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Arabic
A - area

C - concentration
D - rod diameter

Dy, - hydraulic diameter

s - gap width

H - enthalpy

m - mass flow rate

P - pressure or pitch

Re - Reynolds number

ev D
"

h

t - wire wrap thickness

T - temperature

Vap - axial velocity

Vg - average axial velocity
VT - transverse velocity

W - gap mass crossflow - _1b
hr-ft

X - axial location (in. or cm)

NOMENCLATURE

Greek

8§~ fraction of a wire wrap
pitch over which cross-
flow is forced

A( ) - finite increment of ( )
(e.g., AX)

¢ - angle between the tangent
to the wire wrap and the
axis of the encircled
fuel rod

u=- viscosity

Superscript

- average value

Subscripts

i - pertaining to subchannel i

J - pertaining to axial node j
k - pertaining to gap k

n - nominal value

0 - pertaining to point of
injection
in - inlet

out - outlet






COBRA-IV WIRE WRAP
DATA COMPARISONS

INTRODUCTION

Thermal hydraulic analyses of hexagonally packed wire-wrapped fuel
assemblies are complicated by the induced crossflow between adjacent
subchannels. Several computer codes(l) have been designed or modified to
apply to wire-wrapped fuel assemblies. These codes can be categorized
according to the manner in which the hydrodynamics are resolved. One category
considers only the distribution of energy within a fuel assembly. This is
accomplished by assuming that the flow variables (velocities and/or flow rates
through subchannel and gap areas) are known (either empirically or by flow-
split techniques). The second code category solves the fuel assembly
hydrodynamics simultaneously with the thermodynamic calculation. Such a
fundamental approach is desirable if calculations are necessary for a broad
range of operating conditions.

The COBRA-IV computer code employs this fundamental approach to analyze
the hydrodynamics and thermodynamics of fuel assemblies. A previous version
of the COBRA code(z) incorporated a model to account for the presence of
wire wraps in a fuel assembly. Basically, this model assumes that a forced
crossflow (equal to a fraction of the axial flow rate) occurs near an axial
location where a wire wrap enters the gap between fuel rods or a fuel rod and
the assembly wall. Unforced crossflows (at the same axial location) are found
by solving the transverse momentum equation. Some minor modifications were

made to this model to improve the comparisons with available data.(l'G)

This report delineates the modifications and presents the results
predicted by the COBRA-IV calculation and compares them with data measured in
five experimental models of a wire-wrapped fuel assembly. The flow quantities

compared are:



e subchannel salt concentrations/injection concentrations (C/CO)

) )
e axial and transverse velocities (V—-\ V—-)in peripheral subchannels
B

e pressures and pressure differentials for various bundle flow rates.

The experimental results with which the COBRA-IV predictions are compared are
the :

1. ANL salt trace data (91-pin bund]e)(3)
2. ANL dye trace data (91-pin bund]e)(l)
3. MIT Laser-Doppler velocity measurement (61-pin bund]e)(4)
4. French pressure data (19-pin bund]e)(6)
5 (19-pin bund]e)(s)

ORNL heated data



ANALYTICAL MODEL

The wire wrap model used for these data comparisons is essentially the
same as that found in COBRA-IIIC. This model is discussed in detail in
Reference 2, but will be briefly described in this section. Modification tc

the model are also documented in this section.

COBRA-IIIC WIRE WRAP MODEL

The model is based on assumption that the crossflow induced by the wire
wrap passing through a gap is some fraction of the subchannel flow. The
expression developed for the fractional split is

"forced T m(D+t) (S/Ai) (d/AX)mi
where
D is the rod diameter
t is the wire wrap diameter
S is the gap width
Ai is the area of the subchannel contributing the forced crossflow
m is the subchannel flow rate

Ax is the axial node length
§ is the arbitrary parameter, usually set to Ax/wire wrap pitch length.

Subchannel flow areas and wetted perimeters are adjusted to account for
the presence of a wire wrap in the subchannel. The forced crossflows are then
held constant while solving the transverse momentum equations for the
remaining crossflows.

