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ABSTRACT

The single-phase COMMIX (COMponent Mixing) computer code performs fully
three-dimensional, transient, thermal-hydraulic analyses of liquid—sodium
LMFBR components. It solves the conservation equations of mass, momentum, and
energy as a boundary-value problem in space and as an initial-value problem in
time. The concepts of volume porosity, surface permeability and distributed
resistance, and heat source have been employed in quasi-continuum (rod-bundle)
applications. Volume porosity is defined as the ratio of the volume occupied
by the fluid to the total volume of the computational cell. Surface permea-
bility is defined as the ratio of the flow area in a particular direction
available for fluid to the total area in the same direction across a surface
of the computational cell. Distributed resistance is the drag force due to
the presence of rods and is distributed continuously throughout the computa-
tional cell. Distributed heat source is similarly defined as distributed
resistance.

Results from three transient simulations involving forced and natural
convection are presented: (1) a sodium-filled horizontal pipe initially of
uniform temperature undergoing an inlet velocity rundown transient, as well as
an inlet temperature transient; (2) a 19-pin LMFBR rod bundle undergoing a
velocity transient; and, (3) a simulation of a water test of a 1/10-scale
outlet plenum undergoing both velocity and temperature transients.

1. INTRODUCTION

It is important to know, or at least to have an indication of, flow and
temperature fields within thermal-hydraulic components. This information is
useful in evaluating operational performance as well as in assessing safety
considerations. These tasks are best performed by a combined experimental and
computer simulation effort. To aid these evaluations and assessments, new
computational tools, the COMMIX computer codes, have been developed.

The COMMIX-1 (COMponent Mixing) computer code [1] performs three-
dimensional, transient, single-phase, thermal-hydraulic analyses of liquid-
sodium LMFBR components. It solves the conservation equations of mass, momen-
tum, and energy as a boundary-value problem in space and as an initial-value
problem in time for a wide range of geometric configurations and thermal-
hydraulic operating conditions. The COMMIX computer code is being developed
in a stage-wise manner, where new and/or improved models are progressively
implemented into the code. The code is structured in modular fashion so that
new models can readily be implemented.

The most recent version of the single-phase COMMIX code is called
COMMIX-1A. This version contains many improvements to the original COMMIX-1
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in both physical modeling and computing efficiency. The single-phase COMMIX
code has been used to analyze both continuum and quasi-continuum applications
[2-6].

In the course of developing C0MMIX-1A, several simulations have been per-
formed involving combined natural and forced convection. Here three different
component simulations are discussed. In these simulations, forced convection
is dominant initially, but as the transients proceed, buoyancy forces become
increasingly important and can significantly alter the thermal hydraulics
within these components.

2. POROUS-MEDIUM APPROACH

The porous-medium approach with volume porosity, surface permeability,
distributed resistance, and distributed heat source (or sink) is employed in
the COMMIX code for rod-bundle thermal-hydraulic analysis. It provides a
greater range of applicability and an improved accuracy over subchannel ana-
lysis [7,8]. The volume porosity (Y V) is defined as the ratio of the volume
occupied by the fluid to the total volume of the computational cell. Surface
permeabilities (Y-i) are similarly defined as the ratio of the surface area in
the direction available to the fluid to the corresponding total surface area
in the same direction. The distributed resistance force (R) in the momentum
equation represents the sum of the drag force due to the presence of rods and
the additional viscous force due to the difference between the fine structure
and the cell-averaged velocity distribution in the computational cells. The
distributed heat source (or sink) Q is normally taken as a local volumetric
heat source. The concept of surface permeability is an additional feature
added in the porous-medium formulation. This permits easy modeling of the
anisotropic characteristics of a flow domain.

The porous medium can readily be reduced to a continuum by setting volume
porosity and surface permeabilities to unity, and distributed resistance to
zero. Thus, a single formulation is applicable to both quasi-continuura and
continuum analyses.

2.1 Governing Equations

Conservation of Mass

Conservation of Momentum

V 8i +
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Conservation of Energy

dt + 3 X j \Ji
 Keff

3ui

Here p is the density, u* are velocity vector components, g is the
gravity vector, h is the enthalpy, P is the pressure, Xj is the coordinate
direction, and t is the time. The terras Yv» Y^» % » a n d Q are the volume
porosity, surface permeability, distributed resistance, and distributed heat
source, respectively. The quantity D is the local mass residue of the conti-
nuity equation. In the above equations, a repeated index implies the sum of
three terms.

