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Abstract-The experimental data on natural mixing between subchannels of rod bundles by turbulent 
interchange are reviewed. The main features of the structure of turbulence in subchannels of rod bundles 
are discussed. It can be concluded that cyclic and almost periodic flow pulsations through the gaps of rod 
bundles are the reason for the observed mixing rates through the gaps which are relatively independent of 
the gap width. A simple correlation of a mixing factor is developed which may be used as a good 

approximation for any gap geometry. 

INTRODUCTION 

THF? PREDICTION of the detailed temperature dis- 
tribution of rod bundles, used especially as nuclear 
fuel elements, is required to ensure their safe and 
reliable operation. The rod-bundle thermal-hydraulic 
analysis is performed by solving the conservation 
equations for mass, momentum, and energy. The 
usual method for solving the conservation equations 
is by subchannel analysis since the methods of dis- 
tributed parameter analysis are still under develop- 
ment. The subchannel analysis ignores the fine 
structures of velocity and temperature within the con- 
trol volumes, the subchannels. Averaged mass flow 
rates and fluid tem~ratures are calculated within the 
individual control volumes. The turbulent inter- 
actions between the individual subchannels, which 
during the computation are assumed to act as inde- 
pendent parallel channels, are taken into account by 
mixing coefficients. 

Follo~ng the nomenclature introduced by Todreas 
and co-workers [I, 21, we can distinguish between 
natural mixing effects and forced mixing effects. 
Forced mixing effects are caused by the presence of 
spacers or other geometrical disturbances. Natural 
mixing results from radial pressure gradients between 
adjacent subchannels, important in the entrance 
region where the inlet mass flow rate is redistributed 
among the subchannels or if the heat-flux distribution 
across a rod bundle is non-uniform. This kind of 
natural mixing is always directed from one subchannel 
into an adjacent one. 

A non-directional effect of natural mixing results 
from natural eddy diffusion between the sub- 
channels-turbulent interchange. Turbulent inter- 
change causes an exchange of momentum, enthalpy 
or concentration between adjacent subchannels, how- 
ever, without a net mass transport averaged in time. 

In this paper only the effects of turbulent interchange 
are discussed. First of all, the main contributions 
during the last three decades will be mentioned in 
which measurements of mixing coefficients have been 
reported and in which attempts have been made to 
interpret the interesting and sometimes surprising 
experimental results of mixing rate measurements. 

REVIEW OF LITERATURE 

Because of the importance of the mixing coefficients 
for the design of nuclear fuel elements the first review 
on mixing by Coates [3] appeared as early as 1960. 
This review was followed by those of Moyer [4] and 
Todreas and Wilson [I]. The early reviews mainly 
contained experimental data on forced mixing due to 
spacers. No attempts were made to correlate the few 
experimental natural mixing results available at that 
time or to explain their dependence on geometry. 

The first impo~ant review was presented by Rogers 
and Todreas [Z]. Based on the experimental data of 
Rowe and Angle [S], of Rapier [6], and of Rogers 
and Tarasuk [7], they stated the ‘paradoxical relative 
independence of the mixing rate on the gap to 
diameter ratio’. They also mentioned that ‘no infor- 
mation is available on the critical gap to diameter ratio 
below which the mixing rate decreases’ and concluded 
that ‘further experimental work is necessary especially 
on the structure of turbulence in large-scale models’. 

Skinner et al. [8] were the first who attributed the 
higher rate of difIusivity in the gap to secondary flow 
since the mixing rates they measured were higher than 
could be accounted for by turbulent diffusion alone. 
Ingesson and Kjellstri5m [Q] replied that the results 
obtained by the secondary flow model of Skinner et 
al. could also be obtained by a turbulent diffusion 
model, however, with a much smaller effective mixing 
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NOMENCLATURE 

4 cross-section of subchannel i [m’] 3 distance between the wall and the 
B band width [s- ‘1 position of maximum velocity [m] 

‘R 
specific heat [J kg- ’ K- ‘1 Y+ dimensionless distance from the wall 
rod diameter [m] 1-l 

/” 

hydraulic diameter [m] Y mixing factor [-] 
frequency [s ‘1 Z coordinate along the wall [m] 

G gap width [m] %l,X distance from the gap between rod and 
K constant [-_I channel wall to the symmetry line of 
L length [m] the subchannel [ml. 

mi mass flow rate of subchannel i [kg s- ‘1 
P pitch of rods [m] Greek symbols 

P, wetted perimeter of subchannel i [m] B mixing factor [-_I 

q, heat transported between subchannels i 6ij centroid distance between subchannels 
andj per unit length [w m- ‘1 [ml 

R radius of circular tube [m] E eddy viscosity [m’ s- ‘1 
Re Reynolds number [-_I .F reference eddy viscosity [m’ s- ‘1 
S gap width [m] % eddy viscosity parallel to the wall [m’s_ ‘1 
Str Strouhal number [-] EiV eddy viscosity normal to the wall [m’s_ ‘1 
T subchannel bulk temperature [K] Ef non-dimensional eddy viscosity [-] 

% average velocity in the axial direction * 
%r non-dimensional mixing coefficient [-_I 

[m s- ‘1 & friction factor of the circular tube [-_I 
U axial velocity [m s. ‘1 P molecular viscosity [kg m- ’ s- ‘1 

U’ fluctuating velocity in the axial direction pM,* mixing rate per unit length [mm ‘1 
[m s- ‘1 V kinematic viscosity [m’ s- ‘1 

ll* friction velocity [m s- ‘1 P density [kg m- ‘1 
W rod diameter plus gap between rod II production of turbulent energy [m’ s- ‘1 

channel wall [m] L wall shear stress [N m- ‘1 

‘vi, mixing rate between subchannels i andj 7P 
shear stress parallel to the wall [N m- ‘1 

[kg s’ m -‘I CJ power spectral density per band width 
W’ fluctuating velocity in the direction [m* s- ‘1. 

parallel to the walls [m s- ‘1 

W,‘T effective mixing velocity [m s- ‘1 Subscripts 
M 

W,R- effective mixing velocity calculated by i subchannel i 

Miiller [m s- ‘1 j subchannel j. 

length than the distance between the centres of the 
subchannels. 

