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ABSTRACT

The once through steam generator (OTSG) is a single pass counter flow heat
exchanger in which primary pressurized water from the core is circulated. Main Feedwater is
injected in an annular gap on the outer periphery of the steam generator shroud such that it
aspirates steam to preheat the feedwater to saturation temperature. An important component
of the OTSG and enhanced once through steam generator (EOTSG) is the auxiliary
feedwater system (AFW), which is used during accident/transient scenarios to remove
residual heat by injecting water through jets along the outer periphery of the heat exchanger
core directly on to the tubes at the top of the OTSG. The intention is for the injected water,
which is subcooled, to spread into the tube nest and wet as many tubes as possible.

In this project, the main objectives were to use first principles Computational Fluid
Dynamics to predict the number of wetted tubes versus flow rate in the EOTSG at the AFW
injection location above the top tube support plate. To perform the fluid analysis, the losses
in the bypass leakage flow and broached hole leakage flow were first quantified and then
used to model a 1/8™ sector of the EOTSG. Using user defined functions (UDF), the loss
coefficients of the leakage flows were implemented on the 1/8" sector of the EOTSG
computational model to provide boundary conditions at the bypass flow and leakage flow
locations With this method, the number of tubes wetted in the sector of EOTSG for various
AFW flow rates was found. Results showed that the number of wetted tubes was in very
close agreement to that predicted by experimental-analytical methods by the sponsor,
AREVA. With the maximum flow rate of 65 I/s a total of 318 tubes were wetted and the
percentage of tubes wetted with broached holes was 8.7 %.

The analysis on the bypass leakage flow showed that the loss coefficients was a
function of the mass flow rate or the flow Reynolds number through the gap and it increased
as the Reynolds number increased from 300 to 1600. The experimental and computational
loss coefficients agree to within 15% of each other. In contrast, the constant loss coefficient
of 1.3 used by AREVA was much higher than that obtained in this study, particularly in the
low Reynolds number range. As the Reynolds number approached 3000, the loss coefficients
from this study approached the value of 1.3. This value of the loss coefficient was
implemented for the bypass flow leakage in the 1/8" sector of the EOTSG model.

The analysis on the broached hole leakage flow was performed using a single hole,
five holes, and one, two, four and eight rows of broached holes in order to characterize the
loss coefficients. The one hole and five hole computational models were validated with
experiments. The computational models showed the presence of voids in the leakage flow
through the tube support plate (TSP), which were not observed (visually) in the experiments.
The characterization of the broached hole leakage in the one, two and four rows showed that
the loss coefficient of the control broached hole increased as the number of rows increased.
These results indicated that for the same height of water on the TSP, the resistance to leakage
flow increased as the number of tubes increased. They also indicated that leakage flow



through the broached holes was not solely a function of the height of water above the TSP
but also the surrounding geometrical topology and the flow characteristics. However, the
analysis done for eight rows showed that the loss coefficient became constant after a certain
number of rows as the loss coefficient differed by only 5% from the results of the four rows.
From these results it was determined that the loss coefficient asymptotes to an estimated
value of 4.0 which was implemented in the broached hole leakage flow in the 1/8" sector of
the EOTSG.

Computational models of the 1/8™ sector of the EOTSG were implemented with the
respective loss coefficients for the bypass and leakage flows. Results showed that as the
AFW flow rate increased, the percentage wetted tubes increased. The data matched closely
with AREVA’s experimental-analytical model for flow rates of 14.5 I/s and higher. It was
also deduced that complete wetting of the tubes is not possible at the maximum AFW flow
rate of 65 I/s.
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Chapter 1 INTRODUCTION

Pressurized Water reactors constitute the majority of reactors of the 440 nuclear
operations around the world. In a PWR, light water is fed to the bottom of the reactor core in
the primary circuit where it is heated to a temperature of 315 °C and pressurized to around
15.5 MPa. This pressurized water is then sent to the secondary circuit where it is used to
produce superheated steam for power generation.

The once through steam generator (OTSG) is AREVA'’s single pass counter flow heat
exchanger in which primary pressurized water from the core is circulated from top to bottom
in 15,531 tubes of 5/8 inches outside diameter and 52 feet long. Main Feedwater is injected
in an annular gap on the outer periphery of the steam generator shroud such that it aspirates
steam to preheat the feedwater to saturation temperature. The saturated water enters the
bottom of the heat exchanger core, exchanges heat with the primary fluid, boils, evaporates
and superheats as it moves from the base to the top of the OTSG where it exits.

An important component of the OTSG and EOTSG is the Auxiliary Feedwater
system (AFW), which is used during accident/transient scenarios to remove residual heat by
injecting water through jets along the outer periphery of the heat exchanger core directly on
to the tubes at the top of the OTSG. The AFW system is also essential as it prevents
equipment deterioration in the secondary circuit in accident scenarios. The intention is for the
injected water, which is subcooled, to spread into the tube nest and wet as many tubes as
possible. The AFW system is highlighted in Figurel.1 which shows the schematic of the
EOSTG.
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Figure 1.1: Cross section view of the EOTSG highlighting the AFW system

The mechanism of wetting penetration from the AFW is a strong function of the flow
rate and the geometry. Previous experimental studies [2] done in a 1/8" sector of the OSTG
at ldaho National Labs (INL) in the late 80s show that water impinges on the tube bundle,
and under the action of gravity accumulates on the tube support plate (TSP) and forms a layer
of finite thickness which flows horizontally into the tube bundle and exits through the

broached holes which hold the tubes in place. The water flows as a film or as rivulets down
2



the tubes, evaporating and removing residual heat. This flow through the broached holes is
counteracted by the steam in the upward direction as well. In addition, water also escapes or
“bypasses” the tube bundle through the gap between the TSP and the shroud. The bypass
flow does not participate in wetting or direct cooling of the tubes but drains down to the
bottom of the EOTSG.

The industry’s practice for modeling the OTSG and EOTSG uses the one-
dimensional code RELAPS [3]. In modeling the AFW flow, different empirical inputs are
used primarily derived from experiments done in a 1/8"™ sector of the OTSG at Idaho
National Labs with 625 tubes [2]. The main data used from the INL study is the number of
tubes wetted or penetration versus AFW flow rate and the average pool height versus AFW
flow rate. This data together with derived form loss coefficients for the bypass flow and
broached holes is used to generate a 1-D model to estimate the number of tubes wetted.

The objective of this thesis is to predict the number of wetted tubes versus flow rate
in the EOTSG at the AFW injection location above the top tube support plate using first
principles Computational Fluid Dynamics (CFD). The computational model neglects the
condensation of steam and feedwater boiling. In addition, no heat transfer has been
considered so as to avoid over complication of the computational models. In order to perform
the fluid flow analysis, the first task focuses on model building and validation of the bypass
flow. In Chapter 2, the characterization of loss coefficient versus water column height for the
bypass flow is carried out to quantify the leakage flow. Chapter 3 deals with model building
and validation of the broached hole leakage flow on the top TSP. In this Chapter, the leakage
flow through various number of rows of broached holes is characterized under different
conditions of column height and input flow rate. Chapter 4 uses information from the
previous two chapters on the leakage flows and applies them using user defined functions in
a computational model that simulates a 1/8" sector of the EOTSG-AFW system. A map of
wetted tubes versus flow rate is derived and compared to correlations derived from the INL

study [2]. Chapter 5 presents the summary and conclusions from the fluid flow analysis.



