that the quench front velocity is constant.

A similar procedure is used to calculate I1,, i.e. the energy released during quenching of the
housing

pH.iCp,H,iVH.q,i(Tmin,H.q -T,)
(0PN

(6-100)
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Similarly for the grid

_ pg,icp.g,ivg,q,i(Tmin,g,q - T;at)

I = 700 (6-101)
where
A, = 4[ px %) X 45 (6-102)
p is the pitch and s is the strop thickness.
Finally for the dummy (corner rods):
m, - pDR,iCp,DR,iVDR,q,i(Tmin,DR,q -T,) (6.103)
700,
where
A pp = NDR(% D,Z,R) (6-104)

Npg i8 the number of dead rods (in our case, 4).

Details of the calculations are reported in Appendix B7. The values of the P, groups are the
following:

1, = 0.092
I1, = 0084
Il = 0022
IT, = 0.003

6.4.4 Thermal Radiation Heat Transfer Pi group calculation

The Pi groups describing the radiative heat transfer to the fluid from the structures are:
I1, to II ;4 . These terms require particular attention because in order to obtain these values, the

solution of a radiative surface network is required. Thermal radiation heat transfer takes place
between the rod surfaces, between rod and housing, between any surface to steam and droplets
and between steam and droplets directly. For a given temperature field (clad, dummy rods,
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housing, liquid and vapor) the heat rates among the surfaces, liquid and vapor are calculated by
solving a radiation network lumped model (using the RADNET Fortran computer program).

In this model, rods are lumped together and global surface view factors are calculated by combining
single rod view factors obtained with the VUEFAC subroutine of the MOXY computer program®'V.
Details of the view factors calculation are reported in Appendix B.1.

To account for a radial temperature distribution in the bundle, a six node radiation network has been
developed, where the heater rods are divided in hot rods and cold rods (Figure 6-2). The hot rods
are considered to be either the single center rod, the inner 3x3 array or the inner 5x5 array.
Sensitivity analysis (Appendix B.1) have been carried out and the inner 3x3 hot rods lumping

approach was chosen to be the most appropriate.

The radiation network (Figure 6-3) resistances are calculated as described in Reference 6.8 and
Appendix B.1 while the temperature at each network node surfaces is an input for the program. The
node surface temperatures are calculated by averaging measured temperature in Run 31504 of
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Figure 6-2

RBHT Layout
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Figure 6-3

Six Node Radiation Network

Hot Rod Cold Rod
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FLECHT-SEASET experiments. These values are summarized in Table 6-9. Once the temperature
is assigned to each radiative surface, the radiation network is solved for the heat rate (per unit length)
between each node. In particular, the Pi groups concerned with radiation are redefined below:

bl T) 0 fo2)

s = Oy O
byl 1) Qe
My,= =

Qor, ) Opr

) hR,%_],iAH,i(Tmax,H - T;) ) Q%(Zmp - Zq)

e = 0o T 0
o %, dt( - Tsat)_ Q%(ZIOP_ZQ)
13- QDP - QDP,.
ey ATy~ T) Q/Az N,
s by Opr
gy A Ay (Tos - T 0, Az, N,
Il = =

Opr, Ope,

1 I

I, = hR,VDR,,‘ADR,i(Tmax.DR _Tv) _ Q'D%(ztop —zq)
Opr QD;;

i
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(6-106)

(6-107)

(6-108)

(6-109)

(6-110)
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_ R I “)
= QDP,. - QDP‘.

(6-112)

) hR,%,,iAd(Tmax,v - T;az) i Q%(Z,,,p - zq)
i Opr, ) Opr

11, (6-113)

where
z - Elevation to the top of the bundl, 3.6m(12 ft).

top

z, - Elavation of the quench front, 1.2m at 125 sec (4 ft at 125 sec).
Az, - Grid axial length, 38.1mm (1.5 in).
N, - Number of grids above quench front

The solution of the radiation network provides the radiosity or emissive power in each node, then
the Qij values in each branch can be calculated by applying the definition

J,-J, J,-E,.
Q;=—F—or g=———‘b’j (6-114)

R.. R.

i g

The 6 nodes network requires two clad temperature values: the hot rod temperature and the cold
rod temperature. The temperature difference between the hot rods and the cold rods is estimated
from the rod-to-rod (MOXY) radiation model and is 161 F when a 3x3 inner hot rods lumping
approach in the bundle is assumed. Then the hot and cold rod temperature are calculated

+ _ 6-115
9T, +36T, _ = _ 1650 (6-115)
45
since
Tcr = Thr - AT = Thr - 161
we obtain

T, = 97055°C (1779 F)
T, = 880.55°C (1617 F)

This completes the input data for the radiation network. The dimensionless group I, is the
radiative energy from all the rods to the vapor and is expressed as
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Q%Az
QDI-’;

where the numerator has the units of heat rate per unit length and is the sum of two contributions:
energy from hot rods to vapor and energy from nominal rods to vapor.

I, =

As already mentioned the difference Az is the height above the quench front

Az=2z,,-2,

and
Q=0+ 0,
The initial bundle decay power is:
Opp = 2520kW
As results we obtain

T, = 855¢™

Similarly the Pi group for the radiative energy from the rod to the liquid droplets is calculated as:

’

A
Imy,= Q%i i
QDPi
where
Q%i = Qut Oy
and

I,,= 7.06e

The next two dimensionless groups represent the radiative heat transfer from the housing to the
vapor and droplets respectively

9t Oy 87
I, = Q— and M= Q—
DF, DP,

¥ t

where
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QyH = Q4v

Q% = Q:;d

and then
,=-801
1, =285

The next two Pi groups for the radiative energy from the grids to the fluid are calculated by solving
a separate four node radiation network (Figure 6-4). The Pi groups are defined as

Q%Angg Q;yAngg
= and I, =—%4
QDPi Qpr
where
J,-oT}! J, - oT}

and J, and R,, refer to four nodes radiation network. The grid vertical length and the number of
grids above the quench front are

Az, =15in and N, = 6

The rod-grid-liquid-vapor network resistances are calculated with the same procedure and equations
described for the bundle six-node-radiation network. In this case there are only two unknowns (J,
and J, ) which can be determined explicitly. Details of the calculation are reported in the Excel
worksheet attached in Appendix B.2. The result is

M, =69e”

1, = 00016



Figure 64

Four Node Radiation Network
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Finally, the radiation energy from the surfaces (unheated rods) to the fluid are represented by

Q%RAZ and Q,;%AZ
M= My =
QDP,. QDP,.
where
QVD . =0, and QD% = Qsy
as results:

M,=-322¢"° and I, = 65"

The last contribution to the radiative heat transfer is expressed by the interfacial radiation heat
transfer

Q;/d/_\.z
H21 = Q
DP,

which is determined directly from the network with the result that

I, =39

6.4.5 Summary

Table 6-14 shows the numerical values of all the Pi groups for the fluid energy equation. As
expected, stored energy, rod quench energy, convection from rod to vapor, interfacial heat transfer
and flow energy terms are significant. The values of the radiation Pi groups are relatively small,
thereby indicating the predominance of convection over radiation heat transfer. Though the rod
quench energy term is significant, the housing, grid and the dummy rod quench energy terms are

small.
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Table 6-14: Numerical Values of Pi Groups - Fluid Energy Equation

