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ABSTRACT
The present study focuses on the development of a Wet Grid Model to describe the wet grid
phenomenon observed during the reflood stage of a postulated Loss of Coolant Accident
(LOCA) in a nuclear reactor. At high flooding rates, it has been observed that the spacer grids at
elevations above the quench front undergo rewetting much earlier than the fuel rod. A
consequence of this is the establishment of a liquid film on the surface of the spacer grid. Liquid
droplet sizes found downstream of a wet grid are larger than those found upstream of the grid
indicating a distinctly different mechanism of droplet generation as compared to a dry grid
scenario for which the droplets decrease in size as they pass through the grid. In this study, a
possible mechanism is postulated and a mathematical model is derived for the same.
The wet grid phenomenon is postulated to be consisting of four individual processes. Firstly,
the deposition of droplets from the dispersed two phase mixture onto the spacer grid surface,
then the establishment of a liquid film of equilibrium thickness on the surface of the spacer strap,
thirdly, the entrainment of liquid ligaments from the liquid film due to the shear action of the
steam flow and finally the breakup of these ligaments into a number of fine droplets downstream
of the grid. A mathematical model is formulated for each of these processes which can be used to
predict the droplet diameter downstream of a wet grid, given the flow and system conditions
upstream of the grid. In addition, a numerical based correlation is proposed to obtain the
downstream to upstream ratio of the sauter mean diameter of droplets in a wet grid situation.
The flow of superheated steam through the span of a wet spacer grid results in a significant
de – superheating and acceleration of the steam due to the evaporation of the liquid film on the
surface of the wet spacer grid. The simultaneous effect of steam de – superheating and
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acceleration greatly enhances the heat transfer rate from the surface of the nuclear fuel rod,
downstream of a wet grid. A mechanistic model is proposed to determine the Grid Enhanced
Heat Transfer (GEHT) downstream of a wet grid. The numerical solution to the model equations
shows that over a void fraction range of 0.99 to 0.999, the equilibrium film thickness varies
between 0.12 and 0.1 mm while the average liquid film velocity varies between 0.7 and 0.1 m/s.
The downstream to upstream ratio of the sauter mean diameter of the droplets was found to vary
between 2.75 and 0.8. A reduction of around 100 deg. C in the steam temperature was obtained
as it flows through the span of the wet spacer spacer grid. A wet grid was found to be more
effective in augmenting heat transfer than a dry grid under the same flow conditions. This
augmentation was found to be as much as three times higher for void fractions very close to
unity. Results obtained from the models, however, are still parametric in nature since no
experimental data under wet grid like conditions is available in the literature for model
development and validation. Future experiments to obtain the much needed droplet data under
wet grid conditions is suggested at the end of this work. Once the present models are validated,
they can be implemented directly into best estimate systems analysis codes such as COBRA –
TF and TRACE for predicting the rate of cooling of the fuel rods during the reflood transients
following a LOCA in a nuclear reactor.
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CHAPTER 1
INTRODUCTION
1.1 Wet Grid Phenomena and Grid-Enhanced Heat Transfer (GEHT)
In order to ensure that thermal-hydraulic safety constraints are met in the design and
operation of a pressurized water reactor (PWR), it is necessary to understand and model the heat
transfer within the reactor fuel assemblies. The most limiting accident that can occur within the
primary system of a PWR is the postulated large break Loss Of Coolant Accident (LOCA). In a
LOCA event, the major concern is the peak cladding temperature (PCT) that dictates the
maximum allowable fuel rod linear power level. During the reflood phase of a LOCA, liquid
coolant begins to reach and quench the bottom of the fuel rods. This quenching causes a large
amount of heat being transferred from the rods to the coolant, resulting in the production and
upward flow of steam which entrains liquid droplets and transports them to higher elevations.
The entrained liquid droplets help cool the steam and therefore the fuel rods at these higher
elevations reducing the PCTs while allowing the quench front to propagate upward along the
rods.
Spacer grids are an intricate part of the fuel assembly design. They provide support for the
fuel rods and maintain a constant distance between rods in a tight lattice, secure flow passage,
and prevent damage of the assemblies from flow-induced vibration. The environmental condition
of a grid spacer has been observed to play an important part in the droplet breakup and liquid reentrainment processes, as a dry grid versus a wet grid result in significantly different dispersed
flows downstream of the grid location. As described in the Letter Report by Cheung and
Goverapet Srinivasan (2010), dry grid spacers are found to serve as an effective means of
breaking large droplets into smaller droplets, thus substantially increasing the interfacial area
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between the liquid droplets and the steam. The reduction in droplet size is known to be
dependent upon the Weber number of the incoming droplets, the blockage ratio of the grid
spacer, and the volume fraction of the droplets in the dispersed phase. For wet grid spacers,
however, the grids appear to act as a potential source of droplets production. Under wet-grid
conditions, a liquid film exists on the grid spacer which can be sheared off by the steam flow to
form liquid ligaments and large droplets downstream, as evidenced by the experimental data
obtained from the RBHT facility.

Thus it is necessary to study and model the wet-grid

phenomena and the associated wet-grid effects separately from those for dry grids.
During dispersed flow film boiling in the reflood stage of a large-break LOCA, there are
several mechanisms of Grid Enhanced Heat Transfer (GEHT) taking place in a rod bundle that
could affect the cooling of the fuel rods and thus the resulting PCTs. These mechanisms include:
•

Flow acceleration due to flow blockage of the grid

•

Flow restructuring and re-development of the velocity and thermal boundary layers
through the grid

•

Flow mixing and turbulent wakes behind the grid caused by mixing vanes or swirling
vanes

•

Fine turbulent mixing of the continuous phase caused by the relative motions of the
dispersed phase

•

Droplet breakup through the grid resulting in a significant increase in the interfacial heat
and mass transfer area, thus promoting evaporative cooling

•

Grid rewetting and subsequent entrainment of liquid ligaments and droplets downstream
of the wet grid
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•

Two-phase augmentation due to evaporation of droplets that further accelerates the flow
while de-superheating the steam

•

Direct cooling of the fuel rods by the grid spacers serving as extended surfaces

•

Radiative cooling of the fuel rods offered by the grid spacers.

Although the current versions of the transient analysis codes such as COBRA-TF and
TRACE (version 6) have included many of the above mechanisms, it fails to adequately accounts
for the GEHT due to the dry-grid and wet-grid effects which could have significant impact on the
PCTs during the reflood transients. To quantitatively identify and model the dry-grid and wetgrid effects and to implement such models in TRACE is utmost essential to obtain better
predictions of the thermal hydraulic response of a reactor core under LOCA scenarios. This work
focuses on the wet-grid phenomena and the GEHT due to wet grids.
1.2 Major Objectives of the Present Work
The major objectives of the present work are
•

To perform literature review on the droplet deposition, droplet entrainment formation and
breakup of liquid ligaments as well as other wet-grid phenomena and prepare a relevant
database.

•

To develop a physics-based mechanistic model for the generation and entrainment of
liquid droplets from a wet spacer grid.

•

To develop a mechanistic model for the Grid Enhanced Heat Transfer (GHET) due to a
wet grid.