WIRE WRAP MODEL MODIFICATIONS

For these data comparisons, the wire wrap model was slightly modified to
improve the results. The modifications include:

1. The reduction in the subchannel flow area due to the presence of a
wire wrap is only half as large as the wire wrap cross sectional
area, i.e.,



where Ai 0 is the nominal subchannel area.

3

Use ¢ = 1.25 Ax/wire wrap pitch.

The method of solving the transverse and axial momentum equations
requires keeping track of the pressure drop across each gap at each
axial node. The pressure drop across a gap, k, at axial node, j-1,
is given by

. JAX

APk,j-l = AP, . - (dP/dxl’j - dP/de,J

KyJ

where APk,j is the pressure drop across a gap, k, at axial node j
and dP/dxi is the axial pressure drop for subchannel i. For gaps
around the periphery of a bundle it was found helpful to calculate
the transverse pressure drop according to:

Apk,j-l = API'“\j - (dP/dxl,j - dP/de’j)Ax
where

APﬁ,j = 0.9 APk,j + 0.1 APF
where



a.) APk ; if the gap is not forced.

= s
SRR Tt B 90 Bt = M 00
’ K,J "K,J s X

if the gap is forced.

This modification effectively transmits some of the pressure drop
required for the forced crossflow to the nodes upstream of the
forced gap.

The definitions and values of the crossflow resistance, Ck i and the

ratio of the gap width to the inter-centroid distance s/2, are given in
Reference 7. Other COBRA parameters are set to the default values.






COMPARISON OF COBRA-IV TO EXPERIMENTAL DATA

In this section, the data available from the five experimental models is
compared with the results computed from the COBRA-IV computer code. A brief
explanation of the experimental apparatus, measured flow variable, and
measurement technique is given for each experiment. Where necessary, a short
description of the code modifications needed for the computer simulation is

given.

ANL SALT TRACE DATA

Experiment

The ANL salt trace experiment<3) was performed in a model 91-pin fuel
assembly (24 in. pitch) using water to simulate the coolant flow. A salt
solution of a known concentration was injected at a measured flow rate into
two peripheral subchannels diametrically opposed across the bundle. The total
flow in various subchannels was extracted isokinetically at nine equidistant
axial locations, the last of which was located 36 in. from the point of
injection. The concentration of the extracted fluid was then determined by
comparing its electrical conductivity to that of a solution of known
concentration. These concentrations were then divided by the injection
subchannel concentration to form a nondimensional concentration, C/CO, which
is plotted for the peripheral subchannels on Figure 1 and 2. The various
experimental and theoretical curves correspond to different axial locations.

Computer Simulation

The COBRA program was used to simulate the salt injection experiment by
recognizing the analogy between concentration and enthalpy:

H - Hin
C/C =g (1)
© Hout Hin

The enthalpy of the fuel assembly subchannel in program COBRA corresponding to

that of the experimental injection subchannel was increased by an arbitrary
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amount (50 Btu/1bm) over the nominal at an axial location one pitch length
from the entrance (to minimize entrance effects). The nondimensional enthalpy
ratio, given in Equation (1), was calculated for every peripheral subchannel
and axial node. The results of these calculations are plotted in Figures 1
and 2 along with the experimental results.

Results and Discussion

Locus of Salt Concentration Maxima

The location of the maximum salt concentration (both experimental and
theoretical) in the peripheral subchannels is shifted to the right (in the
direction of the wire wrap induced crossflow) as the axial distance from the
point of injection is increased. It can be seen from figures 1 and 2 that the
results of the COBRA computer program are generally in agreement with the
experimental salt concentration maxima. Because the locus of this maximum
corresponds to the flow direction in the peripheral subchannels, the agreement
of the theory with the experiment is a partial confirmation of the code's
hydrodynamic solution.

Concentration Diffusion

Comparison of the experimental data with the results of the COBRA
computation show that the theoretical salt concentration profiles tend to
spread faster than in the experimental apparatus. This is evidenced by the
fact that the theoretical profiles are smaller in magnitude than the
experimental profiles in the region of the concentration maximum. Further,
the theoretical profiles have a larger "tail" in the direction of the wire
wrap induced crossflow. Because turbulent mixing was not allowed in these
calculations, this flattening effect is attributed to the numerical diffusion
inherent to the upwind enthalpy advection scheme utilized by the code.