I, Definition Ratio of Value for | Value for RBHT Value RBHT
RBHT PWR PWR for BWR
BWR
IT, Wi, (Ty —T) Single phase fluid sensible energy/time 0.144 0.144 1 0.144 I\
0 Initial decay power
DP
I, W0y sar i€ povosati Tmaxy = Tr) Vapor sensible energy/time 0.000 0.000 Insignific 0.000 | Insignifi
— 5.0 Initial decay power ant* cant*
i<pr,
11, Pri€priVegiToaxra = Tsar) Rod quench energy/time 0.092 0.066 1.394 0.105 0.876
— ,1" 0 Initial decay power
2%pr,
I, P11:¢p 1V .gi Tminttg = Trar) Housing quench energy/time 0.084 0 Doesnot | 0.009 | Insignifi
— T Q Initial decay power exist as cant*
3*DF IT term
for PWR
is zero
I, PeiCpgiVeqiTmingaq ™ Toar) Grid quench energy/time 0.022 0.009 Insignific | 0.012 | Insignifi
— T 0 - Initial decay power ant* cant*
4Cpp,
s | PpriCp.oriVDR.Gi Tminorig = Trar) Dead rod quench energy/time 0.003 0.001 Insignific | 0.000 | Insignifi
=P T' Q : Initial decay power ant* cant*
s<pr,
I, 0 Heat generation rate 1 1 1 1 1
_DP|1 Initial decay power
Opr,
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I, WA, (T ~Tt) Convective heat rate from rod to mixture vapor 0.567 0.567 1 0.719 1.268
= 0 — Initial decay power
DR,
Iy g iviBri e, —T,) Radiation heat rate from rods to vapor 0.000 0.000 Insignific 0.000 | Insignifi
~— Q ' Initial decay power ant* cant*
DR,
I, hrridiBai(Toaxr — Toat) Radiation heat rate from rod to drops 0.071 0.074 0.959 0.116 0.612
— YQ ’ Initial decay power
DR,
I, h Ay (T s —Toat) Convective: heat rate from mixture to housing 0.055 0 Does not 0.07 0.786
— - : Initial decay power exist as
QDP" IT term
for PWR
1s zero
I, b iByi T — 1) Radiation heat rate from vapor to housing 0.000 0 Does not | 0.000 | Insignifi
— Q ' Initial decay power exist as cant*
bF; IT term
for PWR
is zero
5 he 111ai8Bai Toax bt = Tear) Radiation heat rate from housing to drops 0.000 0 Does not | 0.000 | Insignifi
e : Initial decay power exist as cant*
Oor, IT term
for PWR
1s zero
I, hoAgi(Toaxg = Tar) Convective heat rate from vapor to grids 0.072 0.072 1 0.093 0.774
= 0 ' Initial decay power
D,
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I, ProvigiBgi (T g~ T,) Radiation heat rate from vapor to grids 0.000 0.000 Insignific | 0.000 | Insignifi
Our Initial decay power ant* cant*

6 hr.graiAdi(Tnaxg = Tyar) Radiation heat rate from grids to drops 0.002 0.002 1 0.002 1
Oor Initial decay power

I, h A pri Tax.or = Tiar) Convective heat rate from vapor to dead rods 0.019 0.019 1 0.023 0.826
Opr Initial decay power

I, hg o priApri (T max.0k = 1) Radiation heat rate from vapor to dead rods 0.000 0.000 Insignific 0.000 | Insignifi
Oor Initial decay power ant* cant*®

I, g pr/ di A0 T ok = Toat) Radiation heat rate from dead rods to drops 0.000 0.000 Insignific 0.000 | Insignifi
Onr Initial decay power ant* cant*

I, hy Ay (T, maxy = Toar) Interfacial heat transfer rate 0.43 0.43 1 0.43 1
Oor Initial decay power

I1,, g yraiAa (Trnaxy = Toar) Radiation heat rate from vapor to drops 0.000 0.000 Insignific 0.000 | Insignifi
Oor Initial decay power ant* cant*

I1,, Wic,, (Tf T;) Single phase fluid sensible energy 0.144 0.144 1 0.144 1
Onr Initial decay power

Il,, W, (h, — h,) Exit mixture energy/time 0.121 0.121 1 0.121 1
O Initial decay power

- Both numbers are very small, so the ratio is insignificant
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6.5 Calculations of Pi groups for the Rod Energy Equation
6.5.1 Introduction

The rod energy equation includes thirteen Pi groups (from IT,, to I1,;) defined earlier. The
numerical values of these groups are now calculated for the RBHT facility. The reference
conditions used in the calculation are obtained from the same FLECHT-SEASET experiment (Run
31504) used earlier and then applied to the geometry and materials for each case (RBHT, PWR
and BWR).

The rod energy equation represents an energy balance ata given axial location within the dispersed
flow film boiling region, far from the quench front at the time of the measured peak temperature.
The conditions (temperature, H.T. coefficients etc.) are taken from FLECHT-SEASET (Run
31504) measured values at the time of PCT and at the PCT axial location. Since there are no data
available for the dummy rods, their surface temperature is assumed equal to the housing
temperature. The complete list of data and assumptions is given in Table 6-15.

6.5.2 Convection and Stored Energy Pi groups

These Pi groups are 1T ,,, 11,5, 1T 5,11 57,11 55,11 5, I ,,,11 5, . The values of the Pi groups are

calculated for both the electric rod and the nuclear rod. The reference conditions and the input that
is used in the calculation are tabulated in Table 6-15. Both types of rods are modeled as infinite
cylinders. The temperature at the various locations such as centerline, surface, clad inside and clad
outside surface are calculated simply by applying the concepts of conduction resistance for
cylindrical geometries.

Table 6-15: Reference conditions for Rod Energy Equation Pi groups

Rod peak power, kW/m (kW/ft) 2.3(0.7)
PCT time (sec) 125

PCT axial location, m (ft) 1.95 (6.5)
Clad temperature (PCT), T, °C (F) 1148.88 (2100)
Housing temperature, T}; °C (F) 426.66 (800)
Surface temperature, T, °C (F) 426.66 (800)
Saturation temperature, T, °C (F) 130.55 (267)
Vapor temperature, T, °C (F) 898.88 (1650)
Gap heat transfer coefficient, kW/m’K (Btw/hr-ft>-F)

h,,, (Nuclear Rod) 5.678 (1000)
h,,, (Electrical Rod) 28.39 (5000)
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To account for the correct heat transfer, based on the maximum temperature difference (T - Tg,),
the value of the heat transfer coefficient is taken to be h = 56.78 W/m*-K (10 Btu/hr-ft>-F). This
is again based on the same FLECHT-SEASET (Run 31504) data.

Also, to simulate the gap that exists between the inside of the clad and the fuel pellet or the boron
nitride insulator, a gap heat transfer coefficient is used.

For electrical rods, h,,, = 28.39 kW/m’K (5000 Btu/hr-ft*>-F)
For nuclear rods, h,,_ = 5.678 kW/m’K (1000 Btu/hr-ft>-F)

> Tgap

which are representative values for these rods
The heat generation rate per unit volume, Ql is calculated from the kW/ft rating at peak location

2.3 kW/m (0.7 kW/ft) and the diameter of the fuel element, D;=9.5 mm (0.374"). We get Ql =
1.469 x 108 W/m?® (4329012.6 Btu/hr-ft’).

Material properties tabulated in Tables 6-10 and the dimensions of the electrical rod from Table
6-11 are used for the calculation of the Pi terms.