•

To identify new data needed for model validation and further development.
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CHAPTER 2
LITERATURE SURVEY
The enhancement effects of spacer grids have been studied for many years. Most of the
previous studies, however, have been focused on the GEHT for dry grids. Unlike the nuclear fuel
rod, the spacer grid structures are unpowered. As a result, their temperatures are much lower than
those of the fuel rods. This promotes earlier quenching of the grid structures in comparison to the
fuel rods. Once quenched, a potential to develop a thin film on the surface of the grid spacer is
established. This liquid film gains mass due to deposition of liquid droplets from the dispersed
two-phase steam-droplet mixture while it loses mass by evaporation and shear entrainment from
the trailing edge of the grid spacer.
Many experimental studies and empirical correlations have been reported in the literature on
droplet deposition and entrainment in annular flows. A brief summary of some of the most
important works in this field is provided below.
2.1 Literature Survey on Annular Flow Entrainment
Experimental data and correlations on this topic has been reported by a number of
researchers in the past. While developing a database of such correlations and experimental data,
particular attention was paid to the research works that utilized steam – water or air – water flow
systems.
Keeyes et al [1]
They obtained measurements of liquid entrainment and liquid film flow rate for adiabatic steam
– water flow in a vertical 3.7 m long 0.5 in diameter pipe for pressures ranging from 34 to 68
bar. A total mass flux in the range of ~1360 to ~2720 kg/m2s was employed in the study. The
entrainment rate was measured using a porous wall device to extract the liquid film flow.
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Wurtz [2]
In this work, film flow rates, pressure drop and film thickness were measured for two tubular
geometries. Steam – water mixture was used as the flow system and the operating pressure
conditions varied between 30 & 90 bar while the mass flux ranged between 500 and 3000
kg/m2s. The flow quality was varied between 0.08 and 0.6. The liquid film at the wall was
extracted using a suction device. Entrained liquid flow rate was calculated at the difference
between the total liquid flow rate and the wall film flow rate.
Singh [3]
The author reported liquid film flow rates and pressure drops for co current upward annular
flow of steam – water mixture in a tube. The operating pressure varied between 68 and 82 bars.
The total mass flux ranged between 272 and 952 kg/m2s while the exit steam quality varied
between 0.3 and 0.92. The test section employed was only 200 L/D long as a result of which the
droplet entrainment from the annular liquid film may not be fully developed.
Dallman [4]
In this work, a correlation for the fraction of liquid entrained in fully developed annular gas
liquid flows was obtained through the use of an approximate dynamic balance between the rate
at which the liquid was atomized from the wall layer and the rate of deposition of liquid back to
the wall film. The entrainment rate, local film thickness and pressure drop were measured over a
wide range of flow conditions in a horizontal pipe. The effect of flow asymmetry in horizontal
two phase flow was included in the development of the correlation.
Ishii &Grolmes [5]
These researchers first developed the inception criteria for droplet entrainment from co-current
gas liquid annular flow. They proposed shearing off of the roll wave crests and wave
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undercutting as the mechanisms for droplet entrainment for film Reynolds numbers above and
below 160 respectively. Experimentally observed change in critical gas velocity for the onset of
entrainment at a certain value of the film Reynolds number was explained to be due to the above
mentioned change in entrainment mechanism.
Ishii et al [6]
They obtained a correlation for entrainment fraction as a function of three dimensionless
groups namely, a dimensionless gas flux, total liquid Reynolds Number and a dimensionless
diameter. The derived an expression for the distance necessary to reach quasi developed
entrainment state. In the entrance region, they proposed an exponential relaxation form for the
entrainment fraction that eventually reaches the fully developed value at the end of the
development length. The entrainment model was obtained by considering the shearing off of the
roll wave crests by streaming gas flow. The predictions of the correlations compared well with
the experimental data in the pressure range of 1 to 4 atm, a liquid Reynolds number range of 370
to 6400 and a superficial gas velocity less than 100 m/s.
Sugawara [7]
The author reported an entrainment model for upward co-current annular flow that was based
on a dimensionless gas velocity and a force balance that considers the effects of interfacial shear
and surface tension at the wavy interface. A pressure correction factor, polynomial cure fit for
the wave height and a logarithmic curve fit for the gas Reynolds number were also used in the
model. Validation studies were carried out using the Film Dry out Analysis Code in Sub
channels (FIDAS). Though the force balance considered the effect of interfacial shear and
surface tension, the effect of gravity was not included.
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Hewitt &Govan [8]
The authors presented a correlation for the critical film Reynolds number corresponding to
the onset of entrainment based on the density ratio and viscosity ratio of the two fluids. However,
this equation did not take into account the effect of surface tension. They also presented a
correlation for dynamic droplet entrainment rate based on dimensionless groups and a curve fit to
experimental data. Their correlation however had errors as large as one order of magnitude under
certain flow conditions.
Nigmatulinet al [9]
The authors reported a correlation for dynamic droplet entrainment rate that accounted for
the presence of a critical Weber number below which no entrainment is possible. A separate
equation for the critical Weber number corresponding to the onset of entrainment in both laminar
and turbulent flow was reported. This equation, for the first time, considered the influence of
gravity force vector with reference to the flow direction. Their correlation compared well with
the experimental data. In addition, a discussion on the possibility of collisions of depositing
droplets resulting in additional entrainment was presented.
Lopez de Bertodano et al [10]
The authors used their air-water and Freon-113 experimental data to develop a correlation
based on dimensionless groups like the film Reynolds number, Weber number and a density
ratio. A double film extraction technique was used to measure the entrainment rate. The
experiments were scaled to approach high pressure steam water flow conditions. The correlation
was scaled by a factor to account for the average growth rate of ripples due to Kelvin-Helmholtz
instability at the interface. However, the primary means of droplet entrainment in annular flow
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(i.e., shearing off of roll wave crests) as suggested by Ishii and Grolmes [5] has not been
considered in the development of the correlation.
Sawant et al [11]
The authors reported a correlation for the entrainment fraction based on their experiments
using air-water and Freon-113 experiments that accounted for the existence of a critical gas and
liquid flow rates below which no entrainment is possible. A new correlation for the minimum
liquid film flow rate possible at the maximum entrainment condition was also proposed. Though
the correlation compared favorably with air-liquid flow system data reported in the literature,
significant differences were found in the prediction of steam-water data.
2.2 Literature Survey on Droplet Deposition
Paleev&Filipovich [12]
The authors performed experiments using air water flow system in a horizontal tube to
measure the liquid deposition mass flux and obtained a correlation for the droplet deposition rate
in terms of gas Reynolds number and the density ratio by fitting a curve to their experimental
data. The experiments were carried out at atmospheric pressure and the local gas Reynolds
number varied between 3x104 and 8.5x104. This correlation however does not have any
dependence on the droplet size or liquid Reynolds number.
Namie& Ueda [13,14]
The authors obtained experimental data for droplet transfer to the duct walls, distribution of
droplet velocity, droplet concentration and gas velocity for annular mist flow through a
horizontal duct of rectangular cross section. They utilized air – water flow system with the mean
diameter of liquid droplets varying between 27 and 40 microns. They found that the droplet
deposition coefficient was affected by both gas velocity and droplet concentration. The velocity
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distribution of the droplets was found to be fairly flat. In addition, the eddy diffusivity of the gas
was found to reduce with increase in droplet concentration, resulting in a reduced deposition
constant.
Issapour& Lee [15]
The authors performed experimental investigation of the droplet deposition from turbulent
two phase mist flow onto a parallel vertical wall. They utilized air – water flow system with
Reynolds number varying between 1.54x105 and 4.2x105 and a particle sizing two dimensional
reference mode Laser Doppler Anemometry technique to obtain the data. A correlation for the
droplet deposition coefficient was presented using their experimental data along with a
postulated physical mechanism based on the apparent turbulent viscosity of the gas as felt by the
particles and the most energetic eddy frequency of the flow.
Trela et al [16]
The authors presented a model for droplet deposition from turbulent gas flow on a vertical plate
based on the stopping distance concept allowing for different turbulent diffusivities of the gas
and droplets. Experiments were performed in a horizontal duct and the deposition investigation
was done on a vertical plate mounted parallel to the duct wall. The experiments used air – water
as the flow system at a pressure of 2 atm. The mean gas velocity in the duct varied between 1
and 14.1 m/s. The maximum droplet concentration during the investigation was 0.035 kg/m3.
Hewitt &Govan [8]
The authors obtained a correlation for the droplet deposition rate based on their air-water
experiments using ‘unidirectional deposition method’. They found that the deposition rate was a
strong function of the concentration of droplets in the core. However, the influence of gas and
droplet velocity on the deposition rate was not taken into account in their work.
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Sugawara [7]
A deposition model was developed based on the turbulent droplet diffusion mechanism
employing the heat-mass transfer analogy. The effect of concentration of droplets on the core
was incorporated by using a curve fit to the non-dimensional deposition constant obtained from a
number of experimental runs. Validation studies of the model were carried out using the FIDAS
code. The model was however based on a very limited number of air water data obtained at
atmospheric pressure. The applicability of the model to high pressure steam water flow systems
may be questionable.
Nigmatulin et al [9]
The authors reported a the deposition correlation based on the theoretical analysis of droplet
behavior in a turbulent flow and experimental results obtained from unheated air-water and
steam-water flow experiments in a vertical tube. This relation takes into account the influence of
gas and droplet velocity in the flow core on the deposition rate. The experiments with steam
water flow were carried out at a pressure range of 1 to 10 MPa, gas velocity of 4 to 105 m/s and
a total mass flow rate of 7x10-2 to 27x10-2 kg/s. For the air – water flow experiments the range of
pressure was 0.18 to 0.45 MPa, liquid mass flow rate varied between 20x10-2 and 250x10-2 kg/s
and the droplet volume fraction varied between 0.1 and 0.001.
Okawa&Kataoka [17]
The authors developed a correlation for droplet deposition rate in upward annular flow using the
experimental data reported in the literature and physical arguments. It was found that the
deposition mass transfer coefficient increases with an increase in the volumetric flux of gas
phase at low droplet concentration while it decreases with the increase in droplet concentration at
high droplet concentration. Thus the model used the superficial velocity of the gas as the primary

10

quantity of importance at low droplet concentrations while the droplet concentration itself was
the determining factor at high droplet concentrations. Though the model was derived using
available air – water experimental data, the authors found good agreement between model
predictions and experimental data for high pressure steam – water flows.
Schadel et al [18]
Experiments were performed to measure the rate of deposition and atomization in vertical co
current two phase annular flow in a tube of circular cross section. A tracer technique was used to
measure the above mentioned quantities based on the rate of change of concentration of the
tracer in the wall film. The authors found that at low droplet concentrations, rate of deposition
increases linearly with an increase in the droplet mass flow rate while at high droplet
concentrations, the droplet deposition rate was independent of the droplet concentration. In
addition, they found that the droplet deposition rate was relatively insensitive to the gas velocity.
Both of these results are in direct contradiction to the results obtained by previous researchers
like Namie& Ueda [13]. The authors attributed their observations to the possibility of the slip
ratio between the droplets and the gas being a variable quantity.
Ganic&Mastaniah [19]
In this work, the authors studied, both theoretically and experimentally, the deposition of
droplets from a two phase turbulent flow onto to the wall of a smooth tube. They proposed a
model for the deposition of particles in the Stokes Regime (Rep< 1) based on turbulent diffusion
in the core of the two phase flow followed by a free flight to the wall from the edge of the wall
layer. They found that the dimensionless deposition velocity depended only on the particle
relaxation time and the tube Reynolds number. Experiments on droplet deposition were
performed using air – water flow system in a vertical tube for a tube Reynolds number of 52,500
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and 94,600. For the former case, the test section inlet pressure was maintained at 1.15 bar and the
droplet concentration varied between 8.5x10-3 and 62x10-3 kg/m3 while for the latter case the
inlet pressure was maintained at 1.37 bar and the droplet concentration ranged between 22x10-3
and 75x10-3 kg/m3. The model was found to satisfactorily predict their experimental data and
other relevant data reported in the literature.
El – Kassaby&Ganic [20]
In this work, the authors extended the theory of Ganic&Mastaniah [18] to include the
theOseen regime (Rep < 5). Once again both theoretical and experimental analysis of droplet
deposition onto the wall of a smooth vertical tube was carried out. The main difference from [18]
was in the calculation of the particle to fluid diffusivity ratio for which the drag coefficient based
on the Oseen regime was employed. Experiments were performed for a tube Reynolds number of
26700, 36000, 43000 and 55200. The inlet pressure varied between 1.09 and 1.254 bar while the
droplet concentration varied between 12.7x10-3 kg/m3 and 56.8x10-3 kg/m3.
From the above review it can be clearly seen that all the correlations and experimental data
reported in the literature for both droplet deposition and entrainment have been for developed
annular flow scenarios in a duct of circular cross section or flat plates. The flow cross section at a
wet grid is considerably different from any of these geometries. The presence of mixing vanes at
the top of the spacer grid and dimples within the span of spacer grid further complicates the
geometry. In addition, the film thickness on the surface of a wet spacer grid is expected to be
very small. As a result, the entrainment from a wet grid is not expected to be similar to the
conventional annular flow entrainment mechanisms, namely, shearing off of roll wave crests or
wave under cutting. It is anticipated that the shear action of the steam flow would induce a
velocity in the liquid film which then issues from the trailing edge of the spacer grid as a viscous
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liquid jet. Subsequent breakup of this jet into finer droplets due to aerodynamic and capillary
instabilities is expected to be the mechanism for ‘entrainment of droplets’ appearing downstream
of a wet grid. Thus far, there is no experimental data or correlations reported in the literature
focusing on liquid entrainment from wet grid like situations.
In the present work, the formation and breakup of liquid ligaments due to the shearing action
of the steam flow through a wet grid in a rod bundle during the reflood transient is investigated
theoretically. The formation of liquid ligaments is modeled by considering the shearing off of the
liquid films on the wet grid. Droplet entrainment into the steam flow is modeled by considering
subsequent breakup of these ligaments due to the instabilities in the ligament. The notion of
critical Weber number is invoked to establish a stable droplet diameter in the presence of
turbulent steam flow. The resulting droplet number density is determined from the conservation
of liquid mass of the dispersed phase. Recent experimental data from the Rod Bundle Heat
Transfer Test Facility that may be useful for validating the modelis compiled. The physics-based
model so developed is intended to be implemented in TRACE to account for the GEHT effects
due to a wet grid on drop size and interfacial heat transfer area. However, at the present time, it is
not possible to validate the physics-based model owing to the fact that useful wet-grid data is
sorely lacking. New data is needed by performing wet-grid-focused bench-top experiments as
well as reflood experiments in the RBHT facility. The physics-based model described in this
work, once fine-tuned and validated by these new data, can be implemented in TRACE.
Assessment of the implemented model can then be done to obtain a better understanding of the
GEHT under wet-grid conditions.
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CHAPTER 3
WET GRID PHENOMENA OBSERVED IN RBHT REFLOOD TESTS
3.1 Wet Grid Phenomena Observed in the Reflood Tests
The NRC/PSU Rod Bundle Heat Transfer (RBHT) Test Facility was constructed to
investigate the flow and heat transfer characteristics within the bundle assembly. The RBHT
facility is designed to simulate a portion of a Pressurized Water Reactor (PWR) fuel assembly.
The facility consists of a 7 x 7 rod bundle with 45 electrically heated rods, mixing vane grids,
and over 500 different channels of instrumentation, which include heater rod and spacer grid
thermocouples, sensitive differential pressure cells, and fluid temperature probes. This
instrumentation provides detailed measurements for more accurate calculations and a better
understanding of the phenomenon that occur within the rod bundle.
One major objective of the RBHT Program is to investigate the effects of grid spacers on the
rod bundle heat transfer during reflood transients. A total of 25 reflood experiments have been
performed under various flooding-rate conditions in the RBHT facility using the VisiSizer
system to determine the effect of spacer grids on the diameters of droplets. In these experiments,
the bundle pressure, the flooding rate, the initial rod temperatures, the water inlet temperature,
and the peak power level were varied. The laser camera was positioned at a given elevation of
the bundle either upstream or downstream of a spacer grid. The VisiSizer system captured highresolution images of the two-phase mixture and analyzed the images at a rate of seven frames per
second, identifying droplets as dark images in front of the laser-illuminated scattering sheet. For
each test, a series of droplet measurements were taken at a single elevation. Runs were divided
into ten-second periods in which droplet sizes were measured. Statistical analysis of the droplet
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data was then performed systematically. Results of importance to the wet-grid phenomena are
shown in figures 3-1 and 3-2.