Chapter 2. COMPUTATIONAL INVESTIGATION OF BYPASS FLOW

The bypass flow (“leakage flows”) plays a key role in determining the number of
wetted tubes, and hence it is important to ascertain that these flows are modeled with
accuracy. In these studies, the annular opening between the TSP and the shroud have been
investigated under controlled conditions to obtain the loss coefficient under different heads.
This has served two purposes: it has validated the grid required to adequately resolve these
small spaces in a large computational domain (if required), and it has validated the physical
attributes (including turbulence models) of the model required to adequately represent the
flow. In addition, it has also validated the values used by AREVA in their current model. The
chapter proceeds in the following manner: description of the computational geometry, the
input conditions of the model, description of the computational model, implementation of the
method in FLUENT, explanation on the procedure for data extraction, results and analysis,
and finally the surface tension on the bypass flow and grid sensitivity study on the bypass

flow model.

2.1 Geometry of Computational Model

The geometry of the computational model comprised of two tanks that are connected
by the bypass gap. Figure 2.1 shows the schematic of the model geometry. The top chamber
contains water which enters through an inlet at the side and flows through the bypass gap and
is collected in the bottom chamber. The thickness of the TSP is 1.18 inches. The gap was
designed with a curvature radius of 4.45 inches and the nominal width of the gap is 0.104
inches. The dimensions of the computational geometry are shown in Table 2.1. At the
velocity inlet boundary condition, water is injected at a given rate. In addition, the vent
boundary condition controls the intake or outtake of air depending on the height of water in
the top chamber. The vent located below the TSP, lets displaced air flow out as water fills the

bottom chamber.
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Figure 2.1: Schematic of geometry for computational model

Table 2.1: Dimensions of geometry for computational model

Lgap (nominal gap width)

0.104 inches = 0.0026416 m

air

LTank 0.875m
_ 0.5720 m
air2
0.0786 m — 0.007335 m
water
H 0.0714m — 0.1427m

inlet

0.01Im

2.2  Computational Model Input Conditions

Velocity
Inlet

Cutlet
Vent

This section highlights the data that was used for the analysis of the bypass flow area.

Table 2.2 summarizes the data extracted from Table 5-23 in [3]. It contains the estimated

bypass flow rate calculated based on the average pool height over the drilled holes. The

average pool height was calculated based on flow into the broached holes region. It was

noted in [3] that the loss coefficient was determined to be 1.3 and that it is expected to be
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approximately constant for any reasonable bypass area. The value as mentioned in [3] is the
summation of the loss coefficients for sudden contraction and expansion of the bypass flows.
In order to relate the data provided by [3] to our computational model, the Reynolds number

of the bypass flows was calculated as given in equation 1:

Re = \M 1)

n

Where V,

bypass
Lyypass 1S the characteristic length of the nominal bypass gap which is 0.104 inches,

is the bypass flow velocity,

and /7is the kinematic viscosity of water which is 1-10°m? /s _

The bypass flow velocity,V,

bypass

bypass region area for a 1/8" section of the EOTSG which is 0.033466 ft> (0.0031093m?).
The nominal bypass gap width was calculated based on the three flow bypass regions in the

was calculated by dividing the flow rates with the

periphery of the TSP which have been extracted from [3]. The first being the flow area
between the outer diameter of the TSP and filler plates which is 3.9007 in®. Second being the
gaps at the eight alignment slots which add up to a flow area of 19.456 in. Third being the
gaps at the two keyways which sum up to a total flow area of 11.0382 in® In addition, the
effects of the change in thermal expansion at hot operating conditions contribute to an
estimated increase of flow area by 11.0382 in®. Therefore, using the total flow area of
38.5523 in? and a hot TSP outer diameter of 117.8747 inches and a nominal gap width of
0.104 inches (0.0026416 meters) is calculated. Having all the variables, equation 1 was used
to calculate the Reynolds number for each of the flow rates related to the respective nozzles
flows. The Reynolds numbers for each flow are listed in Table 2.2 in the last column. The
Reynolds numbers along with the corresponding heights served as a guide for the input

conditions of the computational model.



Table 2.2:

Data summarizing the calculated Reynolds number and average heights

corresponding to each nozzle flow rate and estimated bypass flow rate[3]

Nozzle Flow Bypisstlsnglzt/(\a/drate Bypisst;”fllitv?/drate Average Height Ayerage Calculated
(I/s) () (m%s) (feet) Height (m) Reynolds No.
1.68 0.0686 0.00194 0.0850 0.0259 1650
1.80 0.0704 0.00199 0.0895 0.0273 1690
2.50 0.0768 0.00218 0.107 0.0325 1850
3.50 0.0831 0.00235 0.125 0.0380 2000
5.00 0.0903 0.00256 0.147 0.0449 2170
5.65 0.0930 0.00263 0.156 0.0476 2240
7.60 0.0999 0.00283 0.180 0.0550 2410

2.3  Computational Model

The mesh of the model was generated using Gridgen. The total number of elements
for the two-dimensional mesh is 70,000. There were 440 elements in the bypass gap. For
resolving the dynamic air-water interfaces to an accurate level, a fine grid was used in the
vicinity of the walls close to the bypass gap. The fine grid was also incorporated at the

interface of the phases

2.3.1 Implementation of method in Fluent

An unsteady calculation procedure based on the volume of fluid (VOF) method was
used in the commercial software Fluent on the computational model. The VOF method is
used for interface tracking, where it solves a supplementary transport equation for the volume
fraction of one of the phases by assigning a binary state of 0 and 1 to the two phases. In the
explicit scheme employed in the VOF model, phase reconstruction is carried out in the
computational elements at each time step or iteration in which the volume fraction is between
0 and 1. In order to capture the water and air interface, the geometric reconstruction was
enabled for the volume fraction. In addition, a variable time step was employed to ensure that
the CFL number was maintained at 1.5. The time steps for the cases were between 1E-04 to
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1E-06. In all the cases, the momentum and continuity equations converged to a residual of
1E-05 within the allowed 50 iterations per time step. The cases were run with an unsteady
calculation until they reached a steady state. Wall adhesion was enabled for the phase
interaction, and all of the contact angles were set to 90 degrees. The k-e model with standard
wall functions was selected as the turbulence model. This model is well known for its
robustness, economy and reasonable accuracy for a wide range of turbulent flows as

mentioned in [6].

2.4 Procedure for Data Extraction

With the computational model set up in Fluent the initial conditions had to be
implemented for the model to start calculation. The Reynolds number and the respective
heights given in Table 2.2 were a good initiating point. For each case, the specific height of
water was patched in the top chamber and in the bypass gap. The velocity at the inlet was
calculated to replicate the various Reynolds number in the gap using the basic continuity
equation (2) as shown:

V _ bepass Lbypass (2)

inlet —
Linlet

Where V.

inlet

is the inlet velocity,
L. IS the length of the velocity inlet which is 0.01 m,
V,

bypass 1S the velocity in the bypass gap

and L. is the characteristic length of the nominal bypass gap which is 2.6416E-03 m

Starting from these initial conditions, the flow in the bypass gap goes through a
transient before it reaches a steady state when the height of water on top of the TSP is such
that the mass flowing into the top chamber from the inlet is exactly balanced by the mass
flow through the bypass gap. To monitor the height of the water, two line surfaces were
made. The first surface was located close to the bypass gap and the second was located

2.6146E-02 m away from it. Each of the line surfaces measures the mass fraction of water at

8



the location as shown in Figure 2.2. In addition, the mass flow of water in the bypass gap was

monitored.