The fuel time constant 7, and clad time constant 7, are obtained by solving a double-lumped

model for the rod. Three time constants are calculated from this model that represent respectively
the fuel resistance (UO, or BN and Monel), the clad resistance and the film resistance. Results are
reported in the following table 6-16:

Table 6-16: Comparison of Calculated Time Constants

Time constz;nt (sec) RBHT PWR BWR
Fuel, 1; 0.55 3.99 5.98
Clad, 1, 0.36 0.68 1.15
Film, T, 0.74 0.24 0.36

The time constant of the fuel 7, and of the clad 7, are used in groups IT,, and I1,;, respectively.

The calculation of the IT,, group defining direct contact heat transfer requires some explanation,

howiBowi(Too = Te) _ Liquid contact HT rate

M, =— = -
4 Q" Vg Heat generation rate

To calculate the direct contact heat transfer for the dispersed droplet field, the Forsland
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Rohsenow correlation is used as follows

; Y
)% glof'Onggk3

T -7.)u0, (r,-T,,) (6-116)
w sat JMg

G = (02)(1276)(1- @,

In the calculations, it is assumed that the liquid is saturated such that H;g =h e

The properties are evaluated at 60 psia and the calculations are performed for different void
fractions and wall superheats. The droplet area is calculated assuming an uniform distribution
of drops. Only drops within a diameter of the rod can interact. The number of drops is given

6(1- o)

N, = —?JT (6-117)

With a mean void fraction value of 0.995, and a drop diameter of 0.04", the number of drops is
calculated as

N, = 9.104 drops/cm’ (149.2 drops/in’)

The drops (max) that can interact with the rod are those which are within one drop diameter of
the rod surface.

Rod diameter = 9.5 mm (0.374")

Rod diameter + diameter of two drops = 0.374" + 2(0.04") = 11.53 mm (0.454™)
Area of the region occupied by two drops = (22/7)(0.454" - 0.374% = 33.55 sq. mm
(0.052 sq in.)

Subchannel area = (pitch)2 - area of rod = 88.135 sq. mm (0.13661 sq in.)

The area fraction of the drops that can hit the rod is the ratio of the area occupied by two drops
to the subchannel area.

Area fraction = 0.052/0.13661 = 0.395

From the information of the area fraction and the number of drops per cubic inch, the resultant
number of drops that can contact the wall is calculated as

(0.395)(149.2) = 59 drops.

Since only one side of a drop contacts the rod, the total contact area is given as:

6-67



Total contact area = 0.5 (spherical area per drop)(Resultant number of drops) = 95.66
sq. mm (0.14828 sq in.)

Knowing all the values for the variables in equation 6-116, the heat flux is calculated for
various values of (T, - T,). From this, the heat transfer coefficient can also be calculated. For
the Pi group calculation, the values of heat transfer coefficient, the contact area and the heat
generation rate are known. The numerical value of the Pi group can be evaluated for various
values of (T, - T,,), each time using the appropriate value of h. The value of I'l,, tabulated in
the result is for a temperature difference of 537.77°C (1000F.) The calculated Pt values are
given below.

Table 6-17: Convection and Stored Energy Pi groups for Electrical/Nuclear rod

IT group Electrical Rod Nuclear Rod PWR

I, 0.965 1.180
IT 0.182 0.182
IT 1 1

I, 0.110 0.04
IT, 0.016 0.016
T, 0.73 0.73
I1,, 0.73 : 0.73
IT,, 0.005 0.005

6.5.3 Thermal Radiation Heat Transfer Pi groups

The radiative heat transfer from the rod is expressed by the terms T 5,11 5, ,TT 33,11 55,11 5¢

The reference rod for which the energy balance is described, is assumed to be a rod in the
central region of the bundle, specifically in the inner 3x3 sub-array. These Pi groups describe
the radiative heat transfer from the hot rod to dummy rods, to housing, to liquid droplets, to
vapor and to the nominal rods in the outer region of the bundle. Due to the housing, the outer
region of the bundle will be at a lower temperature compared to the inner region. This will
cause a radial temperature distribution across the bundle which will drive rod-to-rod radiative
heat transfer from the center region. A detailed model to address this phenomena has been
developed and is described in Section 7.

The same phenomenon exists for the Pi groups for the rod equation, as
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bt i (z, - T)_ 0,

I1;, = = —
31 Q,' Vﬁ Q,' Vﬁ (6-118)
(7,-1,) ¢
M, = i e lay/ (6-119)

Q V Qo Vﬁ

I hR,hy / ( co hr 7:‘o,cr) Qh%r
33 = Qo Vﬁ = Q:Vﬁ (6-120)

I R/,, R/ (T Tsar) _ Q%i 6121
35 Q V Qo"’Vﬁ

Il —hR’%"' /(T T)— ot 6-122
36 = oV, T oV, (6122

These dimensionless groups are calculated by solving the six node radiative network already
discussed in the previous section. In this case, a different set of boundary conditions is used from
previously discussed (Table 6-2).

The radiative heat transfer from the rod to the surfaces (unheated rods) is described by-
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where Q,, and Q:Vﬁ have both dimensions of heat rate per unit length. The heat rate Q,, is
the energy flowing from one of the hot rods (inner 3x3) to the dummy rods and the normalization

factor Q:Vﬁ is based to the peak power location:

Q, V=07 kW/ft = 2296 W/m (6-123)

From the network solution

Q% = Q13

The heat rate is identically zero since the view factor from the inner 3x3 rods to the unheated rods
at the corners is identically zero. As a consequence the resistance R,, becomes infinite, and

M, =00

The same procedure is applied for the calculation of the next Pi group representing the direct
radiative heat transfer from the rod to the housing

2

H

I, =—"
32 Qo Vﬁ

where
0, =0,
which gives

1., = 00272

The radiative heat transfer from the hot rod to the cold rods (rod-to-rod) radiation is expressed by

where

which gives
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1., = 0388

The heat rate from the hot rod to the droplet and the vapor is described respectively by

Y
Q,V,

0,

Il 36 5"/;:

H35

From the network, Q,, and Q,, are

Q%i = Qy
Q% = le

the calculated result becomes

M, = 0154

I, =788¢™

The results of the calculations are summarized in Table 6-18. As seen in the table, the rod-to-rod
radiative heat transfer (hot rod to cold rod) is the largest contribution. This term can also be seen
as an indirect path for radiative heat transfer from the inner rods to the housing. In fact the housing
reduces the temperature of the external rods because of radiation heat transfer. This generates a
radial temperature gradient among the rods which drives energy from the inner region to the outer
region of the bundle. This effect is more prototypical for a BWR than a PWR fuel assembly due
to the fuel channel used for BWRs, and will be discussed further.

This analysis overestimates the effect of the housing because the housing thermal resistance in the
azimuthal direction is not considered since only one node is used to simulate the housing. To
model this effect, the housing must be split in many separate surfaces with each surface thermally
connected by azimuthal conductivity. This has been done in the more detailed COBRA-TF
subchannel model described in Section 9. The COBRA-TF results indicate that the corners of the
housing are at a lower temperature than the rest of the housing temperature predicted by the
BUNDLE simple conduction model. In other words, for the same heat stored in the housing the
more exposed portion of the housing surface will be at an higher temperature than predicted by a
single surface model. This will reduce the heat removed by radiation from the heater rods.
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6.54 Summary

The Pi groups obtained for the rod energy equation indicate that the significant terms are the
convective heat transfer to the surrounding fluid, the radiation from hot rod to cold rod and
radiation to entrained drops. Property differences between the electrical rod and the nuclear rod
exist and hence the Pi groups involving the properties of the rods are different. One particular Pi
group, IL,,, is about 20% higher for the nuclear rod. This is because of the low thermal
conductivity of UQ, and also due to the fact that at start up, a nuclear rod has very high amount
of stored energy. The effect of this difference will be discussed in Section 7.
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Table 6-18: Numerical Values of Pi Groups - Rod Energy Equation

