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Abstract

The trends of turbulent mixing data in rod arrays and various definitions of the mixing factors are examined to derive a new definition
of a mixing factor. The proposed mixing factor is based on the eddy diffusivity of energy and it takes into account the degree of the
turbulent mixing of various fluids having different Prandtl numbers. With this definition of a mixing factor it is found that the geomet-
rical parameter dij/Dh is a dominant factor affecting a turbulent mixing, which correlates well with the reliable experimental data selected
by considering the reliability of the measurement technique used in the experiments. A useful correlation of the turbulent mixing in rod
arrays was developed as a function of dij/Dh. The correlation is applicable for both square and triangular arrays with a reasonable accu-
racy. It predicts a reasonable mixing at a higher dij/Dh or at a lower S/d ratio, which is the most improved feature of the correlation when
compared with the existing ones. The proposed correlation may be applicable for the thermal-hydraulic design of a nuclear reactor with
an improved accuracy.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the design of a nuclear reactor, it is very important to
predict the detailed flow and temperature distributions in a
reactor core. This is because a safe and reliable operation
of a reactor system relies on an accurate thermal-hydraulic
design. To calculate these distributions, the subchannel
approach is frequently used. In a subchannel approach,
the temperature, pressure and velocity in a subchannel is
averaged, and one representative thermal-hydraulic condi-
tion specifies the state of the subchannel. To obtain the
flow and temperature distributions with a subchannel anal-
ysis code, the conservations of the mass, momentum, and
energy in a subchannel are modeled and solved. Therefore,
it is required to model the inter-subchannel mixing
phenomenon due to the cross flow between the adjacent
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subchannels as accurately as possible to enhance the pre-
dictability of a subchannel analysis code. Fig. 1 depicts
the schematics of rod bundles and the subchannels where
the inter-subchannel mixing occurs.

When a single-phase flow exists in the subchannels, a
mixing of the mass, energy and momentum between the
subchannels consists of two parts, a forced mixing and a
natural one. The natural mixing again consists of a diver-
sion flow and a turbulent mixing. The diversion flow mix-
ing is mainly caused by the pressure gradient due to flow
obstacles such as spacers or due to a density difference.
The diversion flow is modeled appropriately with the dis-
tributed resistance model [1,2] and the axial pressure drop
correlations [3,4].

The turbulent mixing, caused by the eddy motion of the
fluid across the gap between the subchannels, enhances
the exchange of the momentum and the energy through
the gap with no net transport of the mass. In the subchan-
nel analysis codes such as COBRA-IV [5] and MATRA-
LMR-FB [6], the effects of a turbulent mixing are taken
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Nomenclature

A subchannel flow area
B constant in Eq. (34)
c constant in Eq. (8)
cp specific heat at constant pressure
d rod diameter
D diffusion coefficient
Dh hydraulic diameter of a subchannel
f friction factor
fT turbulent momentum factor
g gravitational constant
G axial mass flux
G average axial mass flux
h enthalpy
h* enthalpy from donor cell
k thermal conductivity
K form loss coefficient, constant in Eq. (30)
m axial flow rate
n normal direction
p pressure
P rod pitch
Pet turbulent Peclet number, (eM/m)Pr

Pr Prandtl number, cpl/k
Prt turbulent Prandtl number, eM/eH

q heat
Q heat input per unit length of the flow channel
Re Reynolds number, quDh/l
S gap size
Sc Schmidt number, l/(qD)
Stg gap Stanton number, w0ij= SijGi

� �
T temperature
u axial velocity
us shear velocity
u0 fluctuating component of axial velocity

u* axial velocity from donor cell
�u average axial velocity
v transverse velocity
veff effective mean mixing velocity
w lateral flow rate
w0 fluctuating lateral flow rate
wij lateral flow rate from subchannel i to j

x coordinate of axial direction
Y turbulent mixing factor
Y* Re-independent turbulent mixing factor
z effective mixing length

Greek symbols

b turbulent mixing coefficient
d distance between the center of two adjacent sub-

channels
D node size
eH eddy diffusivity for energy
eM eddy diffusivity for momentum
�e reference eddy viscosity
m kinematic viscosity
q density
l molecular viscosity

Subscripts

A area-averaged
H enthalpy or energy
i subchannel i

ij from subchannel i to j, between the subchannel i

and j

j subchannel j

S gap averaged
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into account in the axial momentum equation and the
energy conservation equation. The axial momentum equa-
tion and the energy equation for an arbitrary subchannel i

are described as follows, respectively:
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where Q denotes the heat input per unit length of the flow
channel. These equations clearly suggest the importance of
the modeling of a turbulent mixing in subchannel
approaches.