Height 2

Height 1

Figure 2.2: Diagram of Computational model highlighting the location of the two heights

With the geometry of the model tied together with the initial and boundary
conditions, the first simulation case examined was a flow Reynolds number of 2238. In order
to monitor the dynamics of the system, the simulation was run for a fluid flow time of ten
seconds. This simulation took about eight hours on three processors. Figure 2.3 shows the
plot of the mass flow through the bypass gap during the first 10 seconds. It is evident that
there is fluctuation in the mass flow of fluid from 2.2 kg/s to 2.5 kg/s. Similarly, height 1 and
height 2 of the water are plotted as shown in Figure 2.4 and 2.5, respectively. Examining the
three graphs shows that the oscillations in the water height follow a pattern in conjunction
with the change in the bypass gap mass flow rate. This variation indicates that the system has
not reached equilibrium so the case was resumed and run till a flow time of 70 seconds.

Figure 2.6 summarizes the plot for the bypass gap mass flow during the 70 seconds. It can be
9



surmised that the variation in mass flow has reduced but has not reached equilibrium. Similar
fluctuations in the height of water could also be detected. Therefore, the case was run for an
additional 60 seconds and the mass flow finally reached close to a steady state at 2.233 kg/s
as shown in Figure 2.7. In addition, Figure 2.8 and 2.9 show the plots of height 1 and 2 which
have also reached steady state. The total computational time for the case took 120 hours. The
same monitoring procedure was used for each of the Reynolds number given in Table 2.2 to

establish a steady state. The results are summarized in the next section.
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Figure 2.3: Plot of mass flow for flow time of 10 seconds and fluid flow of Re = 2238
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Figure 2.4: Plot of height 1 for flow time of 10 seconds and fluid flow of Re = 2238
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Figure 2.5: Plot of height 2 for flow time of 10 seconds and fluid flow of Re = 2238
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Figure 2.6: Plot of mass flow for flow time of 70 seconds and fluid flow of Re= 2238
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Figure 2.7: Plot of mass flow for flow time of 130 seconds and fluid flow of Re= 2238
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Figure 2.8: Plot of height 1 for flow time of 130 seconds and fluid flow of Re= 2238

12



=)
Q
[&)]

Il

Height (m)

(]
.C:»
B

o
(=]
N

(@)
N
bl

Figure 2.9: Plot of height 2 for flow time of 130 seconds and fluid flow of Re = 2238

2.5 Results and Analysis

A total of 9 simulations were carried out, each matching the respective Reynolds

number. To meet the objectives, the bypass loss coefficient for each case was calculated

using equation 3 given in [3]:

k = Zgho

b
ypass (bepass )2

Where k is the loss coefficient,

bypass

h, is the average of height 1 and height 2
and V,

bypass 1S the velocity in the bypass gap

(3)

Table 2.3 summarizes the values for height 1, height 2 and the loss coefficients for

the corresponding Reynolds number. The trend from the data shows that as the heights
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increase so does the loss coefficient of the bypass gap. Figure 2.10 shows pictures of the
computational model for the fluid flow with Reynolds number 3000, 2500 and 2238 at steady
state. The pictures show that there is no separation in the flow through the bypass gap and
that the height of water in the top chamber is uniform. Likewise, Figure 2.11 shows the
pictures of the computational model for the fluid flow with Reynolds number 1848, 1750 and
1650. In these cases, as the Reynolds number decreases, there are some variations in the
height of water on the TSP. In fact, for the fluid with a Reynolds number of 1650, when the
height of fluid on the TSP is small with respect to the gap width, a convex free surface forms
as the water flows into the bypass gap. In this case, height 2 is 62.5 % larger than height 1
and the validity of equation (3) to calculate a loss coefficient is suspect. In spite of this, the

data point is included in the analysis, but should be used with some caution.

Table 2.3: Data from Computational model for respective Reynolds number

Reynolds No.|[Mass flow (kg/s)|Height 1 (m)|Height 2 (m)| Loss Coefficient
1650 1.6477 0.0056 0.0091 0.3684
1750 1.7505 0.0102 0.0102 0.4523
1848 1.8647 0.0136 0.0136 0.5340
2000 2.0170 0.0216 0.0214 0.7202
2100 2.1470 0.0283 0.0281 0.8339
2238 2.2330 0.0350 0.0350 0.9574
2500 2.4910 0.0490 0.0490 1.0765
3000 2.9380 0.0786 0.0786 1.2413
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Re= 3000 Re= 2500 Re= 2000

Figure 2.10: CFD Snap shots of flow in the bypass gap for Reynolds number 3000, 2500 and

2000

Re= 1848 Re=1750 Re= 1650

Figure 2.11: CFD Snap shots of flow in the bypass gap for Reynolds number 1848, 1750 and
1650
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The calculated loss coefficient is plotted against Reynolds number in Figure 2.12. The
calculated loss coefficient increases with Reynolds number and seems to be leveling off at a
value close to 1.3 used in Relap5 [3]. The Relap5 loss coefficient of 1.3 was calculated from
the addition of the loss coefficients for sudden expansion and contraction, which typically are

calculated at high Reynolds numbers at which there is no Reynolds number dependence.

Since the Reynolds number ranges from 1600-3000 in the calculation, the flow
through the bypass gap could be laminar, turbulent or transitional. To establish the sensitivity
of the loss coefficient to this factor, additional laminar calculations were performed in the
low Reynolds range. For each of these simulations the computational time for the mass flow
to reach steady state was approximately 192 hours with three processors. The results show
that at the low end of the Reynolds number range there is a 26% difference in the loss
coefficient calculated by the laminar model but as the Reynolds number increases to 2100,

the laminar and turbulent model results only differ by 3.32 %.

The experimental model results have also been incorporated into Figure 2.12. In
comparison, the experiment results also show that as the Reynolds number of the fluid
increases so does the loss coefficient. But they underpredict the loss coefficients of the

bypass flow compared to the computational results by 1.04 % to 13.1 %.

Figure 2.13 shows the distribution of the loss coefficient with average height of the
water level for the two models compared to the Relap5 model. The computational results
suggest that beyond a height of approximately 10 cm, the loss coefficient would approach the
value used in Relap5. The results indicate that the current predictions in Relap5 would

overpredict the number of tubes wetted by underpredicting the bypass leakage flow.

Figure 2.14 further compares the height of water on the TSP to the flow Reynolds
number (or mass flow rate) in the bypass gap. It is seen that for the same height of water on
the TSP, the Relap5 model underpredicts the bypass flow by 10 to 20 % compared to the

computational results.
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Figure 2.14: Data comparing water height versus Reynolds number of computational results

with Areva Relap5 results.

2.6 Surface Tension Analysis

This study was done to evaluate if the surface tension plays an important role in the
bypass flow. The Weber number is the ratio of the inertial force to the surface tension force
acting on a fluid element [4]. It is described in equation 4 with each of the given components:

N2
_S

We

(4)

Where ris the density of water at room temperature = 998.2 kg/m?,

V is the velocity of the fluid,

is the characteristic length,
19



and S is the surface tension of water with air at room temperature = 0.00728 N/m.