ANL DYE TRACE DATA

Experiment
(1)

salt trace data except for a relatively minor difference in the bundle pitch

The ANL dye trace experiment is geometrically similar to the ANL

ratio (P/D). However, an opaque dye was injected in a peripheral subchannel

12



(corresponding to injection orientation A in the salt trace experiment) and
its subsequent movement was observed visually through a plexiglass wall
forming half of the bundle enclosure.

Results and Discussion

The path of the experimental dye concentration maxima is given on Figure
3. Because the COBRA computer code calculates average values of subchannel
enthalpy for each axial increment, the computational results are presented by
outlining the subchannel segment containing the maximum enthalpy (i.e., dye
concentration) at every axial location. The agreement between the
experimental Tocus of maximum dye concentration and that resulting from the
COBRA numerical calculation is good. This is to be expected because, as shown
in the previous section, the COBRA code successfully predicted the path of the
maximum salt concentration through the bundle in the ANL salt trace

experiment,

MIT LASER-DOPPLER VELOCITY MEASUREMENTS

Experiment

Axial and transverse velocity measurements were made in the peripheral
subchannels of a simulated 61-pin fuel assemb]y.(4) These measurements were
obtained using a laser-Doppler system operating in the backscattering mode.

The test bundle consists of 61 wire-wrapped rods, 0.25 in. in diameter
and 50 in. long. They are arranged in a triangular pitch with a separation
distance of 0.0625 in. (the wire wrap diameter). Wire wrap pitches of 6 and
12 in. were used in these experiments.

Data obtained in this experiment is presented as a ratio of the
transverse velocity to the nominal bundle velocity, VT/VB’ The nominal
bundle velocity is calculated by using the measured experimental flow rate, m,
the nominal bundle area, An’ as:

Vg = ﬁ/pAn (2)

13
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The resulting nondimensional velocities are plotted as functions of axial

distance for various transverse locations on the bundle periphery.

Computer Simulation

To correctly simulate the MIT experiment, the COBRA code was modified to
output the nondimensional transverse velocity, VT/VB’ in the peripheral
gaps (between the rods and the bundle wall). This was calculated in terms of
the gap crossflows, Ni,j and gap width, Sis (the 1 refers to the
particular gap in question while j is the index of the axial location),

according to:

v W. . )
2 _liiifil (3)
B Vg

where VB has been obtained from Equation (2).

Results and Discussion

The results of the experiment and the COBRA computation for a typical
peripheral gap are presented in Figures 4 and 5 for two different wire wrap
pitches. The agreement is seen to be best in the region farthest from the
bundle inlet, x = 0. This implies that entrance length effects may persist
farther from the entrance than predicted by the COBRA code.

FRENCH PRESSURE DROP EXPERIMENT

Experiment

Measurements of the static pressure were made in various peripheral
subchannels of a simulated 19-pin wire wrap fuel assembly in which water was
used to simulate the coolant. These experiments were performed using as many
as 11 different bundle mass flow rates. The resulting pressures were
presented as a function of axial distance from inlet on an absolute basis in
Figure 6 and on a relative basis (i.e., as a difference in pressures between a
peripheral subchannel and the bundle average at an axial location) in Figure
7.

15
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Computer Simulation

Because the static pressure is a dependent variable of the COBRA solution
algorithm, no code modification was necessary to simulate the experiment. The
static pressure of a given subchannel for each axial node was obtained

2 of

directly from the program output. Bundle mass flow rates (in M-1bm/hr-ft
water), corresponding to those used in the experimental apparatus, were the
only inputs (other than the inlet temperature and system pressure) necessary

to model the experimental system.