In the above equations, the last terms in the left-hand
sides represent the contribution by the turbulent mixing
between subchannel i and its surrounding subchannels.
Therefore, the turbulent mixing model in a subchannel
code determines the turbulent mixing flow rate, w0 and
the turbulent momentum factor, fT. The turbulent momen-
tum factor is the same as the turbulent Prandtl number.
The turbulent mixing flow rate from subchannel i to j per
unit length is defined with the effective mean fluctuating
velocity, veff as follows:

w0ij � qiveffSij: ð3Þ

There are several methods to evaluate the turbulent mix-
ing flow rate. Some researchers have calculated the turbu-
lent mixing coefficients from the measured subchannel
temperature and a computer simulation. The chemical tra-
cer method, the hot-wire anemometry, and the laser Dopp-
ler anemometry are other possible experimental techniques.
However, each method has one or more limitations in an
application to a rod bundle geometry and considerable
caution is required to obtain accurate data by using these
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Fig. 1. Schematic diagram of rod bundle and flow channels. (a) Square
array and (b) triangular array.
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methods. Therefore, the data for rod bundles is not enough
to develop a reliable correlation. Although some correla-
tions have been developed for use in rod bundles, they
show a rather large discrepancy with each other. This is
mainly due to a scattering of the turbulent mixing data
itself, used for the derivation of the correlations. In the
present study, the reasons for the data scattering are stud-
ied and we attempt to suggest a more reliable correlation
based on the existing data of a turbulent mixing.

2. Review of existing turbulent mixing data

When there is no diversion flow or forced mixing flow,
the energy transport across a gap between the subchannels
per unit length in rod bundles is equivalent to

qij ¼ ðk þ qcpeHÞSij
oT
on

� �
S

ð4Þ

or

qij ¼ k 1þ Pr
eH

m

� �
Sij

oT
on

� �
S

: ð5Þ

The equations above mean that the energy transfer occurs
due to heat conduction through the coolant itself and to
turbulent eddy motion of the fluid. At the typical operating
condition of a pressurized water reactor (PWR), the second
term in the first bracket of Eq. (5) is of the order of 103.
Therefore, the heat transfer by conduction is negligible in
the design of a PWR. On the contrary, the order of the
same quantity for a liquid metal-cooled reactor (LMR) is
about 10�1 � 100, which implies that both a heat conduc-
tion and a turbulent mixing play an important role in the
thermal-hydraulics of an LMR.

In a subchannel approach, the conduction heat transfer
is usually modeled by a simple conduction equation with a
conduction shape factor, which is the ratio of the effective
heat transfer distance to the centroid distance between sub-
channels [7]. The rate of turbulent mixing in rod bundles
has not been predicted well with a conventional turbulent
diffusion theory. Many experimental results in rod bundles
have obtained much higher turbulent mixing rates than
those predicted by the theory for a simple geometry. These
experimental results imply that the eddy diffusivity of
energy, eH for rod bundles is much higher than that
obtained in a circular tube. Some researchers tried to
explain this high turbulent mixing rate by the effect of the
secondary flow formed in the subchannels. However, the
analysis of turbulent structures in rod arrays by Rehme
[8] has suggested that the main cause of a high mixing rate
in compact rod bundles is due to a cyclic and periodic flow
pulsation, which is usually referred to as the anisotropic
turbulent motion. Therefore, several researchers have con-
centrated their efforts on developing a useful correlation by
taking into account the anisotropic component of turbu-
lence in rod bundles.

2.1. Turbulent mixing coefficient

The existing correlations on a turbulent mixing in rod
bundles have been developed with different definitions of
the mixing parameters. The most general form of a corre-
lation is the turbulent mixing coefficient, b, defined by
the ratio of the effective mean mixing velocity to the axial
velocity as follows:

b ¼ veff

�u
: ð6Þ

This mixing coefficient is essentially the same as the gap
Stanton number, Stg. This definition of a mixing coefficient
was used in the correlations suggested by Row and Angle
[9], Castellana [10], Seale [11], Cheng and Todreas [12].
The turbulent mixing coefficient is normally determined
from the thermal mixing test for single-phase conditions.
With this definition of a turbulent mixing coefficient, the
turbulent mixing flow rate from channels i to j is