To carry out the calculations, the velocities of the fluids in the bypass gap were
extracted from the computational model calculations shown in Table 2.3. The characteristic
length in this case is obviously the width of the bypass gap, 0.0026416 m or 0.104 inches.
The calculations of the Weber number are reflected in Table 2.4. The results show that the
Weber number for the lowest Reynolds number is 141 which is much higher than the value 1.
This signifies that the bypass flow is not significantly affected by surface tension and inertial

effects are dominant.

Table 2.4: Data summarizing the calculated Weber number corresponding to each Reynolds

number of the bypass flow rate

Reynolds No. | Velocity (m/s) |Weber Number
1650 0.625 141
1750 0.671 163
1848 0.707 181
2000 0.766 212
2100 0.814 240
2238 0.847 260
2500 0.945 323
3000 1.115 450
3500 1.291 604

2.7 Grid Sensitivity Study

A grid sensitivity study was done to evaluate the effect of the grid resolution on the
calculation of the loss coefficient. In order to accomplish this, two more meshes comprising
of 15,000 cells (very coarse) and 40,000 cells (coarse) were tested with the same geometry as
the 70,258 mesh size. Similar to the cases above, the standard k-e turbulence model was
applied to the computational model. Table 2.5 summarizes the data obtained for each of the
cases. The data shows that the increment of the calculated loss coefficient between the

15,000 cells and 40,000 cells is 23 % while the difference between the 40,000 cells and
20



70,258 cells is 5%. It was assumed that the value obtained on a 70,000 cell grid was close to

the converged solution and this grid was used for the bypass flow calculations.

Table 2.5 Data summarizing results for grid sensitivity test

Total no. of cells No. of cells in gap Reynolds no. Loss coefficient
70,258 440 2129 0.8424
40,000 150 2128 0.8027
15,000 75 2128 0.6528
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Chapter 3 COMPUTATIONAL INVESTIGATION OF BROACHED
HOLE FLOW

The aim in this Chapter is to characterize the leakage flow through the broached holes
for different conditions of water column height and inlet velocity. The analysis for the
broached hole flow was more complicated and computationally intensive compared to the
bypass flow. The objective is to correlate flow conditions and height of fluid on the TSP to
the leakage flow via a loss coefficient.

The Chapter proceeds in the following manner: methodology for validation cases
consisting of a single broached hole and 5 broached holes in staggered fashion in which the
description of the geometry, the model input conditions, validation of the computational
model and procedure for data extraction are described. It then proceeds to the methodology
for multiple broached holes in which the description of the geometry, the model input
conditions and the procedure for data extraction are explained. Finally, a thorough
description of the results and analysis of these computational models and the impact of

surface tension is evaluated.

3.1 Methodology for single broached hole flow and five broached holes flow

The analysis for the broached holes flow was started by validating the computational
models with experimental data. It was decided that the most efficient way to validate the
computational model with the experiment would be to first evaluate the loss coefficients for a
single broached hole. With the success of this model it was decided to expand it to a more

complex system of five broached holes in staggered fashion.

3.1.1 Geometry of Computational models

The geometry for the single broached hole model consists of two chambers linked
with a broached hole through the TSP plate. Water is channeled through the inlet of the top
chamber as shown in Figure 3.1. Since the boundary conditions of the sides are walls the
water seeps through the broached hole and flows to the bottom chamber where it leaves the
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system through the outlet vent. The inlet and outlet vent also regulate the flow of air as the
system reaches steady state. The width of the model was 0.3285 m to match the experimental
setup. This length of the model, about fourteen times larger than the width of each flow gap,

ensures that the backflow of fluid at the walls do not affect the leakage flow. Table 3.1 shows
the dimensions of the computational model.

A
i
I—Top T
Velocity ¥ ‘ HH Inlet Vent
inlet \
“ for air
I-bottom LTSP
Outflow
vent

Figure 3.1: Schematic of geometry for computational model (single broached hole)
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Table 3.1: Dimensions of geometry for computational model (single broached hole)

L 0.09m
Top
0.06 m
Bottom
0.180m
stream
0.3285m
span
Lrsp 0.029972 m

The computational model for the five broached holes follows a similar concept to the
preceding one. Two chambers are linked with five broached holes through the TSP plate.
Water is channeled through the inlet of the top chamber as shown in Figure 3.2 and exits out
of the bottom chamber through the outlet vent as it flows through the broached holes. The
model shown in Figure 3.2 is a modification of the single hole broached hole and therefore
consists of the same boundary conditions. The span wise and stream wise length of the model
is 0.3586 meters and 0.231 meters respectively as shown in Table 3.2. The model is made to

replicate the experimental conditions and constraints for validation purposes.
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Figure 3.2: Schematic of geometry for computational model (five broached holes)

Table 3.2: Dimensions of geometry for computational model ( five broached holes)

L 0.150 m
Top
0.090 m
Bottom
0.231m
stream
0.358 m
span
Ltsp 0.029972 m
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3.1.2 Computational Model Input Conditions

This section highlights the data that was used for the analysis of the broached flow
area. Table 3.3 shows the various broached hole flow rates corresponding to the different
nozzle flow rates. The data summarized in Table 3.3 is extracted from information provided
in Table 5-24 in [3]. In addition, information on the number of tubes in the broached hole
region that are wetted were based on the fit found in Figure 5-1 in [3]. The flow rate divided
by the total open area of the broached holes was used to derive the mean velocity through
each broached hole with water. These values hold under the assumption that the broached
holes are completely filled. Similar to the section above, the Reynolds number was calculated
for each hole corresponding to each flow rate using equation 5:

\ D

R e= broached
n

broached (5)

where Dyroached 1S Calculated using the hydraulic diameter formula given in equation 6:

D — 4Abroached (6)

broached —
P

where Aproached 1S the leakage flow area through a broached hole surrounding the tube,

and P is the total perimeter of the leakage flow area.

The value for Dyroached Was found to be 4.5199504E-3 m and was incorporated in each
calculation to find the Reynolds number. The area of the leakage flow through the broached
hole was estimated to be 3.770398E-5 m? and the perimeter was estimated to be 3.336672E-2
m?. Using these results and the equations listed above, Reynolds number range from 600 to
8600 was obtained. These values identified the range of Reynolds numbers for the

computations.
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Table 3.3: Data summarizing the calculated Reynolds number corresponding to the flow rates
in the broached holes[3]

Average
Height (m) of
water

0.02589

0.02728

0.03247

0.03801

0.04490

0.04760

0.05500

3.1.3 Computational Model for validation (single and five broached holes)

The mesh of the models was generated using Gridgen and the total number of
elements for the single broached hole and five broached holes model is 3.2 million and 4.9
million cells, respectively. For both models, a fine mesh was used in the vicinity of the
broached hole walls so as to capture the dynamics of the fluid and to resolve the air water
interface accurately. Most of the mesh was structured but 5% of the mesh was unstructured to
reduce the total grid size of the models. Just like the model for the bypass flow, an unsteady
calculation procedure supported by the VOF method in the commercial software Fluent was
incorporated till the case reached a steady state solution. Similar to the bypass cases, a
variable time step was employed to ensure that the CFL number was maintained at 1.5. The
time steps for the cases were between 1E-05 to 1E-07. In all the cases, the momentum and
continuity equations converged to a residual of 1E-05 within the allowed 50 iterations per
time step. The k-e turbulence model was used for all the calculations to model the high
Reynolds number flow through the broached holes. The model provides reasonable accuracy
and is robust and economical. Most importantly, despite the large grid size of each type of
these models, they provided results within a reasonable time frame. Surface tension effects
were assumed to be much smaller than inertial effects, and a contact angle of 90 degrees was
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used to model the water-air-solid contact line. In addition, a variable time step was

incorporated to maintain the CFL number at 1.5.