3. LMFBR HORIZONTAL PIPE

The thermal hydraulics in a horizontal section of an LMFBR intermediate
pipe loop during an LMFBR flow coastdown has been numerically simulated using
the C0MMIX-1A computer code. The purpose of the simulation is to investigate
the thermal-buoyancy effects on temperature and velocity distributions in a
pipe. Thermal-buoyancy-induced flows in piping can be important during both
steady-state and transient operating conditions. Buoyancy can alter hydraulic
resistance and create large, local temperature gradients.

A one-dimensional heat-transfer model has been used to simulate heat
transfer between the pipe wall and liquid sodium.

3.1 Geometry

The pipe is horizontal and 21.336 m (70 ft) long. The inner dia-
meter is 0.4318 m. The pipe wall thickness is 0.0127 m and is made of SS 316.
Since the thermal-hydraulic conditions are symmetric with respect to the ver-
tical centerline, half of the circular geometry is considered.

As shown in Fig. 1, the 21.336 -m pipe is partitioned into 35 equal
0.6096 m lengths. The radial direction is partitioned into five 0.08636 m
equal lengths. The azimuthal direction is partitioned into six equal 30°
angles.

3.2 Operating Conditions

Initially, 358.8°C sodium enters the pipe with an average velocity
of 6.364 m/s. Figure 2 shows the flow and temperature transient forcing
functions at the inlet.

The following assumptions were used in this simulation:

i. The shape of the inlet velocity distribution is parabolic
throughout the transient.
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ii. The temperature of the incoming sodium is uniform over the
inlet cross section.

iii. Turbulent eddy transport of energy and momentum is constant
throughout the transient.

iv. The pipe inner surface interacts thermally with the fluid and
outer surface is adiabatic.

3.3 Numerical Results

Isothermal lines of the vertical cross section through the center-
line at various times are shown in Fig. 3. This figure also shows the temper-
ature near the wall to be warmer than at the center of the pipe due to the
thermal interaction between the pipe and the relatively cooler liquid sodium.

Figure 4 shows transient liquid-sodium temperature at various axial
and radial locations of the pipe. Due to the parabolic inlet-velocity distri-
bution and the temperature decrease at the inlet, cooler sodium penetrates
into the central portion of the pipe and is relatively cooler; than the bottom
early in the transient. As a result of the flow redistribution, a consider-
able top-to-bottom temperature difference is observed (about 50% of the
temperature difference of the forcing function employed in the transient).

The following conclusions regarding this simulation are drawn:

i. The buoyancy effect of liquid "sodium is important, and a local
cold spot can be formed as a result of flow redistribution.

ii. A one-dimensional simulation of horizontal LMFBR piping is
inadequate to describe the temperature and flow pattern of
liquid sodium when a severe thermal-stratification condition
does occur.

4. LMFBR 19-PIN ROD BUNDLE

This application of the C0MMIX-1A computer code is to simulate the
thermal-hydraulic behavior of a 19-rod test bundle P2, which was used in the
SLSF (Sodium Jx>op J5afety facility) in the ETR (Engineering Jfest Jteactor) free-
convection test conducted by Argonne National Laboratory during 1976 [9].

The fuel-assembly modeling includes (1) the transient three-dimensional
flow and temperature distribution of the sodium coolant; (2) the accurate
representation of the volume porosity and surface permeability due to the
presence of fuel rods, wire-wrap spacers, filler wires, and duct walls, and
also their respective masses; (3) the transient three-dimensional temperature
distributions of the fuel rods, wire-wrap spacers, filler wires, and duct
walls, where axial and azimuthal conduction have been neglected in the fuel
rods and the filler wires. Wire-wrap spacers and duct walls interact only
with the immediately adjacent coolant; (A) an additional sweeping force has
been used in the momentum equations to account, for the swirl flow; and, (5)
the gamma heating of the coolant, cladding, filler wires, wire-wrap spacers,
and duct wall has also been accounted for.
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4*1 Geometry

The 19 fuel rods are contained within a hexagonal duct. Each of the
19 rods has an outside diameter of 0.00584 m and is arranged in a triangular
pitch of 0.00726 m. Spacing of the rods is accomplished by a wire wrapped
helically around each rod. The wire spacers have a diameter of 0.00142 m when
between rods, and 0.00071 m when between a rod and the duct wall.- The wire is
wrapped in a counterclockwise fashion (viewed looking upsream) with increasing
axial level as shown in Fig. 5. The wire-wrap pitch is 0.3048 m.

The model fuel rods are composed of two materials: the fuel (U02,
PuO ) and cladding (316SS). The cladding occupies the annular region between
(a) and (b), while the cylindrical fuel region is of radius (c), as shown in
Fig. 6. The axial partitioning of the fuel rods is as shown in Fig. 7. Radi-
ally, the cladding is partitioned into two regions; the fuel is partitioned
into three regions.