Fig. 3-1.Wet-Grid Formation in the Upper Portion of the Rod Bundle Well Before the
Arrival of the Quench Front Observed in RBHT Reflood Test 1383
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Fig. 3-2.Increasing Droplet Sizes Observed in Grid #6 Located Well above the Quench
Front in RBHT Reflood Test 1383

Experimental evidence observed in the RBHT tests clearly indicates that those grids in the
upper portion of the rod bundle could become wet well before the arrival of the quench front
even under low-flooding-rate conditions as shown in figure 3-1. Moreover, the experimental
evidence observed in the RBHT tests (see figure 3-2) clearly shows that the sizes of liquid
droplets downstream of a wet grid are considerably larger than those produced by a dry grid,
indicating a distinctly different droplet formation mechanism. Evidently, the spacer-grid models
currently employed in transient system analysis codes such as COBRA-TF and TRACE which
are applicable only for dry grids, cannot be applied under wet-grid conditions.
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3.2 RBHT Droplet Injection Wet-Grid Data
To further investigate the grid effects on rod bundle heat transfer, a series of droplet injection
experiments have been carried out for a range of constant powers, pressures, inlet sub-cooled
droplet temperature, steam quality, and inlet steam flow rate with variable droplet injection flow
rates. In these experiments, data was recorded for each set of test conditions once a steady-state
time period was maintained and the droplet injection was initiated at the various flow rates. In
addition to the various data channels of temperatures and pressures, droplet data was recorded
using a high speed camera system with an infrared laser. The droplet data was collected in the
regions upstream and downstream of the spacer grid locations within the rod bundle to determine
the mixing effects heat transfer enhancement of the grids.
Data from the steam cooling experiments with droplet injection conducted in the RBHT
facility provide very detailed insight to the temperature distribution and heat transfer
characteristics of dispersed flow film boiling regime during the reflood phase of a LOCA. The
information and data required to effectively analyze this regime include: the entrained liquid
droplet sizes and velocity, vapor temperature, steam flow rate, and the interfacial heat and mass
transfer. Droplet diameter and droplet distribution data were measured at a series of elevations
in order to obtain detailed information on the evaporation and breakup of the droplets as they
travel upwards through the bundle and pass through the spacer grids. The tests were performed
under quasi steady-state conditions to measure the two-phase flow heat transfer effects as
compared to previously attained single-phase flow data. Heater rod and bulk flow temperatures
were measured axially throughout the rod bundle, and the measured heater rod temperatures
were used to determine that steady-state conditions were achieved. Steady-state conditions were
considered to be achieved when heater rod temperatures oscillated within ±1 degree Fahrenheit
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over a five-minute time period. The upper elevations in the rod bundle were the last to achieve
steady-state. Once steady-state steam flow conditions were achieved, droplet injection was
initiated and maintained at a fixed rate for several minutes.
Thermocouples within the heater rods, on the grid spacers, and on steam probe rakes
provided useful temperature data throughout the rod bundle. Differential pressure cell
measurements were also made during the experiments at 23 elevations which include bare
bundle and spacer grid spans. High speed camera system imaging of the droplet flow provide
useful droplet size measurements axially along the rod bundle. Due to the high temperatures that
were reached during the test series, the quartz view windows at the peak power location were not
utilized for several tests such that only one test provides droplet data at this elevation.
Additionally, it was learned during the testing phase that grid 5 had shifted such that only
downstream data could be obtained for that grid location. Therefore, the droplet data for
investigating droplet breakup at a spacer grid are nearly entirely based on the upstream and
downstream measurements about grid 4 at an elevation of 1.73 m (68 in.).
For heat transfer analysis the Sauter mean diameter (SMD) provides further insight into the
effects of the liquid droplet field. For droplet breakup models including that of COBRA-TF, the
model is based on the SMD rather than the geometric mean diameter. The Sauter mean diameter
accounts for the fact that droplets will not be perfectly spherical, such that it is better suited for
modeling the droplet breakup process as the droplet deforms significantly as it traverses and
breaks up. The Sauter mean diameter measurements upstream and downstream of grid spacers
#4 and #6 within the RBHT facility at elevations of approximately 1.7 m and 2.5 m, respectively,
are presented in Table 3-1.
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The droplet breakup model is dependent on the Weber number which is a function of the
upstream droplet velocity in addition to the droplet diameter. Due to the difficulty and
uncertainties in the velocity measurement method of the VisiSizer system, COBRA-TF is
utilized to predict the droplet velocities which were missing in the measured data. COBRA-TF
input decks were prepared for the RBHT steam cooling with droplet injection tests which
provide velocity predictions for the bulk steam flow and the entrained liquid. These velocities
provide the maximum and minimum bounds for the actual droplet velocity, such that a range of
Weber numbers can also be obtained. The predictions of the droplet velocities by COBRA-TF
are presented in Table 3-2.
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Table 3-1: RBHT Steam Cooling with Droplet Injection Measured Droplet Diameters
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Table 3-1: RBHT Steam Cooling with Droplet Injection Measured Droplet Diameters
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Table 3-2: Summary of Velocity Predictions by COBRA-TF for Droplet Injection Tests
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The numerical results obtained using COBRA-TF to simulate the steam cooling with droplet
injection tests do not provide significant insight into the droplet breakup phenomenon at dry
spacer grids as shown in figure 3-3.

Fig.3-3.Comparison of the Measured Sauter Mean Diameter Ratio with Correlations
The Sauter mean diameter ratios for the droplet injection data are all well above the values
predicted by the correlations for a dry grid breakup phenomenon. The ratio is observed in some
cases to be greater than one, which indicates that a larger droplet is entrained within the bulk
flow downstream of the grid spacer than the incoming droplets which impinged on the grid. This
phenomenon is expected for a wet grid rather than a dry grid, and upon review of the spacer grid
wall thermocouple temperatures there is indication that the grid was partially wet during the
experiment as shown in figures 3-4 and 4-5.
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Fig.3-4. Mixing Vane Grid #5 Wall Temperatures

Fig.3-5, Mixing Vane Grid #6 Wall Temperatures
24

It should be noted that wet grid models accounting for the formation of a liquid film on a
wet spacer grid and the entrainment of droplets from the same are entirely lacking. The above
data, along with the droplet velocities and Weber numbers calculated by COBRA-TF, should be
useful for the development of wet- and partially wet- grid models.
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CHAPTER 4
MODEL FORMULATION
4.1 Theoretical Considerations
During the reflood stage of a large-break LOCA, the wet-grid effect could lead to significant
enhanced cooling of the fuel rods in the upper portion of the bundle where the PCT usually
occurs (see Cheung and Bajorek [21]). Current versions of TRACE and COBRA-TF, however,
do not properly account for the wet-grid effect. Specifically, depletion of liquid film that forms
on a grid spacer as a result of droplet deposition is assumed to occur only by evaporation.
Thinning of the liquid film due to the shear action of the steam flow is not considered. Moreover,
entrainment of liquid ligaments from the liquid film and subsequent breakup of the ligaments to
form droplets at the trailing edge of the grid spacer are not modeled. The droplet field
downstream of a wet grid could be entirely different than those described by the existing
correlation employed in TRACE and COBRA-TF. Without incorporating an appropriate wetgrid model, the steam and cladding temperatures could not be accurately predicted during
numerical simulations of the reflood transients. Evidently, a new physics-based wet-grid model
that adequately accounts for the grid-enhanced heat transfer (GEHT) due to the wet grid effect
needs to be implemented into TRACE so as to improve the PCT predictions in numerical
simulations and assessments.
Depending on the bundle power and the flooding rate, the spacer grids can be quenched
before quenching of the fuel rods by the flow of a dispersed two-phase mixture because the grids
are unpowered. Liquid films would form on the grid spacers following quenching of the grid,
which could radically change the subsequent droplet formation mechanism. Wet grid could act as
a major source for the generation of new droplets especially in the upper portion of rod bundle
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where PCT occurs. Contrary to what is being modeled in current versions of TRACE and
COBRA-TF, droplet field in the froth region is not as important as the new droplet field
downstream of a wet grid. Because the relative velocity of the steam flow to the liquid film is
larger, a wet grid would have a higher interfacial heat transfer coefficient than the droplets. This
would enhance the liquid evaporation rate. Evaporation of the liquid film in turn increases the
steam flow rate while de-superheating the steam. In the meantime, liquid ligaments and new
droplets are being entrained from the liquid films on the wet grid in the downstream locations.
The combined effects of all these simultaneous processes could greatly enhance the rate of
cooling of the fuel rods. This “wet-grid phenomenon” gives rise to significant grid-enhanced heat
transfer (GEHT) in the DFFB region, leading to a lower PCT. It should be reiterated that a wet
grid could significantly alter the droplet field downstream of the grid as a result of entrainment
and subsequent breakup of the liquid ligaments by the shear action of the vapor flow on the
liquid films. Thus far, no physics-based model is available describing the wet-grid phenomena.
To adequately account for the wet-grid effect, a physics-based model needs to be developed
that includes all the basic elements describing the various processes occurring within and
immediately downstream of a wet grid as depicted in figure 4-1. These basic elements should
include the following items:
(1) A suitable criterion for predicting the conditions for grid rewet.
(2) A physical model for predicting the “equilibrium” thickness of the liquid film that forms on a
wet grid.
(3) A physical model describing the generation of liquid ligaments from the liquid film due to
the shearing action of the two-phase flow through the wet grid.

27

(4) A physical model describing the breakup of liquid ligaments leading to the formation of new
droplets downstream of a wet grid.

Fig. 4-1. Schematic of the Shear Action of the Steam Flow over a Wet Grid Spacer
Resulting in the Formation of Liquid Ligaments and New Droplet Field

(5) A physical model for predicting the droplet number density and size distribution.
(6) A mechanistic model describing wet-grid coolability enhancement accounting for desuperheating of steam and acceleration of the flow due to evaporation of the liquid film
within the wet grid and evaporation of the new droplets downstream of the wet grid, both
would increase the convective heat transfer coefficient for the cooling of fuel rods and thus
reducing the peak cladding temperature.
Among all the individual elements mentioned above, only item (1) has been properly
included in transient analysis codes such as COBRA-TF. None of the other elements, i.e., items
(2) through (6), have been properly accounted for in the code. It should be noted that separateeffect experiments also need to be performed in order to obtain the much needed data for
developing the individual models described in the above items.
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For given mass flow rates of the steam and incoming liquid droplets, the “equilibrium”
thickness of the liquid film that forms on a wet grid can be determined by balancing the liquid
deposition rate and the liquid depletion rate. The latter includes evaporation of the liquid film
due to convective heat transfer from the superheated steam and radiative heat transfer from the
rods as well as flow-induced thinning of the liquid film as a result of the shear action of the
steam flow leading to the formation of liquid ligaments downstream of the wet grid.
Note that the evaporation of the liquid film, along with the blockage of the grid spacer, would
greatly accelerate the steam flow. This in turn would result in enhanced shear stresses at the
steam-liquid interface leading to the entrainment of liquid ligaments from the liquid film.
Subsequent breakup of these liquid ligaments into droplets occurs when the kinetic energy of
the flow exceeds the surface energy required to generate new liquid droplets. The notion of
critical Weber number along with the conservation of droplet kinetic and surface energies can be
used to establish a suitable criterion for droplet entrainment and breakup. Meanwhile, the size
distribution and number density of the new droplet field can be determined by considering the
conservation of liquid mass along with other sound physical arguments. Having determined the
rate of entrainment of liquid ligament and the size distribution and number density of the new
droplet field downstream of a wet grid, the wet-grid-induced coolability enhancement may then
be determined to predict the GEHT for the cooling of fuel rods.
From the above discussion, it is evident that a comprehensive physics-based wet-grid model
is needed to account for the grid-enhanced heat transfer (GEHT) effects immediately
downstream of a wet grid. The model should adequately describe the conditions for grid rewet,
the “equilibrium” thickness of the liquid film that forms on the grid, the generation of liquid
ligaments from the liquid film due to the shearing action of the two-phase flow through the grid,
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the subsequent breakup of liquid ligaments leading to the formation of a new droplet field
downstream of the grid, the resulting droplet number density and size distribution,desuperheating of steam and acceleration of the flow due to evaporation of the liquid film within
the wet grid and evaporation of the new droplets downstream of the wet grid.
There are, however, very little data relevant to the wet-grid phenomenon occurring during
reflood transients are currently available that are useful for model development and code
validation. Separate-effect bench-top experiments need to be conducted to simulate the
entrainment of liquid ligaments by a shear flow of superheated steam over a thin liquid film on a
grid spacer strap and the subsequent formation of a new droplet field. More importantly, wetgrid-focused tests need to be performed subjected to prescribed flow conditions in the RBHT
Facility to obtain confirmatory data for assessment of models and validation of TRACE.
4.2 Modeling of the Equilibrium Thickness of the Liquid Film
During the reflood phase of a LOCA, it is recognized that the flow of the coolant at locations
well above the quench front is in the dispersed flow film boiling (DFFB) regime wherein
numerous tiny liquid droplets (i.e., the dispersed phase) are entrained in the steam flow (i.e., the
continuous phase). Being unpowered, the surface temperatures of the spacer grids are lower than
those of the fuel rods. The lower temperatures of the spacer grid promote earlier quenching to
occur before the quenching of the fuel rods. The rate of propagation of the spacer grid quench
front (different from the actual quench front of the rod bundle) can be determined from a
combined dry and wet region energy balance. Once the quench front reaches the trailing (top)
edge of the spacer grid, the spacer grid structure is completely wetted, allowing the formation of
a thin liquid film on the surface of the grid spacer. The equilibrium thickness of the liquid film is
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dependent on the rates of mass deposition of liquid droplets and mass depletion of the liquid
film.
Deposition of liquid mass onto the surface of the grid spacer occurs by two individual
processes, namely, turbulent lateral migration of droplets and direct impingement on the spacer
straps. The droplets flowing through a sub channel can either escape through the gap between the
spacer grid and the fuel rod or be captured into the liquid film on the grid spacer. The probability
for a droplet to be captured into the liquid film is considered equal to the spacer grid flow
blockage ratio. Thus it can be assumed that the ‘direct impingement’ portion of the mass
deposited onto the spacer grid is equal to the grid blockage ratio times the mass flow rate of the
entrained droplets upstream of the spacer grid, i.e.,
 