3.1.4 Procedure for Data Extraction

With the computational models for the single and five holes setup in Fluent, the initial
conditions had to be implemented for the calculations to start. The range of Reynolds
numbers available in Table 3.3 provided an estimate of the inlet velocity at the boundary. For
each case, the corresponding height of the water was patched in the top chamber and through
the broached holes. The velocity at the inlet was calculated to replicate the Reynolds number
in the gap using the continuity equation for the three dimensional flow as shown in equation
1

VAR Voroached Abroached @
Alnlet

Where V.

inlet

is the inlet velocity,
At 1S the area of the velocity inlet,
Viraoened 1S the velocity in the broached hole

A .ocnea 1S the total respective broached hole open area for respective models

The solution procedure for this case is similar to the bypass flow. Starting from the
initial conditions the flow in the broached holes goes through a transient before it reaches a
steady state where the height of the water in the top chamber is such that the mass flow
flowing through the inlet is balanced out by the mass flow going through the broached holes.
To monitor this mass flow, a surface plane was generated at the exit of the broached hole(s)
for the single and five broached holes cases. This plane measured the mass flow of water
going through. As soon as the mass flow reached a steady state and the model was in
equilibrium, the heights were measured. Several surface planes were made in the span wise
and stream wise direction to measure the height of the water. Figure 3.3 shows an example of
two planes made in the vicinity of the broached holes to measure the height of the water.
Plane 1 measures the height of the water in the span wise direction and plane 2 measures the
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height of the water in the stream wise direction. Since the heights did not differ by much the
average of the heights was used in the calculation of the loss coefficient. This procedure was
carried for each of the broached holes in the five holes model and the average height was

calibrated.
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Figure 3.3: Schematic of computational model highlighting the locations of the heights

measured

3.2 Methodology for multiple rows of broached holes

It was decided to extend the model to single and multiple rows to characterize leakage
flows in these conditions. Since the broached holes were staggered on the tube support plate
the influence of neighboring broached holes on the leakage flows had to be evaluated. In

order to capture this, computational models for one row, two rows, four rows and eight rows
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were built. Since the four row computational model gives a good visual description of the

system, it is explained as the representative geometry in this chapter.

3.2.1 Geometry of Computational models for multiple rows of broached holes

The concept of the model for the four rows is similar to the model used for validation.
The domain of the model consists of two chambers linked with broached holes. Figure 3.4
shows the schematic of the computational model geometry. The width of the broached hole
gap was reported to be 0.1139 inches. The radii of the tubes going through the TSP were
designed to be 0.320 inches. The dimensions of the geometry are summarized in Table 3.4.
Figures 3.5, 3.6 and 3.7 show the schematic of the geometry of the computational model for
the one row, three row and eight row cases, respectively.
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Figure 3.4: Schematic of geometry for computational model of the broached holes (4

Rows) domain
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Table 3.4: Dimensions of geometry for computational model

Ly 1.514 inches
L, (Tube radius) 0.320 inches
Ly 1.515 inches
L, 1.428 inches
Logap (broached hole gap) 0.1139 inches
Periodic
Flow Direction
f(
> AN N
~—
Periodic

Figure 3.5: Schematic of geometry for computational model for one row of broached holes
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Figure 3.6: Schematic of geometry for computational model for two rows of broached holes

31



Periodic
! /FV \ N
S %ﬁ e LJ/:\\LJ )

Flow Direction NY: f
( /EJ L\ K /,ﬁ

Periodic
Figure 3.7: Schematic of geometry for computational model for eight rows of broached holes

3.2.2 Computational model for multiple rows of broached holes

The mesh of the model was created using Gridgen. The full computational geometry
consists of an upper chamber with a water inlet and air vent connected to the bottom chamber
with an air vent via the gaps in the broached hole tube supports. A total of 3 million elements
are used to design the mesh for the four row case. Figure 3.8 shows a schematic of the
computational model in Gridgen. Similar to the previous analysis, a fine grid was used in the
vicinity of the walls and the broached holes. To model an infinite number of broached holes
in the span wise direction, periodic boundary conditions were applied at either faces of the

domains as shown in Figure 3.8.
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Figure 3.8: Isometric view of the computational model for the Broached holes (4 rows) analysis

showing periodic boundary conditions on either side of the span wise faces

3.2.3 Procedure For Data Extraction

The procedure for each of the cases followed a similar process as the validation test.
First the velocity at the inlet was calculated to replicate the Reynolds number using the

continuity equation and equation 5. The area, A, for each of the cases corresponded to

the total area of the control broached hole leakage flow as shown in Figure 3.9. Surface
planes at the outlet of the broached holes were generated to monitor mass flow until steady
state was reached. In addition, the heights were measured using several surface planes in the

33



stream wise and span wise direction. At an average, the simulations took 120 to 168 hours to

reach steady state with 7 processors.

A
NN

Figure 3.9: Schematic of geometry for computational model for four rows of broached

holes highlighting control broached hole

3.3 Results and Analysis

The first two cases were aimed to validate the computational model used in Fluent
with the experimental model. This would give sustainable evidence on the robustness and
accuracy of the computational models. Validating the models ensured that they could be
extended to characterize the leakage flow for a row of broached holes. It was first decided to
analyze the loss coefficients for one row of broached holes and then extend to two rows.
When it was found that the loss coefficient was increasing with the addition of rows in the
computational domain, the analysis on four rows was carried out and ended with the
computational analysis on eight rows. The results derived from each of the cases in
characterizing the leakage flow for different conditions have been compared and analyzed in

this section.
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3.3.1 Computational model versus Experimental data Validation (single broached
hole)

The first run examined was the flow with a Reynolds number of 3000. Since the
geometry of the model was small it was estimated that the flow time to reach a steady state
would be within a second. But because of the large grid size it was computationally intensive
to run each of the cases. The simulation took 24 hours to reach 0.1 seconds of flow time and
about a week (168 hours) to reach steady state at 0.98 seconds flow time with six processors.
Figure 3.10 shows the plot of the mass flow of the water with time. It is evident that after 0.9
seconds of flow time the variation in the mass flow of water reduces and the system reaches
equilibrium. Expecting the same dynamics of fluid flow as the bypass flow analysis, it was
decided to proceed with the calculations and results analysis. But at examining the broached
hole closely it was found that it was not being completely filled. There were voids present in
the broached hole. The cross sectional planes of the broached holes showed that there was
smooth and defined flow of fluid through the broached hole. It was observed that the water
flowing through the hole was separated from air by a relatively smooth interface. In addition
there was a low pressure circulation of air in the void. Figure 3.11 shows a figure of the
contours of volume fraction in the broached hole through the tube support plate. The blue
color in the contour plot represents air and the red color represents water. This figure gives a
good visual representation of the smooth flow of water in the broached hole. In the void, air
from the bottom sector is drawn up into the broached hole in a recirculating pattern. These
voids are seen clearly at the broached hole outlet as shown in Figure 3.12. Figure 3.13 shows
an isometric view of the contour of volume fraction. The plot shows that the level of water is
even at steady state and that there are voids present in the broached holes. In addition, the
outlet vent at the bottom tank removes water and therefore the mass fraction at the bottom

tank is very low.
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Figure 3.10: Plot of mass flow versus flow time for broached hole case 1(Re=3000)