I, Definition Ratio of Value | Value for | RBHT Value RBHT
for PWR PWR for BWR
RBHT BWR
I,, PricpriTrc=Ty) Stored energy/time 0.965 1.180 0.818 1.160 0.832
;[ o Initial heat generation rate
f= f
1,5 kpilTr = T) Clad heat Conduction rate 0.182 0.182 1.0 0.11 1.655
2 s Initial heat generation rate
R}Q", .
I, 1 Initial power 1 1 1 1 1
Initial heat generation rate
Iy, PeiVei€peilTi - T.,) Clad stored energy/time 0.110 0.040 2.75 0.051 2.157
Heat generation rat
Ve, Qi T & ate
Iy k.iVe,(T; - T,) Clad conduction heat rate 0.016 0.016 1 0.009 1.778
PP Heat generation rate
V,, Q" R} 5
1, Poap.i A (T, -T,) Heat transfer rate from pellet to clad 0.73 0.73 1 0.565 1.292
V.. 0" Heat generation rate
Q"
5, h ;A (T, =Ty Convective HT rate 0.73 0.73 1 0.556 1.313
T e Heat generation rate
Ve Q" s
1REY hg rrsiBrorrsi(Teo = 1) Radiation HT rate to surfaces in bundle 0.00 0.235 0 0.336 0

Vf ; Qu 7[

Heat generation rate
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I1,, Pt iBrrni (T — Ty) Radiation HT rate to housing 0.027 0 Does 0.030 0.9
v, o, Heat generation rate not exist
' as
ITterm
for
PWR is
Zero
1, P nereriArrreri Toomr = T ocr) Radiation HT rate from hot rods to cold rods 0.388 0.064 6.063 0.324 1.197
Vf o Heat generation rate
I, Py, i A i (T, ~ T, ) Liguid contact HT rate 0.005 0.005 1 0.005 1
V.0 3 Heat generation rate
|§ O Rg ria.i Ag r1ai(Ty — T..) Radiation HT réte to entrained drops 0.154 0.159 0.969 0.259 0.595
V.0 Fuel rod heat generation rate
T4 he riviBrrmi(To —T,) Radiation HT rate to vapor 0.000 0.001 Insignifi 0.00 Insignif
Fuel rod heat generation rate cant* icant*

Vf ; Qn ,,‘

* _ Both numbers are very small, so the ratio is insignificant.
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6.6  Calculation of Pi groups for Flow Momentum Equation

The flow momentum equation Pi groups are calculated using the given inlet conditions of 40 psia,
140 F subcooling, and flooding rate (1 inch/sec) and flow area. The inlet is assumed to be single
phase and the exit is dispersed two-phase mixture. The quench front is assumed to be at the 1.2 m
(4 ft.) elevation and two grids are underwater, therefore, there are six grids in the two phase region.
Hydraulic diameter is calculated based on the wetted perimeter and flow area. Based on this
hydraulic diameter, the Reynolds number and the single phase friction factor (f = 64/Re) are
calculated.

For two phase frictional pressure drop, all the two phase mixture is assumed to be liquid, so that
two-phase multiplier can be used. The exit void fraction is taken to be 0.999. For an average
quality of 50% and low pressure conditions, itis appropriate to assume an average two phase flow

multiplier ¢—f20 , to be 100.

Table 6-19 shows numerical values for all the Pi groups for the fluid momentum equation.

Table 6-19: Fluid Momentum II groups

IT group Value
Il,,=T1, =115 8.9¢
I, 1
I, 0.002
I, 9.5¢™
I, ' 2.05¢*
I, 0.05

The only Pi group of significance is I, which represents the liquid gravity head pressure drop.
All other non dimensional groups are insignificant by comparison. This was expected since the
differential pressure cells have been used to infer average void fraction in previous FLECHT and
FLECHT-SEASET experiments because the fractional and acceleration effects are small.

The calculated Pi groups, along with their definitions are reported in Table 6-20.
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Table 6-20

: Numerical Values of Pi Groups - Fluid Momentum Equation

I, Definition Ratio of Value Value RBHT Value RBHT
for for PWR for BWR
RBHT PWR BWR
Iy, =T, =14 w2 Velocity head 0.000 0.000 1 (Identical 0.000 1 (Identical
— Gravity head numbers, numbers,
20,8A" Ly very close to very close
Zero) to zero)
I, 1 Maximum gravitational driving head 1 1 1 1 1
Total head
,, 0, 0 Vapor head 0.002 0.002 1 0.002 1
v [
: Total head
Jo)
I, pr (- a,) Liquid head 0.000 0.000 1 (Identical 0.000 | 1 (Identical
. Total head numbers, numbers,
Pi very close to very close
Zero) to zero)
I, w2 Single phase resistance 0.000 0.000 1 (Identical 0.000 | 1 (Identical
L o Gravity head numbers, numbers,
Pi8A" Ly very close to very close
Zero) to zero)
I, w2 Two phase resistance 0.050 0.048 1.042 0.048 1.042
py Ai L Fn, Gravity head
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6.7  Calculation of PWR and BWR Pi groups
6.7.1 Introduction

Pi groups calculated for the RBHT test facility, a PWR and BWR assembly are given in Tables
6-14, 6-18 and 6-20 . The values obtained were compared, and distortions due to scaling identified.
Using this approach, it can be seen whether or not the RBHT facility replicated prototypic behavior.
The closer the values of the Pi group are for the test facility and the PWR or the BWR, the more
similar is the behavior. The Pi groups which are not dependent on the material properties but only
on the fluid conditions should be similar. Those Pi groups, which are a function of the material
properties, will be different for the test facility and the PWR or the BWR, since the material
properties are different.

Table 6-3 compares the different Pi groups for the test and a PWR fuel assembly and indicates
possible test distortions relative to the fuel assembly being modeled. These comparisons indicate
that many of the Pi terms are preserved since the rod bundle geometry models that of a PWR fuel
assembly, and the initial conditions are preserved in the tests relative to the reactor. However, there
is no housing in the PWR fuel assembly. So to ensure similarity, the Pi groups which represent the
heat transfer processes associated with the housing must be small relative to the other transport
terms in Equation 6-26.

Similarly Table 6-4 compares the Pi groups for the test facility to the Pi groups for the BWR fuel
assembly. Since the BWR assembly has a channel surrounding the fuel rods, the same terms and
Pi groups derived for the Rod Bundle Test Facility are also present for the BWR fuel assembly. The
terms can have different magnitudes since the materials are different between the test and the BWR
fuel assembly.

6.7.2 Calculation of Pi groups for PWR

The Pi groups for the fluid energy, which represent the flow energy, energy storage, convection to
rods, housing, grids and dummy rods were evaluated for a PWR. Firstly, there is no housing for a
PWR, hence the convection heat transfer from the vapor to the housing is zero. Those Pi groups
which are dependent only on the flow conditions and independent of the material properties, will
be the same for the test facility and the PWR, since the geometry, including the dimensions of rods,
grids etc for the test facility and the PWR are the same.

Therefore, the fluid energy storage, flow energy, and convection Pi groups are all identical for the
PWR. Thus, the only Pi groups that will be different are the quench terms and those involving
radiation heat transfer.