= 

(4-1)

where  is the grid blockage ratio and  is the liquid mass flow rate upstream of the grid.
The droplets that escape through the gap between the spacer grid and the fuel rod may get
deposited onto the film due to turbulent lateral migration. Conventionally, the turbulent
deposition of droplets has been expressed in terms of a deposition constant as
 

 

=  

(4-2)

where  is the deposition constant and  is the concentration of the droplets in the sub channel

between the fuel rod and the spacer grid. A number of correlations for  have been proposed in

the past. The correlation by Nigmatulin et al [9] is utilized in the present study to evaluate the
deposition constant since this correlation has been validated over a wide range of experimental
conditions and also has the virtue of being one of the more recent correlations reported in the
literature. The total mass deposited onto the surface of the spacer grid is given by
 =  

+  
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(4-3)

The deposition of the liquid droplets results in the formation of a thin liquid film on the
surface of the grid spacer whose equilibrium thickness ‘H’ is dictated by a balance between the
liquid mass addition and liquid mass depletion (due to evaporation at the interface and shear
thinning by the steam flow). This equilibrium thickness value can be obtained through a
combined mass, force and energy balance on the liquid film by invoking the following
simplifying assumptions:
(1) The two-phase mixture is well mixed within the spacer grid structure with the flow properties
being uniform in the cross stream direction. Specifically, at a given axial location, the
pressure across the liquid film is the same as that across the steam core.
(2) The two-phase mixture accelerates as it enters the grid due to the reduction in the flow area.
However, within the spacer grid, the steam velocity can be treated as constant. As a first
approximation, the acceleration due to vaporization of the liquid film can be neglected.
(3) The liquid film on the spacer grid strap and the strap itself are assumed to be at saturation
temperature corresponding to the local pressure.
(4) As a first approximation, the amount of droplet deposition is assumed to be proportional to
the grid blockage ratio with the remaining droplets escaping through the spacer grid as the
two-phase mixture flowing through the grid.
A unit cell as shown below in figure 4-2 is chosen for the analysis. The liquid film is divided
into two regions, namely, a flat film on the spacer strap surface near the edges of the unit cell and
a lumped mass at the centre of the unit cell at the corners. For the sake of brevity, only a quarter
portion of the unit cell is shown in the figure 4-3. It is anticipated that the liquid issuing from the
corner lumped mass would be the source of the larger droplets found downstream of a wet grid
whereas the liquid issuing from the flat film would be the source of smaller droplets downstream
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of the grid. The flat film of thickness ‘H’ can be assumed to occupy a fraction c1 of the spacer
grid length. Note that the length b/2 of the spacer grid in the sub channel is half its total length b.
The lumped liquid mass at the centre of the grid is postulated to take the shape of a quadrant of a
circle whose radius is dependent on the equilibrium flat film thickness H and the fraction c1 as
shown in figure 4-3. The velocity distribution in the flat film and the lumped mass at the corner
can be obtained through a momentum balance.

Fuel Rod
Liquid Film
Spacer Grid

Unit Cell

Fig. 4-2. Schematic of the Unit Cell under Consideration
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Fuel Rod

R=
Fig. 4-3. Schematic of the Quarter Unit Cell with Various Length Scales
Two different local coordinate systems, a Cartesian coordinate system and a polar coordinate
system, respectively, as shown in figure 4-4 are chosen to carry out the momentum balance
analysis. Note that the acceleration due to gravity g vector is into the plane of the paper.

θ

r
c1b/2

H

y

H

x
(1-c1)b/2
Fig. 4-4.Coordinate Systems Employed in the Analysis
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The velocity vector in the flat liquid film with an equilibrium thickness H can be assumed to
be of the form

 = 0,0,  

(4-4)

On the other hand, the velocity vector in the corner can be assumed to be of the form



= 0,0, "#, $
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(4-5)

Since the thickness of the liquid film is expected to be much smaller than the dimensions of the
spacer grid structure, the inertia of the flow in the film can be ignored. In addition the velocity of
the liquid film can also be approximated to be invariant in the x and z (out of the plane of the
paper) directions. Accordingly, the Navier Stokes equation governing the flow of the liquid in
the flat film portion of the liquid film can be written as
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The above equation can be integrated twice to yield the velocity of the liquid film as
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The constants A1 and A2 can be determined through the no slip and the interfacial shear
boundary conditions as given below
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From the above equations, the values of the two constants in equation (4-7) can be obtained and
the velocity profile in the flat film becomes
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Similarly, the inertia of the flow in the corner lumped mass can be ignored. Additionally, the
variation of the liquid velocity in the azimuthal ($ and axial (z) directions can be approximated
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to be zero. Accordingly, the Navier Stokes equations in cylindrical coordinates governing the
flow of the liquid in the corner can be written as
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In spite of the fact that the radial distance #BC to the outer boundary corresponding to the solid
surface of the spacer is a function of the azimuthal coordinate, at a given angular location the
velocity ‘w’ can be assumed a function of the radial coordinate (r) only, making the problem
locally one dimensional in nature. Integrating equation (4-11) twice, the velocity in the corner
can be obtained as
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The constants A3 and A4 can be obtained using the no slip and interfacial boundary conditions as
given below
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The velocity profile in the corner becomes
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where r is bounded between rmin and rmax as
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In the above expressions, the pressure gradient term can be expressed as a sum of the hydrostatic
and interfacial frictional components as
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where DH is the hydraulic diameter of the unit cell depicted in figure 4-2.
The average liquid velocity in the flat film is given by
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whereas the average liquid velocity in the corner is given by
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The interfacial shear stress 9 in the above equations can be expressed by the following
correlation proposed by Whally and Hewitt that has been validated over a wide range of flow
conditions:
9 =

,
; 'h Wh,

4

(4-21)

In the above expression, 2a is the gas core density, a is the interfacial film friction factor,
a

,  is

the superficial gas core mixture velocity. These quantities are expressed as
2a = 2
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In the above equations,  and  are the entrained liquid droplet and vapor void fraction

respectively.  and  are the mass fluxes of entrained liquid droplets and steam respectively. It

is assumed that the same interfacial shear stress is acting on the flat portion of the liquid film and
the corner portion of the film. Thus, the same value of 9 as obtained for the flat portion of the

liquid film using the above equations is used in the expression for the average velocity of the
corner mass.
The total liquid mass issuing out of the trailing edge of the grid spacer is the sum of the
liquid mass issuing out of the flat portion of the liquid film and that issuing out of the corner
lumped mass. It follows that the total mass entrained from the liquid film is given by
 =  + 
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For the unit cell under consideration, the cross-sectional flow areas for the flat film and the
corner mass are given respectively by
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The liquid film on the grid spacer gains mass due to droplet deposition while it loses mass due to
evaporation at the interface and liquid entrainment from the trailing edge of the grid spacer.
Evaporation at the liquid vapor interface occurs due to the convective heat transfer from the
superheated steam and the radiative heat transfer from the nuclear fuel rod. It must be noted that
both the grid spacer and the liquid film are assumed to be at the saturation temperature
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corresponding to the system pressure. This eliminates conduction heat transfer from the spacer
grid surface to the liquid film. The liquid mass evaporated can then be written as

where 

!@

W =

hiK` eN

is the convective heat transfer rate, 

(`

B

(4-25)

is the radiative heat transfer rate and ℎ is

the latent heat of vaporization of the liquid at the local pressure.
The convective heat transfer rate is calculated by


!@

= ℎ5 −  B 

(4-26)

where h is the convective heat transfer coefficient, Tv is the superheated vapor temperature and
Tsat is the saturation temperature corresponding to the local pressure. Since the liquid film is
expected to be very thin, the surface area for convective heat transfer is assumed to be the
surface are of the grid spacer in the unit cell shown in figure 4-2. This area is given by
5 = 4

(4-27)

where L is the height of the spacer grid, b is the length of the grid spacer. For the specific case of
the mixing vane spacer grids used in the RBHT facility, the values of L and b are 44.45 mm and
12.6 mm respectively. Again, since the liquid film is expected to be very thin, the liquid film –
steam interface is expected to remain smooth, devoid of any disturbance waves. Hence, the same
correlation for single phase heat transfer coefficient (i.e., the Weisman correlation) is employed
to calculate the heat transfer coefficient in the present case. This correlation is given by
 =

X


= ^0.042  − 0.024b  .q l# .E
*

X

(4-28)

where P is the wetted perimeter, Re is the steam Reynolds number, k is the steam conductivity
and Pr is the steam Prandtl number. For the specific case of RBHT facility’s mixing vane spacer
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grids,

*

X

has a value of 1.3262. Thus the above expression for the convective heat transfer

coefficient reduces to
ℎ = 0.0317
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It must be noted that the steam velocity to be used to evaluate the Reynolds number in the
above expression is the value of the vapor flow within the spacer grid span. Since the spacer grid
presents a reduction in the flow area within a sub-channel, steam flowing through the subchannel is accelerated as it enters the spacer grid span. The velocity of steam within this span can
be obtained by mass conservation to be

where 

B



B

=

NJ
&_

(4-30)

is the velocity of steam in the sub channel upstream of the spacer grid and  is the

grid blockage ratio. Then, the Reynolds number to be used in the expression for the heat transfer
coefficient is given by
 =

¡
NJ
X

>`

(4-31)

The radiative heat transfer to the liquid film can be obtained by performing a simple radiation
network balance analysis. By considering a quarter portion of the unit cell shown in figure 4-3, a
radiation heat transfer network can be drawn as shown below in figure 4-5.
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Fig. 4-5. Radiation Network for the Quarter Cell under Consideration
The view factor between the fuel rod and the liquid film in this network is given by
¢&4 =

D
E

(4-32)

From the above network, an expression for the radiant heat flux to the liquid film and the rod can
be derived as
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where J1, J2and J3 are the radiosities of the rod, liquid film and the vapor respectively, A1and A2
are the surface areas of the fuel rod (in the quarter cell under consideration) and the liquid film
(again, approximated to be equal to that of the spacer grid surface area in the quarter cell),