1.00e+00
. 9.50e-01
9.00e-01

8.50e-01
8.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01
- 4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02
0.00e+00

Contours of Volume fraction (water) (Time=9.9293e-01)
Figure 3.11: Contours of volume fraction plot of broached hole in TSP (Re=3000)
36



1.00e+00
. 9.50e-01
9.00e-01

8.50e-01
8.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01

- 4.500-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2,00e-01
1.50e-01
1.00e-01
5.00e-02 ¥
0.00e+00 f,

X

Flow

Contours of \olume fraction {water} (Time=9.2307e-01)

Figure 3.12: Contours of volume fraction plot of broached hole outlet surface plane (Re=5000)

1.00e+00
9.50e-01

1.50e-01 L
1.00e-01
5.00e-02
0.00e+00

Contours of Volume fraction (water) (Time=9.2307e-01)

Figure 3.13: Contours of volume fraction plot of the computational model (Re=5000)

37



From the visualizations shown above it is certain that there are voids present in the
broached holes for the range of Reynolds number being examined. To take these voids into
consideration two separate calculations have been made in the derivation of the loss
coefficients. In the first case the superficial velocity of water in the hole is calculated. This is
defined as the velocity of a fluid in a pipe, conduit, column, etc. in the absence of packing or

obstruction. The superficial velocity is calculated using equation 8:

M
Vbroached = r Ab (8)
roached

where M is the mass flow of water through the mass flow surface plane and 7 is the density
of the water which taken as 998 kg/m*

Here the loss coefficient is calculated using equation 9 as shown:
2ghy

broached = 2 (9)
(Vbroached )
In the second method, the mass flow rate is adjusted to account for the voidage as in
— M /mfwater (10)
broached
r Auroached

where mf__ is the area-weighted mass fraction of water

water

Table 3.5 summarizes the data obtained from the computational model with the
presence of voids. Table 3.6 summarizes data that is adjusted for voids. It is important to note
that in the case where the model for broached hole is adjusted for voids, the actual velocity
calculated increases and so does the Reynolds number. Thus the loss coefficient calculated
reduces because the height remains the same. It is noted that data in Table 3.5 shows the loss
coefficient differing by about 5%. Whereas when the loss coefficients are adjusted for voids,
they increase as the Reynolds number increases. This trend is similar to the bypass flow

analysis.
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Table 3.5: Data from computational model for broached with voids

Reynolds No. |Average height(m)|Loss Coefficient
2004 0.0205 2.08
2512 0.0320 2.12
2879 0.0416 2.09
3300 0.0546 2.12
3970 0.0737 1.95

Table 3.6: Data from computational model for broached hole adjusted for voids

Reynolds No. |Average height(m)|Loss Coefficient
3000 0.0205 0.806
3676 0.0320 0.974
4200 0.0416 1.00
4608 0.0546 1.07
5102 0.0737 1.18

For validation purposes, the distribution of the loss coefficients over the Reynolds
number range was evaluated along with experimental data. Figure 3.14 shows the distribution
of the loss coefficients for both cases compared to the experimental data. For the first case in
which no correction is made for voids, the loss coefficient averages out to 2.07. The other
values deviate by 0.4% to 5.9% from this average value. Visual inspection in the
experimental setup could not identify the presence of voids in the broached holes and
therefore the experimental loss coefficients are lower than the computations calculations with
voids. The experimental values show that loss coefficient of the broached hole configuration
qualitatively stay constant with Re and level off at K=1.2. These values vary by 5 % over a
Reynolds number range of 4500 to 6000. The adjusted (correcting for the void fractions)
computational loss coefficients are in agreement with the experimental values. Additional
computational cases were also run by changing model constants such as the surface tension
between water and air, and changing the contact angle of the fluid with respect to the walls in
the model. It was found that the results were insensitive to these changes and the voids were

present with the loss coefficients remaining the same.
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Figure 3.14: Plot of Reynolds number versus loss coefficient for computational results

compared with experimental results for one broached hole validation case

3.3.2 Computational model versus Experimental data Validation (Five broached holes)

This computational model was designed for further validation purposes. The
geometry of the model was relatively larger than the previous one and therefore took twice
the amount of time. Each simulation took about two weeks (336 hours) to reach an estimated
steady state flow time of 2 to 5 seconds with 8 processors with about 16 GB of memory.
Figure 3.15 shows the plot of the mass flow of the fluid at the outlet of the broached holes
with time. The plot shows that after three seconds the fluctuation of the mass flow reduces
and the system reaches a steady state. Information from the previous case gave reason to

believe that there would be voids in the broached holes. Despite using multiple broached
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holes, the voids were present over the range of Reynolds numbers varying from 2000 to
4500. Figure 3.16 shows the contour of volume fraction plots of the five broached holes at
the outlet. It was also noted that the volume fraction of the voids reduced as the Reynolds
number of the inlet flow increased. This phenomenon is also evident in many of the cases
done for the multiple rows and is explained thoroughly in the following chapter sections.
Figure 3.17 shows the isometric view of the contour plot of the computational model. It
highlights the steadiness of the water level at a steady state and shows the concept of the flow

system of fluid from the inlet to the outlet boundary conditions.
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Figure 3.15: Plot of mass flow versus flow time for 5 broached holes case (Re=3000)
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To take into consideration the voids present two separate calculations were made in
the calculation of the loss coefficient. Equation 8 and 9 were used to calculate the loss
coefficient based on voids present and equation 9 and 10 were used to calculate the loss
coefficient when adjusted for voids. Table 3.7 summarizes data with the existence of voids
and Table 3.8 summarize data that is attuned for voids. It is noticeable that the loss
coefficient values in Table 3.8 are lower than those in 3.7 because the voids are considered
and the height of the water remains the same. The trend from the data where the calculations
have been adjusted for voids show that as the Reynolds number increases so does the loss

coefficient.

Table 3.7: Data from computational model for broached holes with voids

Reynolds No. |Average height(m)| Loss Coefficient

1905 0.0270 3.098
2779 0.0454 2.450
3573 0.0625 2.040

Table 3.8: Data from computational model for broached holes adjusted for voids

Reynolds No. |[Average height(m)|Loss Coefficient

3043 0.0270 1.215
3781 0.0454 1.323
4384 0.0625 1.355

Similar to the process above, the distribution of loss coefficients from Tables 3.8 and
3.7 were evaluated along with experimental data. Figure 3.18 shows this distribution of data
compared with experimental results. The computational results with voids have a similar
negative gradient trend like the data in the previous validation model. Again visual inspection
of the experiments failed to identify any voids present in the broached holes and therefore
experiment values are much lower than the loss coefficients data with voids. However when
the calculations for the loss coefficients are adjusted for voids the computation data matches

up well with the experiment data. The values shown in Figure 3.17 are within 5% of each
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other across the Reynolds number range of 1000 to 5000. These comparisons provide
validation and give confidence that these models can be expanded on to find the loss
coefficient values of multiple rows of broached holes and that the results attained are

accurate and can be implemented for the 1/8™ sector of EOTSG computational model.
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Figure 3.18: Plot of Reynolds number versus loss coefficient for computational results

compared with experimental results for five broached holes validation case

3.3.3 Computational Results for one row of broached holes

It was necessary to carry out the computational analysis on a row of an infinite
number of broached holes to view the losses and resistance the tube rows would present to
the flow. Similar to the validation test, it was decided to calculate two separate loss

coefficients using the superficial velocity and actual velocity of water at the broached hole
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outlet to account for the voids. Figure 3.19 shows the contours of volume fraction plot at the
outlet of one of the broached hole. Calculations showed that for this case (Reynolds number
3265) the void fraction at the outlet of the broached hole is 0.3205. Equations 8 and 9 were
used to calculate the loss coefficient using the superficial velocity and equation 8 and 10
were used to calculate the loss coefficient using the actual velocity of water. Table 3.9
summarizes values of the loss coefficient for the computational model with voids and Table
3.10 summarizes data of the model where the broached holes are adjusted for the voids. This
test was carried out to view the implications on the loss coefficient and therefore just two
Reynolds numbers were considered. Figure 3.20 shows the plot of these two cases and the
data from the validation case. It is interesting to note that the loss coefficient values for the
computational results adjusted for voids are within 10% of the one hole result. We can
conclude from this that putting more holes in the span wise direction does not change the loss
coefficient by a large amount. Next we consider the effect of multiple rows.
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Table 3.9: Data from computational model for 1 row of broached holes with voids