w0ij ¼ bSijGij; ð7Þ

where Gij is the average axial mass flux flowing along sub-
channels i and j. Some researchers such as Ramm [13],
Rogers and Tahir [14] have suggested correlations with
the mixing flow rate divided by the dynamic viscosity,
which are easily converted to a correlation with the mixing
coefficient, b per the relation of Eq. (7).
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Recently, Cheng and Tak [15] performed a computa-
tional fluid dynamics (CFD) analysis for thermal-hydraulic
behavior of lead–bismuth eutectic in subchannels of both
triangular and square lattices. They calculated the velocity
fluctuation across the gap and evaluated the turbulent mix-
ing coefficient defined by Eq. (6). By normalizing the veloc-
ity fluctuation for the shear velocity and by adopting the
Blasius equation for the evaluation of the shear friction,
their results are expressed with the following equation:

b ¼ cus

�u
¼ 0:2cRe�0:125: ð8Þ

Cheng and Tak also found that the coefficient c depends
mainly on subchannel geometry and increases slightly with
increasing Reynolds number. For the triangular lattice
having the gap-to-diameter ratio S/d of 0.5, it was found
that the mixing coefficient is about 0.02. The accuracy of
the mixing coefficient evaluated by CFD calculation is still
questionable because the degree of anisotropic turbulence
is determined by the turbulence model incorporated in a
CFD code.

In Table 1, some experimentally-determined correlations
of the mixing flow rate or the turbulent mixing coefficient b
are summarized. The correlations of the mixing flow rate
are converted to the form of the turbulent mixing coeffi-
cient which is summarized in Table 2. The same correla-
tions are also compared with each other in Fig. 2. The
data shows considerable scattered characteristics because
the geometry and the range of the Reynolds number for
each experiment differ considerably. Actually, this was
the main reason for the difficulty that many previous
researchers encountered in obtaining a generalized correla-
tion for the turbulent mixing factors. Therefore, the appli-
cable range of most existing correlations is limited to a
certain range of the Reynolds number and to the specified
geometries.

Fig. 2 evidently indicates that a turbulent mixing
decreases as the gap-to-diameter ratio S/d increases. Fur-
ther, it is found that a turbulent mixing is generally reduced
with an increase of the Reynolds number even though the
effect of the Reynolds number diminishes at a higher Rey-
nolds number especially with a large gap-to-diameter ratio.
However, this trend is not trivial at a lower Reynolds num-
ber. In the figure, the turbulent mixing Stanton number
obtained by Kelly and Todreas [16] in triangular rod arrays
decreases as the Reynolds number decreases to lower than
8000 where the effect of a laminarization appears. The
results by Galbraith and Knudsen [17] also show the lam-
inarization effect as the Reynolds number decreases in
square rod arrays. Petrunik [18], Singh and Pierre [19] also
reported the decrease of the mixing coefficient with the
decrease of the Reynolds number for a very small rod spac-
ing. As described by Galbraith and Knudsen, there is a
possibility that the turbulence transport mechanisms could
be affected by the laminar sub-layer at a lower gap-to-
diameter ratio, particularly at a lower Reynolds number.
Singh and Pierre [19] mentioned that the data showing



Table 2
Dependency of turbulent mixing factor on Re shown in the previous studies

Experimenter Channel type/
fluid

S/d Dh

(mm)
dij/Dh Stg or b B Prt Y* Y �H

Rowe and Angle [9] S-T/water 0.036 5.105 2.488 0.063 � Re�0.1 0.063 0.853 20.675 17.636
0.149 7.290 1.769 0.021 � Re�0.1 0.021 0.853 4.901 4.180

Castellana [10] S-S/water 0.334 13.56 1.054 0.027 � Re�0.1 0.027 0.851 3.754 3.195

Seale [11] S-S/air 0.100 27.1 1.7176 0.02968 � Re�0.1 0.02968 0.856 6.725 5.757
0.375 57.3 0.9296 0.01683 � Re�0.1 0.01683 0.855 2.064 1.765
0.833 125.0 0.5710 0.009225 � Re�0.1 0.009225 0.855 0.695 0.591

Rogers and Rosehart
[30]

S-S – – – 0:004 � Dh

S

� �
Re�0:1 – – – –

Galbraith and
Knudsen [17]

S-S/water 0.011 10.57 2.6442 2.8365 � 10�13 � Re2.43 – – – –
0.028 11.17 2.5011 0.001571 � Re0.23