The rod-bundle axial length is vertically oriented. The sodium
coolant enters from below and flows -ip through a 0.18593 m entrance region,
followed by a 0.91440 m heated region, and a 0.11887 m exit region. The
1.2192 in overall length of the model fuel assembly is partitioned into 24
equal lengths, each of 0.0508 m as shown in Fig. 7. The transverse quarter-
pin partitioning used in the simulation is shown in Fig. 8.

The duct walls that form the hexagonal configuration are 0.00305 m
thick and are made of 316 stainless steel.

Thermocouples are located within some of the wire-wrap spacers and
filler wires and also along the inner duct wall. The thermocouple positions
within the model fuel assembly are shown in Figs. 7 and 8.

Uncertainties exist in the measurements: one is the exact location
of thermocouples in the wire wrap under operating conditions; another is that
the flow rate during the transient is below the calibrated range of the inlet
EM flowmeter.

4.2 Operating Conditions

Liquid sodium enters the rod bundle uniformly with a temperature of
315°C and a velocity of 3.4 m/s. The inlet pressure is approximately 634 kPa.
A total of 32574 W of heat is added to the coolant over the heated section.
This heat represents both fission and gamma heating sources. The heat source
in the fuel is 31271 W; the gamma heating of the cladding, wire wraps, duct
walls, and coolant is about 4%, or 1303 W. The normalized axial power distri-
bution is shown in Fig. 9, where the normalization is performed over the
0.9144 m heated length of the model fuel assembly. The normalized pin-power
distribution is shown in Fig. 8, where the corner rods have a slightly higher
power. The volumetric heat sources in the cladding, wire wrap, duct walls,
and coolant, although different from each other, are assumed uniform over an
axial level.

From the steady-state operating conditions, a flow and temperature
transient occurs. The inlet velocity decreases to about 2.5% of its initial
value in the first 2.5 s of the transient, as shown in Fig. 10. After leveling
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off, the inlet velocity slowly increases to 7.5X of the steady-state value by
70 s, then remains constant throughout the rest of the transient.

This flow transient is the result of shutting the pumps off. The
flow velocity never goes to zero, because the heated fuel assembly acts as a
pump due to the bundle heating and creates a density difference, hence a
pressure differential across the bundle. Throughout the entire transient the
power level of the bundle remains constant.

The temperature transient is shown in Fig. 11. After being a constant
315°C for the first 7.5 s, it then slowly decreases to 295°C by 88 s, then
remains at that, temperature for the rest of the transient.

4.3 Numerical Results

Since the C0MMIX-1A simulation gives the complete transient thermal-
hydraulic field of the coolant, radial and axial temperature distributions of
each fuel rod, wire wrap, filler wire, and the duct-wall temperature distri-
butions, only a selected portion of the results are presented.

At the start of the transient, the flow velocity decreases. Due to
the lower velocity, the coolant is heated for a longer time as it flows
through the fuel assembly. Thus the coolant temperature begins to increase.
This increased coolant temperature and decreased flow velocity reduces the
amount of heat transferred from the fuel rods to the coolant; hence, the fuel
rods heat up. This is particularly important toward the end of the fuel
zone. As the transient proceeds, the inlet flow starts to increase and the
inlet temperature starts to decrease. This action causes the sodium temper-
atures to peak out and decrease until they approach quasi-steady values, which
are determined by the buoyancy-driven flow and decay heat. The temperature at
the start of the heated section peaks first. The temperatures toward the end
of the heated section peak later.

The C0MMIX-1A calculation of the transient temperatures and the
temperatures measured by the thermocouples located inside the wire wraps are
shown in Figs. 12-14.

In this simulation of a thermal-hydraulic transient leading to a
free-convection condition, the history of the inlet flow transient is the most
important aspect and has the largest impact on the results, in terms of the
maximum cladding temperature. The experimental data clearly show that the
sodium coolant temperatures do not asymptotically approach steady state by
heating up. On the contrary, they indicate an overshoot of the coolant

• temperatures to well above steady-state values, and a subsequent asymptotic
£• cooling approach to steady state. These observations are correctly predicted
by the C0MMIX-1A code. In this transient simulation, peak coolant tempera-
tures are below the saturation temperature and no boiling occurs. Also, flow
recirculation is not observed in the bundle at anytime during the simulation.

An interesting result observed in the simulation occurs at the hot-
spot location shown in Fig. 15 (K - 21). At the corner rod near the end of
the heated section, the adjacent coolant temperature is hotter than the
cladding temperature, indicating heat is being transferred to the fuel rod
from the coolant during a portion of the transient. This is due to the axial
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power distribution where the sodium is heated a greater amount as it flows
through the central portion of the heated section and transfers some heat back
as it flows past the end of the heated section.