The PWR quench energy groups Iy, I1,, I, and IT, are calculated using the same method as for the
RBHT facility, however, the PWR core material properties and geometry are used (Zircaloy, UO,
etc.). Note that in this case the housing is not present and the scaling group describing the quench
of the housing is zero by definition. The calculated values are reported in Table 6-14.
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The thermal radiation Pi groups for the PWR are calculated with a modified version of the
RADNET computer program to account for the typical Westinghouse 17x17 rod bundle geometry.
In a PWR, the housing is not present and only portion of the core section is considered. The
situation assumed in the calculation is that of a hot assembly surrounded by eight colder assemblies
as depicted in Figure 6-5. To reduce the size of the problem, this core portion(nine assemblies) is
assumed to be 90 degrees symmetric. Moreover because of the geometry, radiation from the hot
assembly cannot penetrate beyond seven rows into the cold rods. This reduces the problem to a
15x15 array. Thimbles location are described in the same Figure 6-5. At this point the VUEFAC
subroutine of the MOXY code is used to calculate the single rod-to-rod view factors matrix and
these values are combined to produce the global view factors. The node surface areas, are calculated
in the computer program RADNET, as described in Appendix B.1.

To simulate the absence of the housing in a PWR core, the resistances from each node to node 4
in the network are set to a very large number (practically infinite). Then the same node
temperatures for the RBHT facility are applied at the network external nodes and the program is
solved for the radiosity in the other nodes. Finally, following the same procedure utilized for the
RBHT case, the PWR fluid energy equation Pi groups for radiation heat transfer are calculated.

The numerical values for PWR Pi groups for the radiation terms for the fluid energy and rod energy
equations are shown in Tables 6-14 and 6-18.

Similar to the RBHT, the fluid momentum Pi groups are calculated for the PWR and results are
reported in Table 6-20.

The Pi group for the interfacial heat transfer will be the same for the test facility, PWR and BWR.
Comparing these terms to that for the test facility, minor differences can be seen. The spacer grids
used in the test are prototypical, so the, form loss term will be the same for both the plant and the
test. The frictional term, however, can be different since in the test there is a housing which adds
additional wetted perimeter such that the hydraulic diameter is smaller for the same flow area. The
smaller hydraulic diameter results in a lower Reynolds number for the same flow condition and
hence a higher friction factor, but the differences in the values are quite small. The emissivity of
Inconel 600 is slightly lower than Zircaloy and this causes some differences in radiation terms.

6.7.3 Calculation of Pi groups for BWR

The Pi groups for the fluid energy, which represent the flow energy, energy storage, convection to
rods, housing, grids and dead rods have been evaluated for a BWR. Since the BWR fuel assembly
is surrounded by a channel, which acts as a housing, the Pi groups related to the housing are not
zero as in a PWR. It should be noted that the Pi groups which are dependent only on the flow
conditions and independent of the material properties and geometry are the same for the RBHT
facility and the BWR fuel assembly.
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In the fluid energy equation, based on the above, it is evident that the Pi groups representing the
fluid energy storage terms and, the flow energy terms, IT,, I, IT,, I, and I',;, will be the same as
that of the test facility, as they depend only on the flow conditions. The interfacial heat transfer
term, (I ,,) will also be the same as it depends only on the fluid condition and the number of drops.
The Pi groups for the convection to rod, housing, grid and dead rod will be different because of a
different rod diameter for a BWR fuel rod.

The stored energy and convection terms for the rod energy equation Pi groups for BWR are
somewhat different because the dimensions of the rod is different for a BWR compared to a PWR.
Also the time constants for the cladding and the fuel are higher for a BWR. These Pi groups are
presented in Tables 6-14 and 6-18.

The BWR quench energy groups are calculated by the same method used for the RBHT facility,
using BWR core material properties and geometry (Zircaloy, UO, etc.). For simplicity, the same
T_,, is assumed in the calculation for both Zircaloy and Inconel. Note that in this case the housing
is represented by the channel walls. The quench energy Pi groups for the BWR are shown in Table
6-14.

To calculate the thermal radiation Pi groups for the BWR, the RADNET computer program was
modified to account for the different bundle geometry typical of a typical GE 8x8 rod bundle. In
this case the housing is represented by the channel walls. The situation assumed in the calculation
is a 4x4 hot assembly surrounded by two rows of colder assembly as depicted in Figure 6-6. The
cold surfaces are the two water rod in the center of the channel. The VUEFAC subroutine of the
MOXY code is used to calculate the single rod-to-rod view factors matrix and then by combining
properly these values, the global view factors and node surface area are calculated in the RADNET
computer program, as described in Appendix B.1 for the RBHT facility.

The same nodes temperature used for the RBHT facility are applied at the network external nodes
and the program solves for the radiosity in the other nodes. Finally, following the same procedure
utilized for the RBHT case, we calculate the BWR fluid energy equation Pi groups for the radiation
heat transfer. The numerical values are reported in Tables 6-14 and 6-18.

The Pi groups for the fluid momentum equation for the BWR will be the same as that of a PWR,
based on the conditions of flooding rate of 1 inch/sec.

6.8 Conclusions

The fluid energy equation, the rod energy equation and the bundle fluid momentum equations have
been developed for the Rod Bundle Heat Transfer test facility. These equations were made
dimensionless using the initial and boundary conditions such that dimensionless Pi groups were
developed to examine similitude between the Rod Bundle Heat Transfer test facility and a PWR and
a BWR fuel assembly. From the scaling analysis, it is found that the presence of a test housing
leads to extra Pi groups for this structure relative to a PWR fuel assembly, thereby indicating that
distortion in the test is possible. '

6-80



The test facility is actually a closer representation to a BWR fuel assembly which also has a
Zircaloy channel or shroud surrounding the fuel rods. Therefore, for code modeling and validation
purposes, the effect of the test housing must to be modeled including the rod-to-rod and rod-to-
housing radiation heat transfer. The housing effects must also be considered in the analysis of the
test data to determine effect of radiation.

The housing had a less important effect on the fluid momentum equation since it only affected the
hydraulic diameter and resuiting fluid Reynolds number and friction factor such that the frictional
component of the fluid pressure drop would be somewhat larger than a PWR fuel assembly. Since
the majority of the pressure drop in the bundle is due to the spacer grid form losses, and the
elevation head and since the prototypical grids are used in the test bundle, the hydraulic distortion

is negligible.

There also can be some difference in the PWR/BWR Pi groups relative to the test due to the
material differences as seen in Tables 6-14, 6-18 and 6-20. These effects are relatively small and
can be accounted for in the analysis of the data.

Comparisons of the derived Pi groups for the test and a PWR and a BWR fuel assembly indicate
that if prototypical fluid conditions are used in the tests, and the bundle geometry is retained, there
is a very strong similarity between the bundle and the PWR and BWR fuel assemblies and the data
should be applicable to either reactor fuel assembly type.
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Figure 6-6: BWR Bundle Lumping Approach
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6.10 Nomenclature

area, m >

Biot number (dimensionless)

specific heat, J/kg-K

diameter, m

specific internal energy, J/kg

friction factor

Fourier number (dimensionless)

acceleration due to gravity, m/s

gravitational constant (32.17 Ibm-ft/Ibf-s’)
enthalpy, J/kg

heat transfer coefficient, W/m>-K

radiosity, W/m?

thermal conductivity, W/m-K

loss coefficient

length, m

number of grids in two phase region (Eq. 6-78)
number of grids in single phase region (Eq. 6-78)
Nusselt number (dimensionless)

rod pitch, m

pressure, N/m’

heat energy, W

radius, m ]

resistance (used in radiation network) (Eq. 6-102)
Reynolds number (dimensionless)

time, sec

temperature, K

velocity, m/s

volume, m*

mass flow rate, kg/s

elevation, m
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Subscripts:

B bundle

c cladding

ci cladding inside surface
co cladding outside surface
cr cold rod
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CL

dcht

convection (Usually with heat transfer coefficient)
centerline

drops

direct contact heat transfer
decay power

dead rods

dead rods to drops
dead rods to vapor
exit

fluid

fuel

film boiling

grid

gap in the nuclear fuel rod
grid to drops

grid to vapor

hot rod

housing

housing to drops
housing to vapor
reference case
inlet

Interfacial

liquid

liquid contact
mixture

minimum
maximum
constant pressure
quench

rod

rod to drops

rod to vapor
surface
superheated
saturated

test

total

vapor

vapor to drops

single phase
two phase
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Greek Symbols:

> A HE QQ

Superscripts:

void fraction

thermal diffusivity
kinematic viscosity

non dimensional ‘pi’ group
density

time constant

increment

per unit length

per unit volume

non dimensional variable
average

two phase flow multiplier

total frictional and form resistance

black body emissive power
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7. SECOND TIER SCALING FOR THE ROD BUNDLE HEAT TRANSFER TEST
FACILITY.