& , 4 , F are the emmisivities of the rod, liquid film and the vapor respectively whereas T1,T2 and
T3 are their respective temperatures. The emissivity of vapor can be calculated using
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F = 1 − exp−l5  

(4-35)

where P is the pressure, Lm is the mean beam length taken to be 90% of the channel hydraulic
diameter and Av is the mean absorption coefficient of water vapor. The latter can be calculated
using the Planck mean absorption coefficient as
5 = 2.146¬−0.345 −  2.961 × 10_F − 0.444 × 10_°  
The blackbody radiosity of the grid spacer is given by
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It follows that the black body radiosity of the rod is
±& =
where
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E = 5& && 5& &F 54 4& 54 4F + 54 44  + 5& &4 [5& &F 5³ + 5& && 5³ ]
5³ = 54 4& 54 4F  + 54 44 54 4F + 54 4& 

Once the blackbody radiosity of the rod is determined, the blackbody radiosity of the grid spacer
can be calculated from the radiation network. The radiation heat flux to the liquid film may then
be calculated from (4-34) as
£ " B =

¥, _¦§,p
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The mass of liquid lost due to evaporation from the surface of the liquid film can be expressed as
W =

hiK` eN
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Performing a global mass balance on the liquid film, the following relationship must be satisfied:
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Substituting for various terms in the above expression, it can be shown that
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The above equation contains two unknowns, i.e., the liquid film thickness H and the fraction
of the spacer grid length occupied by the flat portion of the liquid film c1. Clearly, the value of c1
which arises from treating the 3-D flow problem by use of a locally 2-D approach as depicted in
figure 4-4, needs to be determined separately. Unfortunately, there is no correlation or
experimental data available in the literature that provides some kind of a closure relation for c1.
Experiments need to be performed to determine the value of c1. In the absence of experimental
data, the quantity c1 will be treated as a parameter which leaves the equilibrium film thickness H
as the major unknown quantity. Note however that the equation governing the equilibrium film
thickness is nonlinear in nature and not amenable to an analytical solution. It must be solved
iteratively to obtain the value of H for a given value of the parameter c1 and the flow conditions.
It is of interest to explore the limiting case of c1 equal to unity corresponding to the situation
in which the flat portion of the liquid film would extend all the way to the center of the spacer
grid structure in the unit cell under consideration. Under this limiting condition, the mass balance
equation reduces to
 = 2 Y 5 +
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Numerical results for the governing equation will be presented in the next chapter.
4.3 Modeling of the Entrainment of Liquid Ligaments
The flow induced in the liquid film due to the shearing action of the steam causes it to move
toward the trailing edge of the spacer strap and eventually leave the solid surface in the form of a
liquid jet. These jets would breakup into liquid ligaments which subsequently undergo further
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breakup into liquid droplets. The liquid jet leaving the spacer grid can be analyzed by dividing it
into two individual components, similar to the way the model was formulated for the equilibrium
film thickness in the previous sub-section. It is postulated that the flat portion of the liquid film,
extending to a fraction c1 of the spacer grid length in the unit cell, leaves the trailing edge of the
spacer grid in the form of a thin viscous liquid sheet. The corner liquid mass leaves the spacer
grid as a distorted column of liquid. However, it is expected that the surface tension forces acting
on the column would quickly re-shape the jet into a cylindrical form. Thus, for all practical
purposes, the corner liquid mass can be assumed to leave the spacer grid as a cylindrical liquid
jet. Further, it is assumed that the average velocity of the liquid in the sheet and the cylindrical
jet is the same as the velocity at which they leave the spacer grid. Mass conservation then yields
the diameter of the liquid jet issuing from the centre of the unit cell as
¹
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Similarly, the thickness of the liquid sheet leaving the trailing edge of the spacer grid is ‘2H’. It
must be noted that, for every unit cell in the rod bundle, there would be 4 liquid sheets and 1
cylindrical liquid jet leaving the trailing edge of the spacer grid. In addition, there are liquid
droplets escaping through the gap between the spacer grid surface and the fuel rod.
4.4 Formation of a New Droplet Field Downstream of a Wet Grid
The liquid jet (both the viscous liquid sheet from the flat portion of the liquid film and the
round jet from the centre of the unit cell) is inherently unstable to perturbations in the ambient
flow field. The aerodynamic forces impressed on the jet due to the steam flow and the surface
tension forces tend to break the jet first into liquid ligaments and then into a number of small
liquid droplets. Jet breakup has been a subject of study for several decades now. The first
mathematical theory for jet breakup was proposed by Lord Rayleigh in 1878. Rayleigh’s theory
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of cylindrical liquid jet breakup was extended by many other scientists like Bohr, Weber,
Ohnesorge, Taylor etc. Ohnesorge classified the jet breakup mechanisms into
(i)

Slow dripping from the nozzle under gravity influence (this regime is of no practical

significance).
(ii)

Cylindrical jet disintegration due to symmetric interface oscillations (Varicose regime).

(iii)

Jet disintegration due to asymmetric waves (Sinuous jet breakup).

(iv)

Jet atomization due to internal turbulization and surface entrainment.

The size of the particles generated due to the varicose and sinuous breakup of the jet was
correlated by Timotika [28] using the equation
#M
»

= 13¼ℎ0.5
»

(4-45)

where ‘Ohj’ is the Ohnesorge number based on the diameter of the jet. Teng et al [29] correlated
the size of the particles resulting from the primary varicose and sinuous breakup of the a jet
through
#M
»

= 1.881.1303 + 0.0236 log¼ℎ∗» 1 + ¼ℎ∗»

1
6

(4-46)

where ¼ℎ∗» is the modified Ohnesorge number given by
¼ℎ∗» =

36 +6/

1» ¾2 3

0.5
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Faeth [30] correlated particle sizes resulting from jet breakup due to internal turbulization
through the relation
#M
»

=

133

¿0.74
»

(4-48)

Kolev [31] suggested that the final size of the droplets after the primary and secondary breakup
be taken as the minimum value of the droplet size obtained from all relevant mechanisms. This is
because, if inertia fragmentation produces smaller particles, they would be stable in the
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environment. On the other hand, if relative velocity method produces smaller particles, the
primary entrained droplet would further undergo inertia fragmentation to reach a stable size.
Thus, while calculating the final droplet size from the cylindrical liquid jet breakup, the
minimum value obtained from the above three correlations was taken to be the stable droplet
size.
For the disintegration of the liquid sheet, the physical mechanism proposed by Dombrowski
and Johns [32] has been utilized in this work to predict the droplet sizes resulting from the
breakup of the viscous liquid sheet. The aerodynamic forces acting on the surface of the liquid
sheet causes waves to be generated on the surface of the liquid sheet. Fragmentation of the sheet
occurs due to the growth of these waves. Once the amplitude of these waves reaches a critical
value, liquid ligaments are torn off from the sheet that deform due to surface tension to form
cylindrical ligaments with their axes normal to the flow direction. Capillary forces then cause
these ligaments to further breakup into spherical droplets. The most unstable wave number
corresponding to the wave with the maximum growth rate was derived to be
À¬ =
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In the above equation, ‘U’ is the relative velocity between the co flowing gas and the liquid
sheet. It can be assumed that the ligaments are formed from tears in the sheet twice per
wavelength. Then, the diameter of the cylindrical ligament formed is obtained as
a = º

q8

JNO

(4-50)

where H is the half thickness of the sheet, which in the present case happens to the flat film
thickness itself. Being oriented transverse to the flow direction, it is expected that the co flowing
gas has minimal influence on the breakup of the cylindrical ligament. The process of drop
formation from the ligament is primarily governed by capillary instabilities. Following
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Dombrowski and Johns [32] again, it can be assumed that the breakup of the cylindrical ligament
occurs when the amplitude of the most unstable wave is equal to the radius of the cylindrical
ligament. Then, one drop is formed per wavelength. The diameter of this drop is given by
 = 1.88LÂ/ 1 + 3¼ℎ6
1

(4-51)

where ‘Oh’ is the Ohnesorge number based on the diameter of the cylindrical ligament.
It must be emphasized here that there are three individual groups of droplets with different
number densities that will observed downstream of a wet spacer grid. These include the droplets
that escape through the gap between the spacer grid surface and the fuel rod, the droplets that are
formed due to the breakup of the cylindrical jet and the droplets that are formed due to the
breakup of the viscous liquid sheet. A convenient physical quantity that can be used to represent
these droplets equivalently is the sauter mean diameter, defined as
∑ Â 3Â

32 =

∑ Â 2Â

(4-52)

where fi is the fraction of droplets in the ith size group and di is the diameter of the droplets in the
ith size group. Assuming that the droplets that are formed due to the breakup of the cylindrical
liquid jet and the liquid sheet are flowing at the same velocity as that of the jet and the sheet
respectively, the number density of these droplets can be obtained through mass conservation.
The number density of the drops formed from the sheet is given by
ÄℎÅ =

65ÂL

Æ5 3

(4-53)

The number density of the droplets formed from the cylindrical liquid jet is given by
»Å =

65QM#

Æ5 3#M
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(4-54)

The number density of droplets upstream of the spacer grid can once again be obtained through a
mass balance analysis. If ‘α’ is the void fraction, the number density of the droplets of diameter
‘d0’ is given by
 =

°&_Ç
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Since it is assumed that the a fraction of the droplets equivalent to the grid blockage ratio gets
deposited onto the surface of the spacer grid to form a thin liquid film, the number density of the
droplets downstream of a wet grid can be taken to be

& = 1 − 

(4-56)

while the diameter of the droplets can still be assumed to be d0 (i.e. the droplets undergo
negligible amount of evaporation as they flow through the gap between the spacer grid and the
fuel rod in the spacer grid span). Then, the sauter mean diameter of the droplets downstream of a
wet grid is obtained as
32 =

»Å 3#M +ÄℎÅ 3 +1 30
»Å 2#M +ÄℎÅ 2 +1 20

(4-57)

The velocity at which the droplets of size d32 flow can be taken to be the number density
weighted average of the velocity of the droplets in the three different groups mentioned above.
Then, this velocity is obtained as
È32 =

c ÂL +1 È1
c QM# +ÄℎÅ 
»Å "
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(4-58)

In the above equation, v1 represents the velocity of the droplets that escape through the gap

between the spacer grid and the fuel rod. If  is the void fraction and S is the slip ratio between
the droplets and the steam, the velocity v1 can be obtained from
/
È1 = É m1−
+
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In the above equation, ug is the velocity of steam upstream of a spacer grid. The spacer grid
blocks a fraction ‘’ of the flow area as a result of which the steam is accelerated to a velocity


/
‘1−
’. The first term in the equation signifies this increase in the steam velocity. In addition, as

the steam flows through the span of the spacer grid, there is evaporation from the liquid film,
adding more mass to the steam phase. The second term in the equation signifies the increase in
velocity due to this added mass. Once the velocity v1 is obtained, the number density of droplets
with equivalent diameter d32 can be obtained through a simple mass conservation equation given
below
32 =

c ÂL 3 +1 È1 30
c QM# 3#M +ÄℎÅ 
»Å "
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The ratio of the sauter mean diameter of the droplets downstream of a wet grid to that upstream
of a wet grid is given by
F4 

B !