The total theoretical pressure drop through the test bundle depended upon
the friction factor employed by the code to calculate the subchannel flow

(7)

standard Fanning friction factor to include the effect of the wire wrap on the

resistance. Novendstern obtained an expression that modifies the

pressure drop through a wire-wrapped bundle. This friction factor is given as

-0.25

f = 0.316 M(Re) (4)

where M is a function of the bundle pitch, the wire wrap pitch and the bundle
Reynolds number (Re),

In this set of experiments, the largest value of M (corresponding to the
largest bundle mass flow rate) was 1.3. Thus the flow resistance of the
bundle is 30% above that of a bundle containing no wire wrap. The value of
the multiplier, M, was calculated for each bundle mass flow rate used in the
experiment. This value was used by the code in the friction factor
calculation according to Equation (4).

Results and Discussion

The experimental axial static pressure distribution in a peripheral
subchannel is given in Figure 6 for two different bundle mass flow rates.
Also given are those predicted by the COBRA code for two of the mass flow
rates. It can be seen that the COBRA results and the experimental values are
in excellent agreement. That the code predicts the cyclic pressure behavior
(whose period is equal to that of the wire wrap pitch) is of special
interest. Also of special interest is the fact that the use of the "wire

18
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wrapped" friction factor, Equation (4) in the COBRA calculation yields
excellent agreement with the experimental average pressure drop, drawn as
solid lines on Figure 6.

The cyclic static pressure variation in a peripheral subchannel was
examined more closely by forming the difference between the static pressure in
a single peripheral subchannel and the average pressure of all peripheral
subchannels at an axial location, x, according to

P(x) - P(x) (5)

This difference was calculated from experimental data taken over an axial
distance equal to one wire wrap pitch and is shown in Figure 7. Figure 7 also
shows the results of the COBRA calculation for two of the experimental flow
rates. Again, the COBRA code predicted both the magnitude of the pressure
difference and the correct periodic behavior of this quantity. Thus, the
ability of the COBRA code to predict pressure fluctuations in wire wrapped
fuel assemblies is clearly demonstrated.

ORNL HEATED BUNDLE EXPERIMENT

Experiment

The ORNL experiment was conducted with an electrically heated 19-pin
wire-wrapped fuel assembly. The power output could be set independently for
each pin. Varying the sodium coolant flow rate and the power distribution in
the bundle made it possible to simulate a wide range of operating conditions
(power skews, loss of pumping power, etc). Ungrounded thermocouples were
located in the duct wall at various distances from the start of the
electrically heated sections of the pins. Grounded thermocouples, located in
a "rake", were positioned so that the temperatures of selected interior and
peripheral subchannels could be measured at the bundle exit, 21 in. from the
start of the electrically heated pins. Insulation was applied to the exterior
of the bundle in an attempt to minimize radial heat losses.

20
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The experimental bundle was operated for a wide range of coolant flow
rates and electrical heating configurations. Two avai]ab]e(s) test cases

were chosen for computer simulation:

1. Nominal power generation (5 kW/ft/rod) and mass flow rate (53 gpm of
sodium).

2. Three peripheral rods (adjacent to the same duct flat) electrically
heated (10 kW/ft/hr) and a nominal mass flow rate (54 gpm of sodium).

The first case is most representative or normal LMFBR operation while the
second case provides a good standard for testing models for the lateral
transport of energy in a bundie periphery. It should be noted that a total of
six heating configurations (one for each flat) are possible for the three
heated rod experiments.

The experimental temperatures (measured in the duct wall and in the
interior subchannels 18 in. and 21 in. from the bundle inlet) were
nondimensionalized according to

where Tin is the bundle inlet temperature and Tou is the average bundle

t
outlet temperature. These nondimensional temperatures are shown (for various
interior subchannels and duct wall locations) in Figures 8 and 9. The bundle

positions of these subchannels and wall Tocations are shown in Figure 10.

Computer Simulation

The simulation of the experiment using the COBRA computer code is
straightforward because the coolant flow rate and the power generation of each
pin are set as standard input variables in the code. The input parameters for
the two sets of data (nominal power generation case and the three heated pin
experiments) are given below.