7.1 Introduction

Following the two-tier scaling methodology approach, Section 6 examined the “Top Down”
scaling of the Rod Bundle Heat Transfer (RBHT) test facility relative to a PWR fuel assembly as
well as a BWR fuel assembly. The individual Pi groups were calculated from the normalized
conservation equations for the test facility, a PWR fuel assembly and a BWR fuel assembly. The
calculations indicated which terms in the conservation equations were dominant for each
configuration. The ratio of the Pi group calculations for the test and either the PWR or BWR
fuel assembly indicated where the test facility had possible scaling distortions. The distortions
were larger for the representation of the PWR fuel assembly by the RBHT test facility as
compared to a BWR fuel assembly since there is no fuel assembly channel in the PWR fuel
assembly, as compared to the test facility, while the BWR fuel assembly contains a fuel channel.

The top down scaling analysis indicated three areas where scaling distortion could exist in the
RBHT test facility relative to a PWR or BWR fuel assembly. They are:

1. The presence of the housing which can act as a radiation and convection heat sink
for the fluid and heater rods, as well as a heat source to the fluid as the housing
quenches. The housing also changes the hydraulic diameter of the outer
subchannels slightly such that there is lower flow in the outer subchannels, and
correspondingly higher flow in the center of the bundle. However, this effect is
small.

2. The material differences between the electrical heater rods and the nuclear rods
which include a gap between the fuel pellet and the cladding

3. The material differences in the cladding which can affect the Trin value and hence
the quenching rate of the heater rods verses nuclear rods. Also included in this
difference are the local effects of the surface, including roughness and oxide layer.

The bottom-up scaling effort has been performed specifically to examine these differences so that
identified distortions can be assessed and methods found to account for or minimize their effects
in the testing, data reduction, and data analysis. In the bottom-up scaling approach, analysis was
performed to determine the radiation heat transfer effects of the test section housing relative to an
infinite size rod bundle. These calculations would tend to over-emphasize the distortion of the
test relative to 2 PWR fuel assembly. The BWR fuel assembly channel is similar to that of the
RBHT facility so the distortion is less.

Calculations were also performed modeling a fuel rod, with its properties and the fuel- pellet gap

as well as the electrical heater rod, to determine the heat released at quench as well as the stored
energy effects and maximum temperatures and radial temperature distributions.
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The differences in cladding material on the value of Try were assessed by comparing Inconel
and Zircaloy cladding quench data from different tests. These comparisons indicated that
Zircaloy quenches at a higher temperature relative to stainless steel or Inconel cladding.

The analysis and data comparisons for each of the identified areas of distortion are given in the
remainder of this Section.

7.2  Housing effects and studies

7.2.1 Introduction

One of the main distortions of the RBHT facility compared to a PWR fuel assembly is the
presence of the housing, which represents a heat sink for radiative heat transfer from the rods.
The housing can also be a heat source for the fluid later into the transient because of the release
of its stored energy during the quench time period.

To address housing effects in more detail, a single rod-to-rod, rod-to-housing model based on the
MOXY computer’ ¥ program was developed. MOXY was used to calculate the view factors
matrix while a new program was written, called BUNDLE, to calculate the combined
conduction-convection-radiation heat transfer in a cross section of the rod bundle. The BUNDLE
program considers a cross section with each rod simulated individually, as well as the housing.

The VUEFAC subroutine was extracted from the MOXY computer program and included in
BUNDLE to calculate the view factors matrix. The program calculates the temperature field in
the bundle cross section during the reflood transient. The model solves thermal conduction in the
rods and the housing, convection heat transfer to the fluid and radiative heat transfer among the
rods and the housing surfaces. Convection to the fluid is simulated by assigning the time history
of the heat transfer coefficient estimated from the FLECHT-SEASET Run 31504 test data 72, as
shown in Figure 7-1. In addition when the temperature in hottest rod falls below T, , the heat
transfer coefficient is set to a very large value 5.678 kW/m?K (1000 Btw/hr-ft2-F) to force all the
structures to quench at that time.

The radiative heat transfer to the droplets and to the vapor is neglected in the BUNDLE program
while fluid is assumed transparent to the radiation. The thermal radiation heat transfer between
the surfaces and the fluid (steam and droplets) is considered in the simplified lumped parameter
approach using the RADNET computer program described in Section 6.4.4. More details of the
model as well as the computer program list can be found in Appendices C.1 and C.2. The base
case was a 7x7 bundle with four zero power (dummy) rods in the corner of the array. The other
parameters are given in Table 7-1.



Table 7.1 Input data

rod power (kW/rod) 5.0 kW/rod

power radial distribution uniform

wall surface emissivity 0.8

bundle heat losses (hou) [btu / hr ft2 F] 0.0 (0)

fluid convection heat transfer coefficient see Figure 7-1

(hin) _

initial temperature dummy rods [F] 450.0 (232.220C)
initial temperature power rods [F] 1600.0 (871.119C)
initial (pre-heating) temperature [F] 450.0 (232.220C)
fluid temperature [F] 268.0 (Tsar) (147.5°C)

The heat transfer coefficient at the inside surface of the housing is assumed equal to the
convective heat transfer coefficient used for the heater rods and is based on FLETCH-SEASET
Test data.

7.2.2 Results

Figure 7-2 shows the clad temperature of the center rod, the inner 3x3 and 5x35 array averages,
the housing and cold (dummy) rods surface temperature. The PCT temperature is reached at
about 50 seconds while the maximum housing temperature is reached later in time at about 200
seconds. At about 250 seconds the clad temperature at the hottest rod falls below Ty and all
structures are quenched. Note that the quenching time of the housing is larger than that for the
other structures. Figures 7-3 show the heat rate (W/m) release from the rods to the housing and
the heat released from the housing t6 the fluid. The heat transfer rate is very high when the
housing quenches. Figure 7-4 shows the same results with an expanded y-axis. The maximum
heat transfer rate from the rods to the housing is about 25% of the heat generated in the bundle.
The housing releases energy to the fluid early in transient by convection to the steam and later to
the mixture during the quench time.

The heat transfer from the rods to the fluid, particularly from the outer rods, can be a two-step
process in which the energy first passes to the housing via radiation and then to the fluid by
convection. This is described by Figure 7-4 which shows that the radiative heat rate from the
rods to the housing reaches its maximum value of 24 kW/m at about 35 seconds, then decreases
almost linearly to 2 kW/m at about 245 seconds, when quench occurs. In the same time period,
the convective heat rate from the housing to the fluid rise from nearly 0 to about 15 kW/m. Then
the remaining energy stored in the housing is released during the quench period which last about
20-30 seconds. During quenching, the convective heat rate from the housing to the fluid
increases to 400 kW/m.