0.063 12.42 2.2504 0.002871 � Re0.12

0.127 14.69 1.9018 0.002277 � Re0.12

0.228 18.29 1.5280 0.005999 � Re0.01

Rogers and Tahir [14] S-S – – – 0:005 � Dh

S

� �
� S

d

� �0:106 � Re�0:1 – – – –

T-T/air 0.400 29.4 0.699 0.007479 � Re�0.1 0.007479 0.866 0.644–0.829 0.565–0.709

Kelly and Todreas
[16]

T-T/water 0.100 12.733 1.9000 0.0070 � Re�0.065

[8000 < Re < 24,000]
– 0.850 1.196–3.042 1.107–2.586

103 104 105
0.000

0.004

0.008

0.012

0.016

0.020

S/d=0.228 (Galbraith)

S/d=0.127 (Galbraith)

S/d=0.063 (Galbraith)

S/d=0.028 (Galbraith)

S/d=0.011 (Galbraith)
S/d=0.4 (Rogers)

S/d=0.100 (Kelly)

S/d=0.833 (Seale)

S/d=0.375 (Seale)

S/d=0.100 (Seale)

S/d=0.334 (Castellana)

S/d=0.149 (Rowe)

S/d=0.036 (Rowe)

β

Re

Fig. 2. Correlations of Table 2 for the mixing Stanton number.
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the effects of a laminarization should be treated very care-
fully in the study of a turbulent mixing because the Schmidt
number of about 1000, which is for the water experiment
using a tracer technique, is far from the Prandtl numbers
met in an actual design of an LMR or a PWR. It should
be noted that the mass and heat transfer analogy is valid
only if the Schmidt and the Prandtl numbers are of the
same order of magnitude. For example, the water data of
Galbraith and Knudsen for S/d = 0.011 seems to deviate
considerably from the turbulent mixing rate for the Prandtl
number of about unity. Generally speaking, the experi-
ments with water using a tracer usually result in a lower
turbulent mixing due to a significant laminarization than
that obtained in a real design condition of a PWR.

In the results by Kelly and Todreas, the degree of lam-
inarization predicted may be enhanced by the correction
procedure for the error that may come from the entrance
effect. It should be noted, as mentioned by Kelly and
Todreas, that a small pressure imbalance could lead a
remarkable redistribution of the flow split, thus, result in
an inflation of mixing rate, especially in the experiments
with water using a tracer technique. Therefore, the accu-
racy of this type of experiment for a small gap spacing
and the range of the Reynolds number at which a lamina-
rization appears are still controversial. From Fig. 2, we can
induce two general trends of the turbulent mixing Stanton
number. First, the effect of a laminarization appears up to a
higher Reynolds number as the gap-to-diameter ratio
decreases, which is consistent with our intuition if we adopt
the view of Galbraith and Knudsen. Secondly, the turbu-
lent mixing rate in square rod arrays is generally higher
than that obtained in triangular rod arrays at the same
gap-to-diameter ratio and the Reynolds number.
2.2. Turbulent mixing factor

The other type of mixing factor Y was first suggested by
Ingesson and Hedberg [20]. Other researchers such as
Rehme [8] and Moeller [21] have also adopted the same
definition of a mixing factor in their studies. The turbulent
mixing factor Y is defined in the following equation for a
heat transfer through a gap between subchannels i and j

per unit length by

qij ¼ qcp�eM SijY
T i � T j

dij
; ð9Þ

where �eM is the reference eddy viscosity obtained in a circu-
lar tube. The same heat transport is also described with the
effective mean mixing velocity as follows:

qij ¼ qcpveffSijðT i � T jÞ: ð10Þ
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A comparison between Eqs. (9) and (10) yields a more di-
rect expression of Y as follows:

Y ¼ veffdij

�eM
: ð11Þ

Therefore, a turbulent mixing through a gap between two
neighboring subchannels per unit length is described as
follows:

w0ij ¼
qSij�eM

dij
Y : ð12Þ

Through intensive studies on the structure of the
turbulence in the subchannels of rod bundles, Rehme [8]
concluded that the natural mixing between the subchannels
mainly results from the periodic flow pulsations and
the secondary flow motion does not contribute signifi-
cantly to the mixing process. He derived the following
correlation based on a large number of experimental
data and the investigation results from the early 1960s to
1990:

Y ¼ 0:7

ðSij=dÞ : ð13Þ

Even though a considerable scattering of the data was
found in the derivation of the correlation, the mixing factor
developed by Rehme [8] is simple and effectively used for
any gap geometry because the structure of turbulence due
to periodic flow pulsations is incorporated well. Rehme de-
scribed that the scattering of data is due to the geometrical
tolerances of the test sections, the measuring techniques,
and the disturbances of the flow fields by the probes and
by the spacers.