5. LMFBR OUTLET PLENUM

This simulation is of an outlet plenum undergoing both temperature and
velocity reduction. The particular plenum considered was one of the experi-
ments performed at ANL [10] on a 1/10-scale model Clinch River breeder realtor
(CRBR) upper plenum with upper internal structure (UIS). The results of these
water experiments have been reported [11] and run number FL19 was chosen for
this simulation.

The plenum geometry is accounted for by using the quasi-continuum formu-
lation of the conservation equations along with the volume porosity, surface
permeability, and distributed resistance due to the UIS (mixing chamber,
chimneys, and leakage gap).

5.1 Geometry

Flow enters the plenum from the bottom through a perforated plate
containing 198 holes above the fuel assemblies and 150 holes above the blanket
assemblies. The inlet above the fuel has a radius of ~0.095 m and a surface
permeability of 0.37. The inlet above the blanket is a ring between r = 0.095
and 0.112 m and has a surface permeability of 0.43. Flows from the fuel and
blanket regions enter the 0.06-m high mixing chamber, which contains 98 in-
strument posts and 19 control rods. 'fhree exits of the mixing chamber are:
19 annular vertical chimneys above the fuel region, 10 circular vertical
chimneys above the blanket region, and a 0.00254 m leakage gap around the
periphery of the mixing chamber. The water flowing radially out the leakage
gap is forced upward and exits into the plenum through three crescent-shaped
areas. The 19 control rods extend through the 0.21 m long chimneys to the
suppressor plate. Figure 16 shows the partitioning used to model the plenum
in the COMMIX calculations where 60° symmetry is explicitly taken into
account.

5.2 Operating Conditions

Water enters the inlet above the fuel with a velocity of 0.90 m/s
and a temperature of 81.7°C, and the inlet above the blanket with a velocity
of 0.18 m/s and a temperature of 49.5°C. The velocity and temperature-inlet
transients which begin at 62 s are shown in Fig. 17. The inlet temperature
above the blanket remains a constant 49.5°C.

5*3 Numerical Results

As the transient evolves, cold fluid is carried up to the top of the
plenum until the velocity decreases and can no longer support the higher-den-
sity fluid. The flow then collapses as the cold fluid falls to the lower part
of the plenum and is replaced by hot fluid coming from below. Some sloshing
is detected as a hot/cold interface begins to form just above the chimney
exits. As time progresses, the cold fluid leaving the chimneys spills over
the UIS, fills the lower region of the plenum, and then exits. The hot/cold
interface slowly moves up the plenum as heat if, lost across the hot/cold
interface.
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Figure 18 compares the measured and COMMIX-1A calculated results at
three different locations: the temperature near the suppressor plate (TC27)
above the fuel region, the temperature about midway up the plenum wall (TCI 2)
where the hot/cold interface passes, and the exit nozzle temperature (TCOS).
As can be seen, agreement is quite good considering the coarseness of the
mesh.

Based on the COMMIX calculations, it is concluded that:

i. Buoyancy forces are important to predict the flow pattern.

ii. Thermal interactions between the fluid and solid structures
have a subtle but important effect on the thermal-hydraulic
behavior under the low flow condition.

6. CONCLUSION

'A new computational tool has been developed and is continually being
improved to perform 3-D transient, thermal-hydraulic analyses in complex con-
figurations. The latest version, C0MMIX-1A, has been used to simulate several
components where combined forced and natural convection are important. The
three simulations considered here all begin with forced convection dominating.
As the thermal-hydraulic transients proceed, buoyancy forces become increas-'
ingly important and change the character of the flow.

In the pipe problem, significant vertical temperature gradients can per-
sist for some time. During these periods, a 1-D assumption can be quite
misleading as to the performance. Since liquid sodium is a good conductor of
heat, it is expected that fluids having a smaller thermal conductivity can
have even more severe thermal gradients.

The fuel-assembly simulation revealed the importance of an accurate mass
flow rate. This would indicate the need to additionally model the inlet and
exit plena coupled to the fuel assembly. Simulations of this type (even the
whole reactor vessel) are currently being attempted using C0MMIX-1A, and
results are encouraging.

The exit-plenum simulation has demonstrated some of the C0MMIX-1A unique
capabilities of analysis during a transient where the thermal-hydraulic char-
acter is changing dramatically. However, more code operating experience is
needed to accurately track the progress of a hot/cold interface.

In these simulations, the thermal interactions between the fluid and
immersed structures, as well as the containing walls, are significant and
contribute noticeably to the prevailing flow character. For most practical
applications in the area of combined natural and forced-convection, strong
three dimensional characteristics are exhibited and normally, the region of
analysis must be extended to the domain potentially having significant spatial
buoyancy effects.
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