Note that the temperature gradient which develops radially across the bundle as a consequence of
the presence of the housing is overestimated by these calculations because of the assumptions



used. In reality, thermal radiation from the rods to the fluid (droplets and vapor) will tend to
reduce the temperature of the inner rods, therefore, the heat transfer to the external rods and the
housing will be lower than the calculated value. Another effect is the convective heat transfer
coefficient, which is assumed uniform in the calculation. In reality, the convective heat transfer
coefficient will be higher in the center region of the bundle. Again, this effect will reduce the
temperature gradient across the bundle.

Quasi steady-state calculations were carried out for the FLECHT 15x15 bundle using a radiative
network " approach similar to the one described in Section 6. In this case the radiative heat
transfer from the inner rods to the housing was estimated to be 10% to 20% of the convective
heat transfer depending on the flow conditions. Note that the FLECHT bundle was larger than
the 7x7 RBHT bundle.

Sensitivity studies were performed to the base case (Table 7-1) to optimize the facility designing
by reducing the scaling bias where possible, as follows:

a) bundle size (3x3, 5x5, 7x7,......... ,17x17,infinite)
b) housing thickness

¢) housing pre-heating

d) surfaces emissivity

e) radial power distribution

f) dummy rods (cold-surfaces) contribution

Results are summarized in the following and presented in Figures 7-5 through 7-10.
a) Bundle size

The calculation of the clad temperature for an infinite array with a constant radial power
distribution results in a rod-to-rod temperature gradient which is zero since radiative heat transfer
does not take place and the clad temperature is determined only by the fluid convection. An
indication of the radiative heat transfer contribution for a finite array is the difference between
the average clad temperature in the central rods sub-array as calculated for a finite size bundle
and the same value calculated for an infinite size bundle. The selected sub-array is the inner 3x3
rods and the temperature drop defined is AT, = T_ —T,,,. This temperature difference represents

the facility distortion when compared to the temperature expected when the same boundary
condition are applied in a real PWR core which is essentially an infinite array.

Figure 7-5 shows the value of AT, for different bundle sizes (5x5, 7x7, 9x9 and 11x11). The

time at which the quench is occurring is earlier in the finite bundle respect to the infinite bundle
case. As a consequence, the significant clad temperature drop which is experience during the
quench is earlier than in the small bundle size. This effect is indicated in Figure 7-5, which
shows the difference between the clad temperature in the hypothetical infinite bundle and the
clad temperature in the finite size bundle. Figure 7-5 shows that the quench time is anticipated of
about 17 seconds in 5x5 bundle, of about 7-8 seconds in the 7x7 bundle and of smaller value for
larger bundle sizes.



Before the quenching, the maximum temperature distortion is reached between 150 and 200
seconds into the transient, depending on the bundle size. For the 7x7 bundle, a maximum value
of 250°F (138°C) is predicted, the maximum distortion decreases to 150°F (83°C) for a 9x9
bundle and to 100°F (55.6 °C) for a 11x11 bundle. For the 5x5 bundle size the maximum
temperature distortion is up to 400°F (222.4 °C) which is much larger than the 250°F (138 °C)
maximum temperature distortion experienced in a 7x7 bundle. In conclusion when compared to
the infinite bundle array the 7x7 bundle is good compromise when low costs and low scaling
biases are both a concern in the facility design. A Large bundle will provide a more prototypic
behavior with a reduced temperature bias but the costs addition due to the additional rods
increases dramatically.

b) Housing thickness

The housing is both a heat sink and a heat source during the reflood transient, and represents a
bias which should be minimized by reducing its thickness to a minimum. The housing is a heat
sink for the thermal radiation from the external rods and is an heat source to the fluid as the
quench front approaches, as seen in Figure 7-4. The housing heat release is very large during
quenching. A Y inches (6.35 mm) thick housing was chosen to provide enough strength for the
facility operation. To quantify the effect of the housing thermal inertia, two sensitivity cases
were run with %/, and % inches (6.35 — 4.76 mm) thick housing. Results (Figure 7-6) show that
in this range the solution is insensitive to the housing thickness. In conclusion the variation of
the housing thermal inertia is negligible in the thickness range of interest.

¢) Housing preheating

To reduce the rod temperature drop introduced by the presence of the housing, the housing could
be pre-heated before the reflood begins to reduce the radiative heat transfer between the rods and
the housing during the early part of the reflood. An optimum preheating temperature value will
exist. A high temperature reduces the radiative transfer between rods and housing; however, it
increases the metal heat release to the fluid during quenching. The base case considered an
initial housing temperature of 450 °F (250°C) while the sensitivity case assumed an initial
housing temperature of 1000°F (556°C). Results are shown in Figure 7-7: the temperature drop
AT, for the center 3x3 array is lower for higher pre-heating temperature, 1000°F (556°C), but the

difference between the two cases is less than 40°F, indicating that initial heating has a weak
effect.

d) Surface emissivity

Some uncertainty exists in surface emissivity, which is a function of surface conditions
(roughness, oxidation etc.). Emissivity, in turn, affects radiative heat transfer. For oxidized
Inconel-600 the literature provides emissivity values ranging from 0.7 and 0.9. A sensitivity
analysis was performed to address this effect. Figure 7-8 shows that the temperature uncertainty
introduced by the emissivity uncertainty is less than 20°F.

7-5



e) Axial power distribution

The base case considers a uniform radial profile with zero power in the four corner rods. The
possibility of increasing the peripheral rods to provide a “shield” to rod-to-housing heat transfer
was investigated. A 20% increase in power was applied to the external rods while keeping the
same (5.0 kW/rod) power in the interior'rods (i.e. the total power in the bundle increases by
about 9%). Figure 7-9 shows that the maximum value of AT, decreases of about 20°F.

f) Effect of the corner dummy rods

The effect of the dummy rods in the four corners of the bundle is shown in Figure 7-10. The
calculation is based on the same rod power (5.0 KW/rod) and the total power of the bundle is the
same of the previous sensitivity case (9% greater than the base case). The effect of the dummy
rods is to decrease AT, by about 10°E. This is a secondary effect to the radiative heat transfer
from the inner rods in the bundle. The conclusion from the six sensitivity studies is that the
parameter of most importance is bundle size. A large gain (~50%) occurs in increasing the
bundle size from 5x5 to 7x7. Further gains are made by increasing the bundle size to 11x11,
however, the facility cost would increase accordingly by approximately a factor of four. The
other parametric variations are small by comparison.

7.3 Material differences
7.3.1 Introduction

Another issue which arose from the scaling analysis is the rod material differences. The
electrical heater rods use Inconel-600 instead of Zircaloy for the clad and Boron Nitride instead
of Uranium Dioxide. The electric power is generated only in an annulus area inside the rod
where the heating element, Monel K-500 is located. Another difference is the gap conductance

which is assumed to be 5679 W/m2K (1000 Btw/hr-ft2-F) for a nuclear rod and 28385 W/m2K
(5000 Btw/hr-ft>-F) for the electrical rod.

A detailed analysis was performed to quantify the transient temperature response distortion of an
electrical rod when compared with a nuclear rod.