If we examine the turbulent mixing factor Y defined by
Eq. (9), it is found that this definition is not always appli-
cable for a liquid having a low Prandtl number such as
liquid metals whose eddy diffusivity of the momentum
deviates considerably from the eddy diffusivity of the
energy when the turbulent Peclet number is not so large
as described by Kays [22]. In other words, when the turbu-
lent Prandtl number defined by the ratio of the eddy dif-
fusivity of momentum eM to the eddy diffusivity of
energy eH is not unity, the relation of Eq. (9) is not valid
any more. Only in the case of eM/eH = 1, the heat transfer
due to a turbulent mixing through a gap can be described
by

qij ¼ qcpeM Sij
oT
on

� �
S

¼ qcpeM Sij
T i � T j

zij;M
: ð14Þ

When the turbulent Prandtl number is not unity, the exact
relation of the heat transfer across the gap is described
from the definition of eH as follows:

qij ¼ qcpeH Sij
oT
on

� �
S

¼ qcpeH Sij
T i � T j

zij;H
: ð15Þ
By comparing Eq. (15) to Eq. (9), one obtains the mixing
factor, Y described by

Y ¼ eH

�eM
� dij

zij;H
: ð16Þ
Zeggel and Monir [23] also used this definition of Y for
the evaluation of a turbulent mixing rate with the VANT-
ACY-II code. If we correlate the experimental results with
this definition of Y for various fluids, especially when we
include the results for liquid metals, the scattering of data
is unavoidable even though other possible sources of a data
scattering, such as the geometrical tolerances of the test
sections, the measuring techniques, and the disturbances
of the flow fields, are finely controlled. This is because
the ratio of the effective eddy diffusivity of energy to the
reference eddy viscosity changes a lot for different fluids
and for different thermal-hydraulic conditions. Further,
the ratio of effective mixing distance to the centroid dis-
tance is not conserved for different geometrical configura-
tions, that is, for square arrays and for triangular arrays.
It is notable that the transition from a laminar to a turbu-
lent flow in the gap region occurs at different Reynolds
numbers for square arrays and for triangular arrays at
the same pitch-to-diameter ratio as commented on by
Ramm [13].

In Table 3, the experimental conditions for various tur-
bulent mixing experiments are summarized. The conditions
for the experiments by Petrunik [18], Walton [24], and
Kjellstrom [25] in Table 3 are obtained from the work of
Kelly and Todreas [16]. It is noted that most data for the
square rod arrays were obtained at a higher Reynolds num-
ber in a flow path with heated rods, therefore, the mixing
factors were determined from the measured exit tempera-
tures. On the contrary, most data for the triangular arrays
were evaluated indirectly from the measured concentration
of a tracer at a rather lower Reynolds number. It should be
noted that it requires considerable effort to obtain reliable
mixing data with a tracer because large entrance lengths are
needed to obtain asymptotic values of mixing coefficients at
low Reynolds numbers and high Prandtl numbers as men-
tioned by Ramm [13]. Kelly and Todreas [16] also reported
that it was very difficult to remove the entrance effects and
to exclude the effect of a diversion flow in the experiments
using tracers.

In Fig. 3, all the experimental data of the turbulent mix-
ing factor Y for both a square rod array and a triangular
rod array, which is summarized in Table 3, is plotted
against the gap-to-diameter ratio. Actually, most experi-
mental data except the data by Moeller’s [21] was given
in the forms of b, Stg, or w0ij=l, which can be converted
to Y or YH with the relation described in Table 1. In
Fig. 3, it is easily found that the dependency of the mixing
factor on the Reynolds number, Re, can not be excluded
and a considerable scattering of the data exists. This scat-
tering of the data could be due to the various reasons men-
tioned above. The first-hand data of Petrunik [18], Walton



Table 3
Experimental conditions and measurement techniques in the previous mixing studies

Experimenter Channel
type

Fluid Pr d (mm) S/d Re Experimental technique Heating type
simulated

Rowe and Angle [9] S-T Water 1.0447 14.30 0.036 4.2 � 104–1.26 � 105 Exit enthalpy and code simulation Electrical rod
heating0.149 6.0 � 104–1.80 � 105

Castellana [10] S-S Water 0.82–0.93 10.72 0.334 9.0 � 104–4.90 � 105 Exit enthalpy and code simulation Electrical rod
heating

Seale [11] S-S Air 0.702–0.709 50.00 0.100 4.6 � 104–9.10 � 104 Pitot-temperature probe for velocity
and temperature distribution