=

s,
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(4-61)

Numerical solution to the above system of governing equations for the equilibrium film
thickness can be obtained along with the diameter, velocity and the number density of the
droplets immediately downstream of a wet grid. However, it must be noted that this model would
still treat the quantity c1 as a parameter. Hence, it cannot be implemented into a computer code
such as COBRA-TF or TRACE directly. Separate effect bench top experiments need to be
performed to determine, among other items, the variation of c1 with the flow conditions in a rod
bundle and to validate the proposed model.
4.5 Grid Enhanced Heat Transfer Downstream of a Wet Grid
As postulated in the previous sections, the deposition of the liquid droplets leads to the
establishment of a thin liquid film on the surface of a wet spacer grid. The superheated steam
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flowing through the gap between the spacer grid and the fuel rod is accelerated due to the flow
passage constriction and evaporation from the surface of the liquid film. In addition, the loss of
latent heat of vaporization from the superheated steam results in the de – superheating of the
same. Thus, downstream of a wet grid, the fuel rod is now exposed to steam that is moving at a
much higher velocity (in comparison to the velocity upstream of the grid) and at a much lower
temperature. The combination of these two changes in the steam flow properties is expected to
cause a significant increase in the heat flux removed from the surface of the fuel rod. Cheung et
al [23] proposed a model for the heat transfer augmentation downstream of a dry spacer grid. In a
dry grid scenario, the heat transfer augmentation is expected to be due the increase in interfacial
surface area (for droplet evaporation) as a result of the shattering of the droplets on hitting the
dry spacer grid strap. On the other hand, for a wet grid scenario, the heat transfer augmentation is
due to the acceleration of steam, de – superheating of the steam and droplet evaporation
downstream of a wet grid.
The droplets downstream of a wet grid have an equivalent diameter d32 and flow at a velocity

v32. Over a small time interval ∆Å, these droplets would have traveled a distance ∆Ë = ÈF4 ∆Å.

The amount of flow volume in this time interval is ∆!? = 5 ∆Ë. Thus, the interfacial area
within this flow volume that is available for droplet evaporation is given by
4
5 = F4 5 ∆ËÆF4

(4-62)

The liquid droplets that are flowing in the continuous steam phase are heated convectively. The
convective heat flux to the liquid droplet from the superheated steam is given by
£" =



s,

 a −  B 

(4-63)

where k is the vapor thermal conductivity, d32 is the sauter mean diameter of droplets, Nud is the
droplet Nusselt number, Tg is the temperature of the vapor. Note that the value of Tg upstream
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and downstream of a wet grid is considerably different due to the loss of latent heat of
vaporization in the process of evaporation of the liquid film on the surface of the spacer grid. On
the contrary, in a dry grid scenario, the value of Tg is expected to be approximately same
upstream and downstream of the spacer grid. The reduction in steam temperature as it passes
through the span of a wet spacer grid can be obtained through an energy conservation equation as
below
∆a =

ÌÍ Î &_ 
 ' Çg /
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The droplet Nusselt number can be obtained using the correlation for flow over a sphere. This
correlation is given by
 = 0.37 n
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where Ur is the relative velocity between the droplets and the continuous steam phase and +a is

the kinematic viscosity of the vapor. Then, in terms of the heat flux £ " , the rate of depletion of
liquid mass due to evaporation in the flow volume ∆!? is given by
∆ = − ;

g ¸h"
Î

(4-66)

Mass conservation dictates that the rate of consumption of liquid mass is equal to the rate of
generation of the vapor mass. Then, the rate of generation of vapor mass in the flow volume is
given by
∆a =

g; ¸h"
Î

(4-67)

In the dispersed flow film boiling regime, the void fraction is very close to unity. Thus the rate of
convective heat transfer from the rod to the two phase mixture primarily depends on the velocity
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and temperature of the vapor flow. The Nusselt number for single phase convective heat transfer
from the fuel rod to the steam flow is give by the Weismann correlation as
 = 0.0317 .q l# .E

(4-68)

For steam at a specified temperature and pressure, the above correlation is a function of the
velocity of the steam alone (i.e., Nu ~ ug0.8). Then, the heat transfer coefficient at the surface of
the fuel rod can be written as
ℎ=

Ð
X

= a.q

(4-69)

The heat flux removed from the surface of the fuel rod is given by
"
£?
= ℎ? − a = a.q ? − a

(4-70)

Droplet evaporation generates additional steam mass thereby increasing the steam velocity. If it
is assumed that the temperature change of steam in the droplet evaporation process is minimal,
then the droplet induced augmentation in the wall heat flux can be obtained as
"
= ℎ? − a = a + ∆a .q ? − a
£?

(4-71)

where ∆a is the increase in the steam velocity due to droplet evaporation. This quantity ∆a can
be obtained from equation (4-67) as
∆a =

∆

' Çg
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(4-72)

It is well established that in a dry grid scenario, the process of droplet shattering causes a
significant increase in the heat transfer coefficient downstream of the grid. This increase
however is only because of the acceleration of the steam due to flow constriction and
evaporation of the smaller droplets downstream (droplet shattering process produces smaller
droplets with higher number density). Cheung and Bajorek [21] obtained a model for the droplet
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sauter mean diameter downstream of a dry grid in terms of the grid blockage ratio and the sauter
mean diameter of the droplets upstream of the grid. This equation is given by
[
]

=

&
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(4-73)

where d1 is the sauter mean diameter of the droplets downstream of the grid, d0 is the sauter

mean diameter of the droplets upstream of the grid,  is the grid blockage ratio and We0 is the

Weber number of the droplets upstream of the grid. If  is the void fraction and S is the slip
ratio, then the number density of the droplets upstream of the grid can be obtained by mass
balance as
 =

°&_Ç
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Once again, by mass conservation, the number density of droplets downstream of a dry grid can
be obtained as
& = 1 −  1] 3


[
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(4-75)

The factor 1 −  appears to account for the fact that the steam (and hence droplets) is
accelerated as it flows through the grid. In formulating the above equation, it is assumed that the
droplets undergo negligible amount of evaporation as they flow through the span of the spacer
grid. As mentioned previously, a wet grid is expected to have a greater heat transfer
enhancement downstream of the grid in comparison to a dry grid under the same flow and
system conditions. In order to compare the relative effectiveness of a wet grid and a dry grid
under similar flow conditions, one can consider the ratio of the wall heat flux downstream of a
"
wet grid to that downstream of a dry grid. If £?
? is the wall heat flux downstream of a wet

"
grid and £?
 is the wall heat flux downstream of a dry grid, then
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(4-76)

where ‘eff’ is the relative effectiveness of a wet grid in comparison to a dry grid in augmenting

the heat transfer immediately downstream. If a ? , ∆a ? , a ? represent the velocity of
steam, increase in the velocity of steam due to droplet evaporation, steam temperature

downstream respectively for a wet grid and a  , ∆a  , a  represent these quantities for a
dry grid, the equation for ‘eff’ can be written as
 =
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This equation can further be simplified into
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where R is the ratio of the steam velocity downstream of a dry gird to the increase in steam
velocity due to droplet evaporation downstream of a dry grid. ‘R’ is the same quantity that
Cheung et al [23] used in their model. Following Cheung et al [23], this quantity will be treated
as a parameter in this work. The numerical solution obtained is discussed in the next chapter.
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CHAPTER 5
NUMERICAL RESULTS AND DISCUSSION
5.1 Order-of-Magnitude Analysis
In order to obtain an estimate of the thickness of the film on the spacer grid surface, an orderof-magnitude analysis has been performed for two limiting cases:
(1) The flat liquid film extends all along the length of the spacer grid as shown in figure 5-1.
The equilibrium thickness of this film is assumed to be ‘H’.
(2) The liquid film on the spacer grid consists of the lumped mass at the corner alone as shown
in figure 5-2. In this case, all the liquid mass deposited onto the spacer grid is assumed to be
driven laterally along the surface of the spacer grid and added onto the lumped mass at the
corner. The parameter controlling the size of this film is the polar angle ‘θ’ measured as shown
in the figure 5-2.
For the sake of brevity, the liquid film on a quarter of the unit cell (figure 4-2) alone is shown
below

Fig 5-1: Schematic of the Liquid Film, Case 1
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Fig 5-2: Schematic of the Liquid Film, Case 2
The values for various quantities like the spacer grid dimensions, sub-channel dimensions, flow
velocities, pressure etc. are taken to be those corresponding to the values of these quantities in
the RBHT test facility. The RBHT test facility has a flow housing that provides a flow area of
48.63 cm2. This flow area can be divided into 36 unit cells, each has the configuration shown in
figure 3-2 with four quarter unit cells as shown in figure 3-3. The flow area per unit cell is 0.878
cm2. The upper plenum pressure can be varied between 20 psia and 60 psia. Consider a flooding
rate 



of 25.4 mm/s, at a pressure of 20 psia, the mass flow rate through each of the unit

cells can readily be calculated by
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(5-1)

As the inlet liquid flows through the rod bundle, it is converted to steam by boiling due to the
heat transferred from the rods. The mass quality of the liquid-vapor mixture at any axial location
is given by
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Mass balance dictates that at any location, the following relationship must hold
 = a +  = 



(5-3)

The local void fraction at a given axial location can be related to the local mass quality at that
location through a correlation of the form
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where the coefficient and indices appearing in the above expression are given in Table 5-1
below.
Table 5-1.Coefficient and IndicesEmployed in Different Models and Correlations
Model

BB

n1

n2

n3

Homogeneous model

1

1

1

0

Zivi model

1

1

0.67

0

Wallis Separate Cylinder model

1

0.72

0.40

0.08

Lockhart &Martinelli model

0.28

0.64

0.36

0.07

Thom correlation

1

1

0.89

0.18

Barcozy correlation

1

0.74

0.65

0.13

Conservation of mass requires that
2a 5 a + 2 1 − 5  = 



(5-5)

The slip ratio between the liquid and the vapor is defined as
É=
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(5-6)

Assuming that the vapor is at a superheated temperature of 400o C, the local void fraction can be
estimated as a function of the mass fraction, and the local liquid and steam velocities can be
estimated as a function of the local void fraction using the above expressions.
Assuming that all the liquid flowing through the area of the sub-channel blocked by the
spacer grid gets deposited onto the grid while the remaining droplets escape through the gap
between the spacer grid and the fuel rod, the mass of liquid deposited is given by
 = 1 − ¬

where  is the grid blockage ratio.



= 1 − 2 5 Éa

(5-7)

This liquid mass that is deposited onto the spacer grid surface forms a thin liquid film on the
surface. The liquid film loses mass due to the combined action of shear thinning at the trailing
edge and evaporation at the liquid film surface whereas it gains mass through the deposition of
liquid droplets. The equilibrium size of the film is governed by the balance between mass
depletion and mass addition to the liquid film on the spacer grid. Accordingly, the mass flow rate
 of the liquid ligament shearing off from the liquid film is given by
 =  − W

(5-8)

The mass evaporated can be assumed to be proportional to the mass deposited, i.e.,
W = Ö

It follows that

0<Ö<1

 1 − Ö = 

(5-9)

(5-10)

Now considering case (1), in terms of the equilibrium thickness of the film, the flow area through
which the entrained liquid ligaments leave the spacer grid is given by
5 = 4= < 5

where b is the length of the spacer strap.
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(5-11)

If Y is the average velocity at which the liquid ligaments leave the spacer grid, then from
mass conservation, the following relationship must be valid:
 = 4=2 Y

(5-12)

It follows that the average velocity of the liquid ligament is given by
Ì
Y = E8'



(5-13)

Î

Assuming a given value for B, the variation of Y with H can be determined for different values of
the void fraction as shown in figure 5-3.

Fig. 5-3.Variations of the Average Film Velocity with the Equilibrium Film Thickness
The shearing action of the two phase mixture would lead to the breakup of the liquid
ligaments resulting in the formation of a number of tiny droplets. If this process of breakup
results in the formation of N droplets of diameter d, flowing at an average velocity of ud, then
from mass conservation, the following can be derived:
 = 4=2 Y = 2 5   °  F
D
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(5-14)

Assuming that the velocity of the droplet is directly proportional to the velocity of the vapor,
 = Àa

0<À<1

(5-15)

the following relationship can be expected
 ~ 4=2 Y ~ 2 5 Àa   F
D

=

c
4E8

°

g B Ds

Results are presented in figures 5-4 and 5-5.

Fig. 5-4.Relationship between the Number of Droplets and the Droplet Size
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(5-16)
(5-17)

Fig. 5-5.Number of Droplets from the Breakup of Liquid Ligaments
In figure 5-2, the number of droplets for a given mass quality is plotted as a function of the
droplet diameter whereas in figure 5-3, the number of droplets resulting from breakup of the
liquid ligaments that are entrained from the liquid film is plotted as a function of the local void
fraction. As can be seen from these figures, the number of droplets is on the order of 100 for
mass fraction more than 0.5 and sizes of droplets on the order of 0.5 mm.
Note that in addition to those droplets formed from the breakup of liquid ligaments, there are
liquid droplets escaping through the grid spacer from upstream. The mean flow rate of the latter
is given by

 = 1 − 1 − ¬]

(5-18)

°&_ &_CÎ]
g B D]s 'Î

(5-19)

Assuming that these “escaped” droplets have the same diameter of  , the total droplet number

§ will become

§ =  +
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Results are shown in figure 5-6.