Reynolds No. | Average Height(m) | Loss coefficient
2000 0.0172 1.8
2500 0.0320 2.12
3250 0.0336 2.26

Table 3.10: Data from computational model for 1 row of broached holes adjusted for voids

Reynolds No. |[Average Height(m)| Loss coefficient
3295 0.0172 0.661
4000 0.0320 0.933
4750 0.0336 1.12
3r _ -
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Figure 3.20: Plot comparing computational results for 1 row of broached holes with voids and

results adjusted for voids
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3.3.4 Computational results for two rows of broached holes

Having derived the losses for one row of broached holes the same procedure was
carried out for two rows of broached holes. This case would provide information on the
impact of additional rows on the loss coefficient of the control row of the broached holes.
Similar to the procedure for the previous cases, two calculations were done to predict the loss
coefficients using the superficial velocity and actual velocity of water at the outlet of the
broached hole. Figure 3.21 shows the contours of volume fraction plot at the outlet of the
broached holes at a Reynolds number of 2000. When compared to Figure 3.19 for one row of
broached holes, the void fraction for this case is about 60% less. This observation leads to the
conclusion that for the same Reynolds number, the voids reduce as more rows are included in
the calculation. Equations 8 and 9 were used to calculate the loss coefficient using the
superficial velocity and equation 8 and 10 were used to calculate the loss coefficient using
the actual velocity of water. Table 3.11 summarizes data of the loss coefficients for the
computational model with voids and Table 3.12 summarizes the values of the model in which
the flow is adjusted for voids. It is observed that as the Reynolds number increases, the voids
decrease and as a result the loss coefficient between the two methods converge. As shown in
Tables 3.11 and 3.12, the values of the loss coefficient at Reynolds number of 6000 only
differ by 2.16%. The average loss coefficient of the computational results adjusted for voids
is 2.20 and the average value for the results with voids is 2.67. This case showed that the loss
coefficient increased by 31.5% with the addition of one row of broached holes. Therefore

further investigation on the impact of additional rows on the loss coefficient was performed.
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Table 3.11: Data from computational model for 2 rows of broached holes with voids

Table 3.12: Data from computational model for 2 rows of broached holes adjusted for voids
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Reynolds number | Average height(m) | Loss coefficient
2000 0.0246 281
2387 0.0430 3.15
4915 0.145 2.50
5975 0.190 2.22

Reynolds number | Average height(m) | Loss coefficient
2297 0.0246 1.936
2652 0.0430 2.300
5015 0.145 2.401
6035 0.190 2.172
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3.3.5 Computational Results for four rows of broached holes

Due to the fact that the values of the loss coefficients increased with the number of
rows it was decided to create a computational model that would simulate four rows of
broached hole, using the flow Reynolds numbers provided in Table 3.3 as a guide. Each of
the simulations took 168 hours to 240 hours with 8 processors to reach steady state
depending on the speed of the flow. As expected, in most of the cases, the broached holes did
not fill up completely with water. However, it was noticed that as the Reynolds number of
the flow increased, the void fraction reduced. Figure 3.23 and 3.24 show the contour of

volume fraction plot at the outlet of the broached holes for a flow of Reynolds number of
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2000 and 4000. It is evident that as the velocity of the fluid increases the void fraction
reduces. A possible reason to this behavior could be the increase in hydrostatic pressure with
the higher Reynolds number flow that forces the liquid through the holes, preventing voids.
Equations 8, 9 and 10 were used to calculate the loss coefficients on the control row, as
shown in Figure 3.9, of the broached holes with the superficial velocity and actual velocity.
This ensured that the loss coefficients calculated are from the effect of the two preceding
rows. Table 3.12 summarizes the data of the loss coefficient for the computational model
with voids and Table 3.13 sums up the data of the model where the broached holes are
adjusted for the voids. As expected the loss coefficients are higher compared to the models
for the one and two rows. This is caused by the introduction of more rows of tubes and
broached holes in the system. In this case, the fluid must overcome a larger resistance in the
presence of more tubes as the fluid navigates through a more complex geometry than in the
previous cases. Figure 3.25 plots these results. It can be seen that the value of the loss
coefficients calculated with both models increase to a value ranging from 3.9 to 4.0. In
addition the deduction that as the Reynolds number increases, the voids reduce, is evident as
the two curves converge to a defined loss coefficient value.
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Table 3.12: Data from computational model for 4 rows of broached holes with voids

Reynolds number |Average height(m)| Loss coefficient
2414 0.0736 4.30
2891 0.0800 3.99
3478 0.1106 3.81
3981 0.1500 3.94

Table 3.13: Data from computational model for 4 rows of broached holes adjusted for voids

Reynolds number|Average height(m)| Loss coefficient
2500 0.0736 3.60
3000 0.0800 3.67
3600 0.1106 3.90
4020 0.1500 3.45
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3.3.6 Computational results for eight rows of broached holes

The increment of the loss coefficients between the two rows and four rows was
approximately 60%. This gave motivation to run additional cases on eight rows of broached
holes. Calculations on this case helped evaluate the impact of additional rows on the loss
coefficient. Due to the larger number of rows in these cases, the computational model
consisted of 6 million elements. Each of the simulations took 336 hours to 504 hours with 8
processors to reach steady state depending on the velocity of the flow. Since the cases were
computationally expensive, the three cases examined were of Reynolds number flow of 1084,

3318 and 4599. This range of cases was sufficient for comparison purposes with results from
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the other rows. The results have the same trend as previous cases; there were voids present in
the broached holes and the voids reduced as the velocity of the flow increased. As the
Reynolds number of the inlet flow increases so does the hydrostatic pressure of the fluid,
causing the fluid to be forced through the holes reducing voids. This is evident by comparing
Figures 3.26 and 3.27. It can be seen in Figure 3.26 that when the Reynolds number flow is
close to 1000, the voids are prominent in most locations. But with the increase in Reynolds
number these voids are much weaker as shown in Figure 3.27. Equations 8, 9 and 10 were
used to calculate the loss coefficients on the control row of the broached holes as highlighted
in Figure 3.26. The calculations assured that the loss coefficient values resulted from the
effects of the preceding six rows. Table 3.14 summarizes data of the loss coefficient with
voids and Table 3.15 highlights data of the model where the broached holes are adjusted for
the voids. Figure 3.28 shows the plot of these data. It is evident that the values of the loss
coefficients calculated with both models increases to a value ranging from 3.9 to 4.2. These
results are similar to the loss coefficients from the four rows but are much higher than the

two and one rows.
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Table 3.14: Data from computational model for 8 rows of broached holes with voids