22
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TABLE 1. Computer Simulation Input Parameters

Power Generation Coolant Flow Rate (gpm)
Nominal all rods-5 kW/hr/ft 53
Operating
Conditions
3 Heated rods 16, 17, 18-- 54
Pin 10 kW/ft/hr
Experiments rods 18, 19, 8-- 54
10 kW/ft/hr
rods 14, 15, 16-- 54
10 kW/ft/hr
rods 8, 9, 10-- 54
10 kW/ft/hr
rods 12, 13, 14-- 54
10 kW/ft/hr
rods 10, 11, 12-- 54

10 kW/ft/hr

The location of the rods is avaiiable on Figure 10. The nondimensional

temperature was calculated according to

where the inlet enthalpy of the sodium coolant was evaluated at 600°F .

Results and Discussion

The outcomes of both computer simulations are described in the following
paragraphs.

Nominal Operating Conditions

The nondimensional temperature profiles obtained at the exit of the
heated buncle (x = 21 in.) for the normal operation of the bundle are given in
Figure 8. COBRA code agreement with the experimental results is good.
However, the location of the maximum temperature predicted by COBRA
(subchannel 6) is c]ear1y on the side of the fuel assembly toward flat B while
the experimental profile is almost symmetric.
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The nondimensional temperatures measured on the duct walls 18 in. from
the start along with the results of the COBRA calculation. The two results
differ in both magnitude and phase. Similar results, obtained by ORNL, were
believed to be caused by steep temperature gradients in the peripheral
subchannels and bundle distortion. Changes in the ORNL analytical model to
allow for this bundle distortion improved the phase agreement between the

experimental and analytical results.

Three Heated Pins

The nondimensional temperatUres resulting from the three heated pin
experiments are shown in Figures 11 through 16 along with the analytical
predictions resulting from COBRA calculations. Each figure also shows the
locations of the three heated pins and the wire wrap position 18 in. from the
start of the heated length. The theoretical predictions for all six
experiments are similar in form. The Tocation of the maximum temperature is
always clockwise (to the right on the figures) of the central heated pin. The
physical reason for this is that the wire wrap induced crossflow advects the
energy released from the heated pins in this direction. Thus the location of
the temperature maximum may be shifted some distance in the direction of
flow. It can be seen that the agreement between theory and experiment is best
when the wire wrap is on the far side of the pin (away from the periphery) and
worst when it is fully in the peripheral gap. The exact reason for this
disagreement is unknown, but it is thought to be caused by the previously
mentioned bundle distortion or malfunctioning thermocouples in the duct wall.
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CONCLUSICNS

The COBRA-IV computer code, using the modifications to the standard wire
wrap model discussed in Chapter 2, has successfully modeled the
thermal-hydraulics of experimental simulations of wire wrapped fuel
assemblies. Some conclusions can be made with respect to areas in which the
code is currently successful and areas in which further improvements are
needed.

The area of the code's greatest success appears to be the ability to
model the hydrodynamics of the wire wrap assemblies. This is evidenced by the
agreement of the COBRA results with the velocities and pressures measured in
the MIT and French experiments. Additional supporting evidence may be
inferred from the results of the ANL salt and dye injection experiments.

The data comparisons relevant to modeling energy transport are somewhat
ambiguous. Excellent agreement between the data and COBRA code was obtained
for the ORNL exit rake temperature measurements {Figure 8) while the agreement
between theory and data for the duct wall temperature measurements varied from
"good" to "not so good", (see Figures 9 and 1l through 16). An attempt was
made to improve the overall agreement by varying peripheral subchannel areas
and gap widths in the code to account for the observed bundle distortion,(s)
but these efforts were only marginally successful.

Another problem encountered in the modeling of energy transport was the
previously mentioned "flattening" of enthalpy (or salt) concentrations due to
the use of upwind differencing in the numerical algorithm. This effect is
most apparent in the ANL salt injection experiments (see Figures 1 and 2),
where the computed salt concentration profiles are much "flatter" than the
experimental concentrations. An attempt to minimize the numerical diffusion
by enthalpy averaging between donor and acceptor subchannels resulted in an
unstable solution for the energy equation.

In summary, the investigation found that the COBRA-IV code can
successfully model the hydrodynamics of a wire wrap fuel assembly. Additional
efforts should be made to improve enthalpy transport modeling techniques
currently in the code.
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