Uniform duct wall
heat flux0.375 4.6 � 104–1.90 � 105

0.833 3.4 � 104–3.00 � 105

Singh and Pierre [19] S-S Water and
air

Sc � 1000 21.34 0.018 1.3 � 103–3.80 � 104 Tracer and mixing or pressure balance Plane source
�1 20.83 0.043

19.81 0.102

Galbraith and Knudsen
[17]

S-S Water Sc � 1000 25.40 0.011 8.0 � 103–3.00 � 104 Tracer and pressure balance Plane source
0.028
0.063
0.127
0.228

Moeller [21] S-S Air 0.7078 157.5 0.007 �5.0 � 104 Hot wire and microphone –
157.5 0.018
157.5 0.036
157.5 0.072
157.5 0.100
157.5 0.148
139.0 0.223

Kelly and Todreas [16] T-T Water Sc � 1000 38.10 0.100 2.0 � 103–2.4 � 104 Tracer and pressure balance Plane source

Walton [24] T-T Water Sc � 1000 20.22 0.05 1.9 � 103–5.7 � 103 Tracer and pressure balance Plane source
Air �1 4.8 � 103–9.1 � 104

Petrunik [18] T-T Water Sc � 1000 19.81 0.033 1.35 � 103–1.08 � 104 Tracer and mixing balance Plane source
0.068 3.9 � 103–2.5 � 104

0.13 4.4 � 103–3.8 � 104

Genetron 3.5 0.13 7.0 � 103–4.5 � 104 Temp. measurement

Rogers and Tahir [14] T-T Air �1 25.4 0.40 8.1 � 103–4.95 � 104 Tracer and pressure balance Plane source

Roidt [29] T-T Air �1 63.5 0.256 7.0 � 104 Tracer and calculated diversion cross
plains

Point source

Kjellstrom [25] T-T Air �1 156.5 0.217 1.5 � 105–3.6 � 105 Hot wire anemometer –

Zukov [26] T-T Na 0.0077 14.0 0.150 8.60 � 103–3.70 � 104 Electro-magnetic device and micro-
thermocouple

Central rod heating
NaK 0.0237 12.0 0.130 3.80 � 103–1.70 � 104

0.0308 24.7 0.214 1.10 � 104–4.10 � 104

0.0300 15.8 0.320 1.60 � 104–5.00 � 104
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Fig. 3. Evaluated turbulent mixing factor with the definition of Y.
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Fig. 4. Turbulent mixing data with the definition of YH.
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[24], and Kjellstrom [25] was not available to the present
authors, so it is cited from the study by Rehme [8].

3. Dominant parameter affecting the turbulent mixing rates

To treat the mixing data for a low Prandtl-number fluid
such as a liquid metal consistently with the other mixing
data obtained from the experiments with water or air, the
mixing factor, YH defined by

qij ¼ qcp�eH SijY H
T i � T j

dij
ð17Þ

is suggested. In Eq. (17), �eH is the reference eddy diffusivity
of the energy obtained in a circular tube. The comparison
between Eq. (17) to Eq. (10) gives

Y H ¼
veffdij

�eH
: ð18Þ

Also, if Eqs. (15) and (17) are merged, it yields

Y H ¼
eH

�eH
� dij

zij;H
¼ Y � Prt: ð19Þ

Eq. (19) implies that the geometry of a flow path is a dom-
inant parameter to determine a turbulent mixing in rod
bundles when we evaluate a mixing with the mixing factors,
Y or YH. In Fig. 4, the data of a new mixing factor YH for
various experiments are summarized. The turbulent Pra-
ndtl numbers for the experiments are determined with the
following correlation suggested by Kays [22]:

Prt ¼
0:7

Pet

þ 0:85; ð20Þ

where Pet is the turbulent Peclet number defined by
(eM/m)Pr. It is notable that the scattering of the liquid metal
data by Zhukov [26] is reduced quite considerably when it
is compared with Fig. 3. However, there still exists a quite
large scattering of the data, especially at a lower S/d ratio,
which suggests the independent geometrical parameter S/d
is not a good correlating factor.
To get a better geometrical parameter which correlates
the experimental data well, some mathematical manipula-
tion is needed. If we combine Eqs. (3), (7), (11) and (18),
a useful relation of the turbulent mixing factor is yielded
as follows:

Y H ¼
dij

Dh

� �
� m

�eH

� �
� Re � b ð21Þ

or

Y H ¼
dij

Dh

� �
� �eM

m

� ��1

� Re � b � Prt: ð22Þ

The experimental data of a turbulent mixing obtained
by various researchers are reevaluated into the form of
YH and the dependency of various experimental turbulent
mixing data on the geometrical parameter dij/Dh is depicted
in Fig. 5. When Fig. 5 is compared with Fig. 4, it is found
that the parameter dij/Dh correlates the experimental data
better, especially the data obtained in a compact rod bun-
dle, i.e., the data for a higher dij/Dh. Therefore, it is esti-
mated that the geometrical parameter dij/Dh is a more
dominant parameter than the gap-to-diameter ratio S/d
which is frequently used in the existing correlations devel-
oped by previous researchers.

By the way, some data shown in Fig. 5 is not appropri-
ate to describe a pure turbulent mixing because the effect of
a laminarization is included at a lower S/d and a lower Re

range. As mentioned previously, the degree of a turbulent
mixing could also be distorted because of the pressure
imbalance in the experiments with water using a tracer
technique. The data obtained by Galbraith and Knudsen
and by Kelly and Todreas seems to have a laminarization
effect. The data reported by Petrunik, especially for a com-
pact gap, is evaluated to include the pressure imbalance
problem, therefore, the accuracy of this type of experiment
may not be adequate for the test section of a smaller S/d.
Evidently, the data by Singh and Pierre with water at a
Reynolds number less than 1600 deviates considerably



0.5 0.6 0.7 0.8 0.9 1 3
0.1

1

10

100

Y H

δ/Dh

 : Rowe and Angle     : Castellana               : Seale
 : Galbraith                 : Singh and Pierre     : Moeller
 : Kelly and Todreas   : Rogers and Tahir    : Zhukov
 : Roidt  : Walton                     : Kjellstrom
 : Petrunik

2 4

Fig. 5. Turbulent mixing factor YH with the independent geometrical
parameter dij/Dh.
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from the group of the other mixing data, which suggests
clearly the distortion by a pressure imbalance. It is also
noted that the molecular diffusion plays an important role
at this lower Re condition.

In Fig. 6, all the available experimental data, which is
evaluated to have enough reliability, are summarized to
obtain a useful correlation depending on the dominant geo-
metrical parameter dij/Dh. The selected data are the water
mixing data determined by using the exit enthalpy mea-
surement or the hot-wire technique. The air data deter-
mined with the tracer technique are included because the
probability of a distortion due to the pressure imbalance
is relatively low when air is used as a working fluid. The
data shown in Fig. 6 is reduced into a correlation expressed
as follows:

Y H ¼ 1:5615 � dij

Dh

� �2:013

: ð23Þ
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 : Zhukov                  : Roidt              : Walton
 : Kjellstrom                : Y

H
 =1.5615 (δ/D

h
)2.013

0.5 0.6 0.7 0.8 0.9 1 3
0.1

1

10

100

Y H

δ/Dh

2 4

Fig. 6. Data fit for the meaningful turbulent mixing data in rod arrays.
The correlation of Eq. (23) is evaluated to be applicable for
both square and triangular arrays. Even though the trian-
gular data used in the derivation are generally lower than
the data for the square array, the deviation is not so
remarkable.

For the square rod arrays, it is possible to have general
expressions of the eddy diffusivity and the turbulent mixing
coefficient b, therefore, a simple relation for the turbulent
mixing factor YH can be obtained. It is generally known
that the eddy diffusivity is described with the Reynolds
number and a friction factor as follows:

e / m � Re
ffiffiffiffiffiffiffiffi
f =8

p
; ð24Þ

where f is the Darcy friction factor. The friction factor
is known to be a function of the Reynolds number as
follows:

f ¼ a � Reb: ð25Þ

Therefore, the eddy diffusivity can be expressed as

e
m
¼ m � Ren: ð26Þ

In Table 1, the expressions of eddy diffusivity suggested
by several researchers are summarized. Rowe and Angle [9]
evaluated the turbulent mixing flow rate from the measured
exit enthalpy and suggested that the eddy diffusivity of
energy in square arrays is

eH

m
¼ 0:0062 � Re0:9: ð27Þ

Kelly and Todreas [16] measured the Fanning friction fac-
tor in triangular rod arrays for Re > 8000 to obtain the
expression of

f 0 ¼ 0:0780 � Re�0:228; ð28Þ

which is similar to the Blasius equation. Based on this fric-
tion factor, Kelly and Todreas suggested a correlation of
the eddy diffusivity of energy useful for 8000 < Re <
24,000 as follows:

eH

m
¼ 0:0045 � Re0:89: ð29Þ

Seale [11] also borrowed the friction factor measured in
parallel plates by Hussain and Reynolds [27] and proposed
a correlation of the eddy viscosity described in Table 1.