The BUNDLE computer program was used to simulate a transient conduction problem fora
single rod. The radiation heat transfer is turned off for this case. The transient was basically a
step change in the convection heat transfer coefficient while keeping constant rod power and
fluid temperature. The step change was applied after a steady-state was reached where the
surface temperature is assumed to be at Tumio. This transient can be a simplified view of the
quench process. Consistently with section 6, Tain Was set to 550°C (1022°F). The initial
convective heat transfer coefficient is calculated assuming a steady state condition where the rod
surface temperature is exactly at Trmin- The conditions of the transient are given in Table 7-2.



Table 7-2: Input data

Rod power (kW/rod) 0.7 kW/ft

Fluid Temperature 131 C (267°F)

Initial HT.C. 183.4 W/m2K (32.3 Btu/hr-ft>-F)
Final HT.C. , 5679 W/m2K (1000 Btw/hr-ft>-F)
Initial Teiag = Tonin 550 C (1022°F)

Conductivity of UO2 ) 2.4 W/mK (1.4 Btu/hr-ft-F)
Conductivity of BN 85.9 W/mK (49.6 Btu/hr-ft-F)
Gap Conductance Nuclear 5679 W/m’K (1000 Btu/hr-ft>-F)
Gap Conductance Electrical 28385 W/m’K (5000 Btw/hr-ft>-F)

7.3.2 Rod comparison

Figure 7-11 shows the temperature profile at the initial steady state for both the heater rod and
the nuclear rod with a clad surface temperature of 550°C (1022°F). The difference in the profiles
is because of conductivity: UO9 is about a factor 20 Jower than the BN/Monel conductivity;

therefore, the nuclear rod has a higher centerline temperature than the electric rod for the same
clad surface temperature.

An additional contribution to the above difference is the gap conductance which larger for the
heater rod by approximately a factor 5. This effect is shown in Figure 7-12.

The top-down analysis indicated that the stored energy in the fuel region is comparable between
the nuclear rod and heater rod. On the other hand, more energy is stored in the Inconel cladding
than Zircaloy cladding so that the tofal amount of stored energy is somewhat larger for the heater
rod. The larger amount of energy which resides in the cladding of the heater rod is released
quickly during quenching, as shown in Figure 7-13. Figure 7-14 shows the amount of stored
energy released during the transient. This value was calculated integrating over time the power
released detracted by the power generated as:

Equench = J; (Q(I) -4, )dt

where

q(t) = power released to the fluid
q, = rod power (0.7 kw/ft)
t, =initiation of quench
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Figure 7-14 shows that the electrical rod releases a larger amount of energy more quickly. The
time constant for the energy release is consistent with that calculated with a simple double-
lumped approach, described in Section 6.

7.4  Surface properties differences

The surface properties which can affect the reflood behavior are the wall surface emissivity and
the factors that determine minimum film boiling temperature Tmin.

The Zircaloy surface emissivity can be slightly higher than the Inconel-600 even though the
uncertainty in its real value is sometimes larger than the difference between the two materials.
The wall emissivity depends on many factors such as temperature and oxidation of the surface.
The effect of the wall emissivity on the rod-to-rod and rod-to-housing radiative heat transfer was
addressed by the sensitivity analysis presented in Section 7.2.

Figure 7-15 shows the distribution 76 of experimental rewet temperatures based on
Westinghouse G-1 and G-2 blowdown experiments 7 ™®_ A mean value of 536°C (998°F) was
found. Prototypic thermal hydraulic experiments 79 for Zircaloy cladding indicate an average
value of 575°C (1068°F). Zircaloy will quench at higher temperature than stainless steel or
Inconel.

7.5  Scaling Conclusions

The three areas where scaling distortion could exist between the RBHT test facility and a PWR
or BWR fuel assembly were indicated during the first tier scaling analysis described in Section 6,
namely . Section 7 presented the bottoms-up scaling analysis and addressed these distortions in
more detail.

During the early part of reflood, housing acts as both a radiation and convection heat sink for the
fluid and heater rods, whereas with the approach of the quench front, it acts as a heat source. The
presence of the housing causes a radial temperature distribution across the bundle which in turn
drives energy from the inner portion of the bundle to the housing. As a result, during the
transient the temperature in the inner region of the RBHT bundle is lower than the temperature in
an ideal case.

The effect of the housing is less important for a large bundle since the inner region is shielded by
the outer region of the bundle. Sensitivity analyses were performed to quantify the housing
distortion for different bundle sizes from 5x5 to 11x11 arrays. The distortion decreases
significantly when the bundle size is increased from 5x5 to 7x7 while for further increases the
distortion reduction is progressively less and less significant. A 7x7 bundle size is a reasonable
compromise between cost and scaling distortion. For a 7x7 array, the maximum temperature
distortion to the inner 3x3 rod array with respect to an infinite (no-housing) bundle is about 121
C (250 F).
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Sensitivity studies were performed to evaluate the effects of housing thickness, housing initial
temperature, emissivity, radial power distribution and dummy rods contribution. These were
found to be of second order importance. Their effect on the temperature in the center region is

280C (500F) at most.

The material differences between the electrical heater rods and the nuclear rod, which also
includes a gap between the fuel pellet and the cladding, is the second major facility distortion.
The analysis shows that the quench time can be affected by material properties. The stored
energy is 15% larger in the heater rod compared with the nuclear rod. The amount of energy in
the fuel region is similar. The difference resides in the Inconel cladding of the heater rod. The
conductivity of the “fuel” region of the electrical rode is 20 times higher than the nuclear rod.
Therefore, if we assume the same heat transfer coefficient at the quench front, the stored energy
is released more rapidly in the heater rod versus the nuclear rod. This introduces a bias in the
experiments which must be determined. This bias will be lower than predicted by this simplified
analysis. In fact if more energy is released to a given volume of liquid, the heat transfer
coefficient will decrease and this will in turn reduce the heat release rate in the electric rod.

In addition differences of the cladding material on the value of Tmin Were assessed by comparing
Inconel and Zircaloy cladding quench data from different tests. These comparisons indicated that
there is a difference. The Zircaloy cladding will quench at a higher temperature relative to
stainless steel or Inconel cladding.
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Temperature (C)

Figure 7-1

Convective Heat Transfer Coefficient (FLECHT-SEASET Run 31504)
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Heat Rate [W/m]

Figure 7-3
Heat rate to and from the housing in the 7x7 bundle {base case)
{Bundle Linear Power = 103000 W/m)
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Figure 7-5
Clad temperature drop in the inner 3x3 array because of radiative heat

transfer in a finite size bundle array
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Figure 7-6
Inner 3x3 rod array clad temperature bias in RBHT bundle
Housing thickness sensitivity
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Figure 7-7
Inner 3x3 rod array clad temperature bias in REHT bundle
Housing initial {pre-heating) temperature sensitivity

250

200 1

100

T-stant = 232.22 (
- - = -T-start = §37.78

L

-+

50 100 150 200 250 300 350 400
Time (seq)

Figure 7-8
Inner 3x3 rod array clad temperarture bias in RBHT bundle
Wall emissivity sensitivity
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Figure 7-9
Inner 3x3 rod array clad temperature bias in RBHT bundle
Radial power distribution sensitivity
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Figure 7-10
Inner 3x3 rod array clad temperature bias in RBHT bundle
Dummy rods effect
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Figure 7-11
Steady-State Temperature Profile
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Figure 7-12
Electrical Rod Steady-State Temperature Profile Gap resistance sensitivity
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Figure 713
Rod Quenching
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Figure 7-14
Rod Quench Energy Release
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Frequency

Figure 7-15
Distribution of Measured Rewet Temperatures During Westingouse G-1 and G-2 Blowdown Rod
Bundie Experiments
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