Table 3.15: Data from computational model for 8 rows of broached holes adjusted for voids

45

Loss coefficient
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Reynolds number

Average height(m)

Loss coefficient

1084 0.0118 4.18
3318 0.1005 3.80
4600 0.1034 412

Reynolds number |Average height(m) |Loss coefficient
1550 0.0118 3.47
3320 0.1005 3.79
4590 0.1034 4.11
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Figure 3.28: Plot comparing computational results for 8 rows of broached holes with voids and

results adjusted for voids
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3.4 Significance of Results for broached holes

This section of the chapter addresses the results from the analysis done on multiple
rows of broached holes and arrives at a solution for the loss coefficient that needs to be
implemented in the 1/8" sector of EOTSG computational model. The average loss
coefficients when adjusted for voids for the first and second row of broached holes differ by
100 % and the average loss coefficient between the two rows and four rows is 60 %.
However this was not the case when the loss coefficient results for 8 rows were calculated.
The results of the loss coefficients when adjusted for voids between the eight rows and four
rows only differed by 5 % to 10 %. The 8 row case showed evidence that after four rows the
loss coefficient converged to a definite value. A reasonable explanation is that the after four
rows the fluid flow is fully developed. Figure 3.29 shows the plot of the results for the
multiple rows of broached holes. From the figure it can be determined that the loss
coefficient asymptotes to an average value of 4.0. Since the 1/8"™ sector of the EOTSG
contains multiple rows, this loss coefficient is employed for further calculations in the 1/8"

sector for each broached hole.
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3.5 Surface Tension Analysis

Similar to the study done in Chapter 2, the surface tension analysis was carried out for
the broached holes. Using equation 4, the Weber number was calculated for each of the flows
in the validation and various rows of broached holes cases. The characteristic length in this
computation is the hydraulic diameter of the broached hole. The calculation for the hydraulic

diameter is given

m. The value of the Weber number for the various cases is summarized in Table 3.16. The

majority of the Weber numbers are much larger than unity. This indicates that surface tension

in the previous section of this chapter in equation 6 as being 4.5199504e-3

does not play a considerable role in the flow dynamics through the broached holes.
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Table 3.16: Data summarizing Weber numbers for entire broached holes cases

Type of Broached holes case Re No. [Velocity(m®)| Weber Number
One hole validation 3000 0.66 160
3676 0.81 240
4200 0.93 313
4608 1.02 376
5103 1.13 462
Five holes Validation 3043 0.41 62
3781 0.60 132
4384 0.78 218
One row ( adjusted for voids) 3295 0.44 71
4000 0.55 111
4750 0.72 400
Two rows (adjusted for voids) 2297 0.50 90
2652 0.58 120
5016 1.09 429
6036 131 621
Four rows (adjusted for voids) 2500 0.65 151
3000 0.65 155
3600 0.77 215
4020 0.87 276
Eight rows (adjusted for voids) 1549 0.34 41
3320 0.72 188
4590 1.02 373
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Chapter 4 INVESTIGATION OF AFW SYSTEM IN 1/8" SECTOR OF
THE EOTSG

In this chapter, using results derived in the previous chapters, the fluid mechanics
analysis of the auxiliary feed water system in the tube bundle of the EOTSG is carried out.
This analysis finds the number of tubes wetted with a given AFW flow rate in the EOTSG.
The computational results are compared with data derived from the INL study and
appropriate conclusions of the AFW system are made. The chapter proceeds in the following
manner: an explanation of the methodology of AFW system in which the geometry of the
1/8" sector of the EOTSG, the computational model, input conditions, the implementation of
correlations in the model and procedure for data extraction are described. From there it
proceeds to results and analysis of the AFW flow rates versus tubes wetted and conclusions

drawn based on computational data compared with industrial data.

4.1 Geometry of Computational model

The concept of this model is based on capturing the flow rate from the AFW system
in a section of the EOTSG. As shown in Figure 4.1 there are 7 AFW assemblies around the
periphery of the top TSP in the EOTSG spaced at 45 degrees from each other. It should be
noted that there is no AFW connection at the 12 o’clock position as shown in the figure. This
placement of the AFW systems allows the division of the EOTSG into 8 symmetric sectors
of which seven are exposed to an AFW system. Since the AFW flow rate versus number of
tubes wetted is of interest, assuming that each of the AFW system affects each sector
correspondingly, only one of the seven sectors as highlighted in Figure 4.1 was modeled.
Previous tests carried out in the INEL reports [2] showed that the maximum water
penetration from the AFW system did not exceed more than 20 rows into the tube bundle.
This information influenced the generation of the model by limiting it to 24 rows of tubes as
shown in Figure 4.2, which is the schematic of the geometry for the computational model of
1/8" sector of EOTSG. The length of the sector in the stream wise direction is 0.481 meters

and the outer circumference or the section shroud is 1.172 meters in length. The dimensions
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are summarized in Table 4.1. The scoped view gives a more defined representation of the
bypass flow whose width is also summarized in Table 4.1. This view also shows that the
broached hole areas have been represented by circular areas around the tubes. Since the loss
coefficient of the broached holes flow have been derived the actual geometry of the broached
holes do not need to be resolved in the model. This helped reduce grid generation and

computational cost.

;
X

Auxiliary Feedwater Assembly

Figure 4.1: Top view of the schematic of the geometry of the EOTSG
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Bypass flow
N
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Figure 4.2: Schematic of the geometry for computational model of 1/8" sector of the EOTSG

Table 4.1: Dimensions of geometry for computational model of 1/8" sector of EOTSG

L 1.172 m
oc
: 0.793 m
ic
L 0.481m
w
Bypass Flow gap width 0.104 inches
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4.2 Computational model of 1/8" sector of the EOTSG

Similar to previous chapters, the model was created using Gridgen. The complete
model comprises of just the upper chamber of the top support plate in the EOTSG. Figure 4.3
shows a schematic of the computational model in Gridgen. The mesh of the model is
constructed with 2.5 million elements. The computational model is a combination of
structured and unstructured mesh. The structured mesh was used in the bypass flow,
broached hole flow and boundary condition areas. The unstructured mesh was implemented
around the flow areas. The mesh was designed to be finer in the vicinity of the model’s walls.
There are a total of 1016 broached holes and 2023 fluid zones spanning across the 24 rows.
In addition to the broached holes, there are also “drilled” holes on the first two rows of the
model. The drilled holes are designed not to let flow through and are modeled as such. The
inlet velocity represents the face of the AFW pipe from which water is injected into the
EOTSG. It is designed to match the inlet area of the AFW system which is a 4-Inch Sch 40
pipe with an internal diameter of 4.026 inches and total area of 0.0082194 m?. The height of
the computational domain is 0.20 meters which from the previous cases was decided to be
sufficient. The top and the right hand face of the model are kept as inlet and outlet vent
conditions so as to let either of the phases flow in and out as the model reaches a steady state.
Periodic boundary conditions are applied on the faces of the span wise directions of the
model. In addition, the TSP plate is shown in Figure 4.3 to give good visual representation of
the computational domain. As the calculations on the model proceed, water would flow out
of the velocity inlet into the domain and either seep out through the modeled broached holes

or through the outlet and inlet vent conditions.
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