From the expression of the eddy diffusivity summarized
in Table 1, it is found that the exponent n in Eq. (26) for the
eddy diffusivity both in a circular tube and rod arrays is
about 0.9. Therefore, the eddy viscosity and the kinematic
viscosity have the following relation in a highly turbulent
region:

�eM

m
¼ K � Re0:9; ð30Þ

which can be used as a reference eddy viscosity to evaluate
the turbulent mixing factor, YH with Eq. (22).
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Kays [28] proposed an empirical equation for a friction
factor in a circular tube applicable over the range of
3 � 104 < Re < 106 as follows:

f ¼ 0:184 � Re�0:2: ð31Þ

As suggested by several previous researchers [8,20,21], we
can evaluate the reference eddy viscosity expressed by

�eM

m
¼ Re

20

ffiffiffi
f
8

r
: ð32Þ

Combining Eqs. (31) and (32) yields a reference eddy vis-
cosity for 3 � 104 < Re< 106 given by

�eM

m
¼ 0:00758 � Re0:9; ð33Þ

which is nearly the same as the reference eddy viscosity
used by Rehme [8].

A general expression on the turbulent mixing coefficient
b in square rod arrays can be obtained directly from the
experimental data. The experiments by Rowe and Angle
[9], Castellana [10], and Seale [11] were performed at Rey-
nolds numbers higher than 3.0 � 104 by using the exit tem-
perature or enthalpy measurement in square rod arrays. In
these experiments, the error for the turbulent mixing rate
induced by the measurement technique itself is much less
than the experiment using a tracer technique. The major
error in this type of experiment would come from the
entrance effect if the length of the test section is not enough.
Even though there exists a considerable scattering for the
turbulent mixing coefficient, all the researchers who mea-
sured the mixing coefficients at Reynolds number higher
than 3.0 � 104 commonly summarized their experimental
data into the form of

b ¼ B � Re�0:1: ð34Þ

The value of B varies depending on the test section geom-
etry as summarized in Table 3 and also depicted in Fig. 2.

With the previously determined eddy diffusivity of Eq.
(30) and the turbulent mixing Stanton number of Eq.
(34), Eq. (22) is converted to

Y �H ¼
B
K
� dij

Dh

� �
� Prt ð35Þ

The above equation implies that the turbulent mixing fac-
tor in a square array is nearly independent of the Reynolds
number and that the geometrical factors are the most
important parameters affecting a turbulent mixing at a
highly turbulent condition. In Fig. 7, the data of the Re-
independent turbulent mixing factor Y �H are plotted. These
Re-independent mixing factors for square arrays are corre-
lated with the following equation:

Y �H ¼ 2:037 � dij

Dh

� �2:071

: ð36Þ

It should be noted that the derived correlation of Eq.
(36) is applicable in the range of
3:0� 104
6 Re 6 1:0� 106 and 0:57 6

dij

Dh

6 2:94:
4. Conclusions

Through a survey of the existing experimental data it is
found that the turbulent mixing factor Y defined by Eqs.
(9) and (16) is appropriate only for a high Prandtl number
fluid when the turbulent Peclet number is also high. A new
definition of mixing factor YH was introduced to correlate
all the mixing data consistently including the data for the
low Prandtl number fluids such as liquid metals. With this
definition of a mixing factor it is also found that the geo-
metrical parameter dij/Dh is a dominant factor affecting a
turbulent mixing, which correlates the reliable experimen-
tal data better than the gap-to-diameter ratio S/d. A useful
correlation of Eq. (23) for a turbulent mixing in rod arrays
was obtained as a function of only dij/Dh. The correlation is
applicable for both square and triangular arrays with a rea-
sonable accuracy, which implies that the geometrical
parameter dij/Dh represents the characteristic mixing length
for both square and triangular arrays quite well. The corre-
lation predicts a reasonable mixing at a higher dij/Dh or at a
lower S/d ratio, which is the most improved feature of the
correlation when compared with the existing ones. The
general expressions for the eddy diffusivity and the turbu-
lent mixing coefficient b for square rod arrays was obtained
to derive a Reynolds number-independent mixing correla-
tion of Eq. (36), which is applicable for square array at
highly turbulent conditions. The developed correlations
have to be validated further with more experimental data
for liquid metals.
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