Fig. 5-6.Total Number of Droplets Downstream of a Wet Grid
In case (2), the flow area through which the entrained ligaments leave the trailing edge of the
spacer grid is given by
 2

 2

5Ê = 123 − 123 tan$ −

Æ−4$  2
123 ÄQ2 $
4

(5-20)

If Y is the average velocity at which the liquid ligaments leave the spacer grid, then from mass
conservation, the following relationship must be valid

c
 Ê = 45Ê 2 

(5-21)

It follows that the average velocity of the liquid ligament is given by
c= Ê

45 2


Ê 

(5-22)

This corner liquid mass leaves the trailing edge of the spacer grid as a distorted column of liquid.
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It is anticipated that the surface tension forces would quickly deform this column into a circular
liquid jet. Assuming that the circular liquid jet has the same velocity as that of the distorted
column of liquid, conservation of mass yields the diameter of the jet as
»Å = 1 Æ 5Ê 3
16

0.5

(5-23)

It must be noted that the diameter of the jet cannot exceed a value corresponding to the diameter
of a circle that is tangential to all the four fuel rods in the unit cell as shown in figure 5-7 below.

Fig 5-7: Maximum possible Jet Diameter
This diameter is given by
»Å À¬ = √2 − #M

(5-24)

This imposes a restriction on the possible angles ‘θ’ to which the corner liquid mass could
extend. For the dimensions of the unit cell as employed in RBHT test facility, this maximum
value of jet diameter is obtained as

»Å À¬ = 8.3 
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(5-25)

The variation of the jet diameter with the angle ‘θ’ is shown in figure 5-8 below

Fig 5-8: Variation of Jet Diameter with θ
From the above figure, it can be seen clearly that the permissible range of values of ‘θ’ is
28.5 < $ < 45

(5-26)

It must be noted that θ = 45 deg. would correspond to no liquid mass which can occur only when
the void fraction is unity, i.e. the flow consists of single phase steam entirely. Once again,
c with θ can be determined for various values of the void
assuming a value for B, the variation of 

fraction as shown below in figure 5-9
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Fig 5-9: Variation of the Average Jet Velocity with ‘θ’
5.2 Calculation of the Equilibrium Film Thickness and Droplet Size Downstream of a Wet
Grid
The governing equation for the equilibrium film thickness and the fraction of the spacer grid
length in the unit cell occupied by the flat portion of the liquid film has been solved numerically
in MATLAB. Due to the lack of an additional equation to close the system, c1 has been treated as
a parameter in the numerical calculations with its value varying between 0.7 and 0.8. An inbuilt
function fsolve available in MATLAB has been utilized to solve the governing equation. The
function fsolve in MATLAB provides solutions to a non linear system of equations specified by
¢ß = 0

(5-27)

A function describing the set of equations was written and input to fsolve along with an initial
guess value for the equilibrium film thickness. The inbuilt function fsolve then outputs the
optimal value of the equilibrium film thickness which drives the function F to zero. This value of
the equilibrium film thickness can then be utilized to obtain the film and the corner mass
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velocities. This procedure to determine the film thickness and later the film and corner mass
velocities has been carried out for void fractions varying from 0.99 to 0.999 and for each of the
void fraction values; two different values of c1, 0.7 and 0.8, and two different values of the slip
ratio (S), 0.9 and 0.8, have been utilized. The results obtained for an upper plenum pressure of 20
Psia and flooding rate of 25.4 mm/s are shown in figures 5-10 to 5-12 below.

Fig. 5-10.Equilibrium Film Thickness Predicted by the Present Model
As can be seen from figure 5-10, the equilibrium film thickness tends to decrease as the void
fraction increases. With an increase in the void fraction, the amount of liquid droplets in the
dispersed two-phase mixture reduces resulting in less deposition and consequently a reduced film
thickness. The film thickness is found to be higher when the value of c1 is lower at the same slip
ratio. A decrease in the slip ratio results in a decrease in the film thickness. This is because the
liquid mass flow rate is a function of the slip ratio. Thus a reduction in the slip ratio causes a
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reduction in the liquid deposition rate resulting in a reduced film thickness. This similar trend is
reflected in the flat liquid film velocity too, as can be seen from figure 5-11.

Fig. 5-11.Flat Liquid Film Velocity Predicted by the Present Model
The liquid film velocity reduces as the void fraction increases. Figure 5-12 shows the values
of the corner mass velocity obtained for various values of the void fraction, slip ratio and c1. It
can be seen that, not all combinations of the void fraction and c1 results in a positive film
velocity. For any given value of c1, there is only a certain range of void fractions that would
result in the co current flow of the corner liquid mass. For values of void fraction outside this
range, the corner liquid mass velocity is found to go negative indicating that the corner mass is
flowing in the counter current direction. With an increase in the void fraction, the velocity of the
corner mass is found to increase. This is consistent with the observation that the velocity of the
flat film decreases with an increase in the void fraction. In order to conserve mass, the corner
liquid mass has to flow faster. However, it is interesting to note that there is a maximum in the
corner velocity for any combination of c1 and slip ratio. In addition, for any particular value of
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c1, the corner velocity increases as the slip ratio decreases. This trend is exactly opposite to that
observed for the flat film velocity. It can be observed that the velocity of the corner liquid mass
obtained from the numerical solution is consistent (both qualitatively and quantitatively) with
that obtained through an order of magnitude analysis described previously. From these results, it
can be concluded that the velocity of the liquid film (both corner mass and flat film) is strongly
dependent on the distribution of liquid mass on the surface of the wet spacer grid. This in turn is
a function of the flow and system conditions such as upper plenum pressure, void fraction, fuel
rod temperature, grid blockage ratio etc. Data relevant to wet grid phenomenon is presently
lacking in the literature. Separate effect bench top experiments need to be carried out to
determine the relation of c1 to the flow and system properties and validate the model under
varied flow conditions so that it can be implemented into systems analysis codes like COBRA –
TF and TRACE.

Fig. 5-12.Corner Liquid Jet Velocity Predicted by the Present Model
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Once the film thickness, corner liquid mass velocity and the flat film velocity were obtained
for various values of the void fraction, c1 and the slip ratio (S), the sauter mean diameter,
velocity and the number density of the droplets formed due to the breakup of the liquid jet and
sheet were determined using equations (4-44) to (4-61). For an upstream droplet diameter of 0.5
mm, the downstream to upstream ratio of the sauter mean diameter of the droplets was
calculated. Results obtained are shown in the figure 5-13 below.

Fig. 5-13. Ratio of Sauter Mean Diameters Predicted by the Present Model
It must be noted that the range of void fractions that are admissible is a strong function of the
slip ratio and c1, as explained above. This is the reason for different curves beginning at different
void fraction values in the above plot. The above figure clearly indicates that the sauter mean
diameter of the droplets downstream of a wet grid is larger than that upstream of a wet grid, as
observed in the RBHT tests. With an increase in the value of c1 for any particular value of the
slip ratio and void fraction, the equilibrium film thickness (H) was found to reduce in magnitude
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(see figure 5-10). Consequently, the thickness of the liquid sheet and the diameter of the
cylindrical liquid jet issuing from the trailing edge of the spacer grid reduce resulting in droplets
of a smaller diameter. As a result, we observe that the increase in the sauter mean diameter of the
droplets downstream of a wet grid is lower for a higher value of c1. As we approach void
fractions close to unity (~0.999), the thickness of the film and the diameter of the circular jet
reduce to a value less than the diameter of the droplets upstream of the grid. Thus, the droplets
formed from the breakup of the sheet and the jet are also smaller in size leading to a reduction in
the sauter mean diameter of the droplets downstream of the grid. For values of void fraction
other than those very close to unity, a wet grid would result in the generation of larger diameter
droplets downstream. To understand the separate effect of the quantities c1 and S on the sauter
mean diameter ratio, calculations for a fixed value of the void fraction and S (or c1 as the case
may be) were carried out. The results obtained are presented in figures 5-14 and 5-15.

Figure 5-14. Ratio of Sauter Mean Diameters Predicted by the Present Model for a
constant S and void fraction
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Figure 5-15. Ratio of Sauter Mean Diameters Predicted by the Present Model for a
constant c1 and void fraction
From the above figures, it can be seen that for a given value of the slip ratio and the void
fraction, the upstream-to-downstream ratio of the sauter mean diameter of the droplets is a
decreasing function of c1 within the applicable range of the present model. However, for any
given value of the void fraction and c1, the sauter mean diameter ratio is an increasing function
of the slip ratio. All the results presented above were obtained by fixing the upstream droplet
diameter at 0.5 mm. In order to study the effect of upstream droplet diameter, the calculations
were carried out by fixing the value of the slip ratio at 0.8 and using two different values for c1
(0.7 & 0.8) while the void fraction was varied between 0.995 and 0.999. The results obtained are
shown in figures 5-16 and 5-17.
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Figure 5-16. Ratio of Sauter Mean Diameters Predicted by the Present Model for different
values of the upstream droplet diameter, constant c1 and S

Figure 5-17. Ratio of Sauter Mean Diameters Predicted by the Present Model for different
values of the upstream droplet diameter, constant c1 and S
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It can be seen from the above figures that the droplet sauter mean diameter downstream of a
wet grid is almost always larger than the droplet diameter upstream of the grid. The ratio of the
sauter mean diameters is found to be higher for a smaller value of the droplet diameter upstream
of the grid. The Weber number of the droplets represents the ratio of the inertia to surface tension
forces acting on the droplet. The Weber number is given by
¿ =

' , 
¦

(5-28)

The variation of the ratio of the sauter mean diameter is plotted as a function of the upstream
droplet Weber number in figure 5-18. The value of slip ratio and c1 were both fixed at 0.8 while
the void fraction was allowed to vary between 0.995 and 0.999. Three different upstream droplet
diameters, 0.3 mm, 0.5 mm and 0.8 mm, were used to obtain the results.

Figure 5-18. Variation of the Ratio of Sauter Mean Diameters with Upstream Droplet
Weber Number for constant c1 and S.
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5.3 Development of a Numerical – Based Correlation for the Wet Grid Phenomena
From the results presented in the previous section, it can be concluded that the downstream to
upstream ratio of the sauter mean diameters of droplets in a wet grid scenario is a strong function
of the void fraction (α), the slip ratio (S), the fraction of the spacer grid length occupied by the
flat portion of the liquid film (c1) and the upstream droplet diameter (d0). From a practical utility
point of view (such as implementation of the model in systems analysis codes like COBRA – TF
and TRACE), an empirical correlation to predict the downstream to upstream ratio of the sauter
mean diameter was developed. It was found that the numerical data could be collapsed onto a
single curve approximately if the quantity É _&.& ¿.F 1 s, 3


]

&⁄F

was plotted against Q& ¬ (x is the

mass quality). Then, a correlation for the ratio of the sauter mean diameter of the droplets was
obtained by fitting a curve to above data. This correlation is given by
s,
]

= ¿_.á É F.F  F

 = 18.83¬&.&qq − 4.573
¬& = Q& ¬ =

[ Ç'

Ç' â&_Ç'Î

(5-29)

The correlation along with the numerical results obtained for the ratio of sauter mean
diameter from the calculations mentioned above are shown in figure 5-19. The green lines in the
figure correspond to a value of 10 % above and below that predicted by the correlation. Clearly,
the correlation predicts the results obtained for the sauter mean diameter ratio well within the ±
10% bound.
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Figure 5-19. Correlation for the Ratio of the Sauter Mean Diameters in a wet grid scenario
5.4 Calculation of the Grid Enhanced Heat Transfer (GHET) Downstream of a Wet Grid
The evaporation of liquid film within a wet grid span results in considerable de –
superheating of the steam. The reduction in steam temperature as it flows through the spacer grid
is shown in the figure 5-20 below. In order to focus on the effect of a wet grid in enhancing the
heat transfer downstream of a wet grid, the droplet size upstream of the grid was fixed at 0.5mm
for the calculations.
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Fig. 5-20. Reduction in Steam Temperature on Flowing through a Wet Spacer Grid
It is now well known that a spacer grid augments heat transfer from the fuel rod during the
reflood stage of a LOCA. Dry grid spacers are found to serve as an effective means of breaking
large droplets into smaller droplets, thus substantially increasing the interfacial area between the
liquid droplets and the steam. The reduction in droplet size is known to be dependent upon the
Weber number of the incoming droplets, the blockage ratio of the grid spacer, and the volume
fraction of the droplets in the dispersed phase. Increase in the droplet interfacial area promotes
the rate of cooling of the rods. A model for the droplet induced heat transfer augmentation
downstream of a dry grid was developed by Cheung et al [23] recently. Present systems analysis
codes like COBRA – TF and TRACE fail to account for this increase in the heat transfer rate
adequately. RBHT tests, however, indicate that at flooding rates equal to or more than 1 in/s, the
spacer grids at the top quench earlier than the fuel rod resulting in the formation of a wet grid.
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For wet grid spacers, the grids appear to act as a potential source of droplet production resulting
in larger diameter droplets downstream as explained above (and observed in RBHT tests). It is of
interest to know the effect of a wet grid spacer in comparison to a dry grid spacer in promoting
heat transfer downstream of the spacer grid during the reflood stage of a LOCA. A model to
predict the relative effectiveness of a wet grid in comparison to a dry grid was described in the
previous chapter. Numerical solutions obtained for different values of the slip velocity, c1 and
void fraction are shown in figures 5-21 to 5-24 below.

Fig. 5-21. Wet Grid to Dry Grid Wall Heat Flux Ratio
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Fig. 5-22. Wet Grid to Dry Grid Wall Heat Flux Ratio

Fig. 5-23. Wet Grid to Dry Grid Wall Heat Flux Ratio
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Fig. 5-24. Wet Grid to Dry Grid Wall Heat Flux Ratio
From the above figures, it is clear that a wet grid is more effective than a dry grid in
augmenting the heat transfer rate downstream of a spacer grid. The parameter R describes the
ratio of the steam velocity downstream of the grid to the increase in the steam velocity due to
droplet evaporation downstream of a grid. The value of R is expected to be large ( > 100)
immediately downstream of the grid. A value of unity for R may not be physically realistic. The
sharp increase in the heat flux ratio as the void fraction approaches unity can be explained to be
due to the combination of reduction in droplet diameter (as explained above) and the reduction in
steam temperature. At such high void fraction values, a wet grid begins to act like a dry grid in
the sense that the droplet diameter downstream is smaller than that upstream (though the
mechanism of generation of smaller diameter droplets is different from that of a dry grid). In
addition to the decrease in droplet diameter, wet grid also results in a rapid de – superheating of
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steam which is not present in a dry grid scenario. Consequently, the heat transfer rate increases
tremendously in a wet grid situation at void fractions close to unity. For a given slip ratio, the
heat transfer augmentation is higher for a higher value of c1. This is due to the fact that at higher
value of c1 the droplet diameter downstream reduces, thereby increasing the interfacial area.
Increased interfacial area results in a greater heat transfer from the steam to the droplets and in
turn from the fuel rod to the steam.
It can be seen clearly that the presence of a spacer grid augments heat transfer downstream of
the grid during the reflood stage of a LOCA. It is of utmost importance to account for this
phenomenon in systems analysis codes like COBRA – TF and TRACE to obtain a precise
response of the reactor core during the refold stage. However, it must be emphasized here that
there is no experimental data available presently to validate the proposed wet grid model (both
the increase in the droplet diameter part and the heat transfer augmentation part of the model).
Separate effect bench top experiments need to be performed to obtain much needed data for
model validation. Once validated, these models can be directly implemented into codes like
COBRA – TF and TRACE.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
A physics-based wet grid model has been developed in this work to describe the wet grid
phenomenon anticipated during the reflood stage of a large-break LOCA in a nuclear reactor. At
moderate-to-high flooding rates, it has been observed in the RBHT and other rod bundle
experiments that the spacer grids at elevations above the quench front undergo rewetting much
earlier than the heater rods. A consequence of the grid rewetting is the establishment of thin
liquid films on the surfaces of the grid spacers. The sizes of liquid droplet downstream of a wet
grid are found to be appreciably larger than those found upstream of the grid indicating a
distinctly different mechanism of droplet generation as compared to a dry grid scenario for which
the droplets decrease in size as they pass through a dry grid.
In the present study, the wet-grid phenomenon is postulated to be consisting of four
individual processes. The first process involves the deposition of liquid droplets from the
dispersed two-phase flow mixture onto the grid spacer surface. The second process involves the
establishment of a liquid film of equilibrium thickness on the surface of the spacer strap. The
third process involves the entrainment of liquid ligaments from the liquid film due to the shear
action of the steam flow. Finally, the fourth process involves the breakup of the ligaments into a
number of fine droplets downstream of the grid. A mathematical model has been formulated for
each of these processes which can be used to predict the droplet diameter downstream of a wet
grid, given the flow and system conditions upstream of the grid. Results obtained from the model
package so developed, however, are still parametric in nature because of insufficient
experimental wet-grid data is available in the literature. Future experiments need to be performed
to obtain the required database under wet grid conditions for model development and validation.
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Once the present model is validated, it can be implemented directly into best estimate systems
analysis codes such as COBRA–TF and TRACE for predicting the rate of cooling of the fuel
rods during the reflood transients following a LOCA in a nuclear reactor.
After obtaining the droplet sizes downstream of a wet grid, a model has been proposed to
compute the heat transfer enhancement in the presence of a wet grid. The heat transfer
augmentation downstream of a wet grid is due to the combined action of steam de – superheating
(as a result of heat transfer in the form of latent heat of vaporization associated with the
evaporation of the liquid film) and steam acceleration (as a result of mass addition from film and
droplet evaporation). Results obtained for the heat transfer augmentation due to the presence of a
wet spacer grid show that a wet grid is more effective in promoting heat transfer downstream of
the grid as compared to a dry grid. It is utmost essential to account for the presence of a wet grid
in systems analysis codes like COBRA – TF and TRACE to predict the thermal hydraulic
response of the reactor core during a LOCA precisely. However, similar to the wet grid model,
lack of experimental data makes it impossible to validate the present model. Heated steam –
water experiments need to be carried out to obtain the much needed heat transfer augmentation
data under both dry grid and wet grid conditions.
Based on the limited results obtained in the present study, the following preliminary
conclusions can be made:
1. Experimental evidence clearly indicates that spacer grids located in the upper portion of a rod
bundle could become wet well before the arrival of the quench front even under lowflooding-rate conditions as observed in the RBHT tests. The sizes of liquid droplets
downstream of a wet grid are considerably larger than those produced by a dry grid,
indicating a distinctly different droplet formation mechanism. In the range of void fractions
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considered in the present study (i.e., 0.99 to 0.999) the downstream to upstream ratio of
droplet diameters varied between 3.0 and 0.8.
2. Depending on the bundle power and the flooding rate, the spacer grids can be quenched
before quenching of the fuel rods because the grids are unpowered. Liquid films would form
on the grid spacers following quenching of the grid, which could radically change the
subsequent droplet formation mechanism. Wet grid could act as a major source for the
generation of new droplets especially in the upper portion of rod bundle where PCT occurs.
3. The equilibrium film thickness was found to be of the order of 0.05 mm (varying between
0.12 mm and 0.01 mm) and tends to decrease as the void fraction is increased. This is
because with an increase in the void fraction, the amount of liquid droplets in the dispersed
two-phase mixture reduces resulting in less deposition and consequently a reduced film
thickness. The velocity in the liquid film was in the range of 0.7 to 0.1 m/s. Similar to the
equilibrium film thickness, the flat liquid film velocity tends to decrease as the void fraction
is increased. However, the velocity of the corner liquid mass is found to increase with an
increase in the void fraction.
4. The velocity of the liquid film is strongly dependent on the distribution of the liquid mass
(including both the corner mass and the flat film) on the surface of the grid spacer. This in
turn is a function of the flow and system conditions including the upper plenum pressure,
void fraction, fuel rod temperature, and grid blockage ratio. Data relevant to wet grid
phenomenon is presently lacking in the literature. Separate effect bench top experiments need
to be carried out in order to validate the model under various flow conditions so that it can be
implemented into systems analysis codes.

83

5. The spacer-grid models currently employed in transient system analysis codes such as
COBRA-TF and TRACE which are applicable only for dry grids, cannot be applied under
wet-grid conditions. The droplet field downstream of a wet grid could be appreciably
different than those described by the existing correlations employed in transient system
analysis codes. Without incorporating an appropriate wet-grid model in these codes, the
steam and cladding temperatures could not be accurately predicted during numerical
simulations of the reflood transients.
6. A wet spacer grid is found to provide a greater heat transfer augmentation downstream of a
spacer grid than a dry spacer grid. This is because in a wet grid scenario, the heat transfer
augmentation occurs due to the strong effect of steam de – superheating and steam
acceleration. The superheated steam is found to lose as much as 100 deg. C on flowing
through the span of a wet spacer grid. On the other hand, in a dry grid scenario, the heat
transfer augmentation is primarily due to the acceleration of steam. The augmentation in heat
transfer under a wet grid scenario is found to be as much as three times that due to a dry grid
for void fractions very close to unity.
7. A physics-based wet-grid model package such as the one being developed in the present
study that adequately accounts for the droplet generation mechanism downstream of a wet
grid and the grid-enhanced heat transfer (GEHT) due to the wet grid effect should be
implemented into TRACE and other transient system analysis codes so as to improve the
PCT predictions under wet-grid conditions.
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CHAPTER 7
RECCOMENDATIONS FOR FUTURE WORK – EXPERIMENTAL NEEDS
Although a physics-based model package for the wet grid phenomena and Grid Enhanced
Heat Transfer (GEHT) has been developed in this study, the various components of the model
package cannot be fine-tuned and validated because of the absence of experimental data. At the
present time, very little data relevant to the wet-grid phenomenon occurring during reflood
transients is available that can be used for model development and code validation. Separateeffect bench-top experiments need to be conducted to simulate the entrainment of liquid
ligaments by a shear flow of superheated steam over a thin liquid film on a grid spacer strap and
the subsequent formation of a new droplet field. More importantly, wet-grid-focused tests need
to be performed subjected to prescribed flow conditions in the RBHT facility to obtain
confirmatory data for assessment of models and validation of TRACE.
To gather new droplet data in a rod bundle setting covering a suitable range of grid blockage
ratios, it is recommended that a shorter section of rod bundle with interchangeable spacer grids
be designed and fabricated. The section should be designed such that spacer grids with distinctly
different blockage ratios can be easily installed for use in a prescribed series of wet-grid-focused
tests. Hydrophilic coating (Wang et al. [33]) should be used to promote wetting of the grid spacer
straps. To facilitate the construction and operation of such a test assembly, dummy heater rods
without power should be used in the test section and the housing should be made of transparent
material for flow visualization. The tests should be focusing on the hydrodynamic aspects of the
equilibrium film on a simulated grid space strap, the shearing off of the film to form liquid
ligaments, and the subsequent breakup of the ligaments to generate new droplets. Measurements
of the drop size distribution and the droplet velocities should be made at two separate locations
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immediately upstream and downstream of a spacer grid using the upgraded VisiSizer system
from Oxford Lasers.
The above adiabatic test setup, when operated under wet-grid conditions, should provide
useful data for fine-tuning and validation of the various components of the model package
pertinent to the wet-grid phenomena presented in this work. Moreover, the adiabatic test setup
could readily be modified and upgraded using actual heater rods rather than dummy rods to
obtain heat transfer data under wet-grid conditions to determine the GEHT due to wet grids and
dry grids, respectively.
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