In 1970, Ingesson and Hedberg [lo] published a 
correlation of a mixing factor taking into account 
all relevant experimental results at that time. Their 
mixing factor is a multiplier on a reference eddy diffu- 
sivity which was assumed to be a characteristic value 
of the eddy diffusivity in circular tubes. Ingesson and 
Hedberg mentioned that the differences between 
experimental mixing factors of rod bundles arranged 
in triangular and in square arrays are not as large as 
some of the published correlations indicate. 

An important observation was reported in 1970 by 
van der Ros and Bogaardt [1 l] : “visual observation 
and fast thermocouples indicate that the transport 
through the gap cannot be explained by eddy diffu- 
sivity. The thermocouple recordings as well as the 
visible waves are very regular in amplitude and fre- 
quency in the gap”. This is the first time that indi- 
cations of a large-scale structure through the gaps 

have been reported although Hofmann [12] in 1964 
had visualized such structures in a seven-rod bundle 
using aluminium particles but never published his 
extremely interesting results. The experimental results 
by Galbraith and Knudsen [ 131 were a significant con- 
tribution to the data base on mixing rates. Especially 
their results in a square array with a pitch-to-diameter 
ratio of as low as P/D = 1 ,011 showed surprisingly 
high mixing rates. Also the data by Singh and St. 
Pierre [ 141 showed that the mixing rate increases with 
decreasing gap width in the range of P/D = 1.102- 
1.02 for a square array and a fixed Reynolds number 
of Re = 2 x lo+‘. Again, this effect was explained by 
secondary flows following the ideas of Skinner et al. 
Eifler and Nijsing [ 151 showed theoretically using the 
modelling they developed in 197 1 that the greater part 
of the mixing rate was caused by secondary flow rather 
than by turbulent diffusion. Due to their model, for 
P/D = 1.1, the contribution to the mixing rate by 
turbulent diffusion is only one-tenth of the total mix- 
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ing rate for the momentum transport between a tri- 
angular and a square subchannel. With higher pitch- 
to-diameter ratios the contribution of the turbulent 
diffusion increases to about one-third at P/D = 1.7. 

In 1972, Rowe et a!. [l&17] published his laser- 
Doppler measurements in rod bundles arranged in a 
square array. His results significantly show that there 
exists an additional macroscopic flow process in the 
regions adjacent to the gaps, i.e. large scale turbulence 
moves through the gaps which can be considered as a 
periodic flow pulsation across the gaps. Moreover, 
Rowe found dominant turbulence frequencies for a 
considerable distance along the centreline traverses 
for the narrower gap spacings and both in the interior 
and in the wall and corner subchannels. Rowe also 
discussed the implications of the large-scale turbulent 
motion on the mixing between adjacent su~hannels. 
He concluded that the flow pulsations explain the 
weak influence of rod gap spacing on rod bundle 
intersubchannel mixing. Another important con- 
clusion by Rowe is that the shape of su~hannels 
adjacent to a rod gap does not significantly affect the 
turbulence parameter distribution in the gap. 

In the light of Rowe’s results, Rogers and Tahir 
1181 mentioned the macroscopic flow pulsations as an 
additional effect to enhance the mixing through the 
gaps of rod bundles. However, they believed that 
secondary flow plays an important role to explain the 
weak dependence of the mixing rates on the gap to 
diameter ratio although no convincing experimental 
results had been reported on secondary flow in rod 
bundles. Moreover, Rogers and Tahir felt that both 
secondary flow and the additional large-scale periodic 
eddies reduce the mixing distance as the gap to 
diameter ratio decreases. 

Seale [ 191 concluded from his investigations of heat 
transfer across a rod bundle that anisotropic diffu- 
sivities are the reason for the high mixing in narrow 
gaps of rod bundles. He also found the mixing 
coefficients predicted by Ingesson and Hedberg [lo] 
to be high by a factor of two. This was also mentioned 
earlier by Kjeilstrom [20], Markoczy and Huggen- 
berger [21], Martelli [22] and Cevolani [23]. 

The macroscopic flow pulsations observed by Rowe 
[ 161 have been confirmed and stressed by Hooper and 
Rehme [24,25] by hot-wire measurements in a four- 
rod bundle. Their results show that there exists an 
energetic and almost periodic azimuthal turbulent- 
velocity component directed through the gap. The 
azimuthal turbulent-velocity component is not associ- 
ated with mean secondary-flow velocities driven by 
Reynolds-stress gradients. 

More recent reviews on mixing were published by 
Cheng and Todreas 126,271 and Zhukov et al. 1281. 
Both reviews concentrate on rod bundles spaced by 
wire-wraps but they also report correlations for the 
mixing rate in bare rod bundles. Whereas Cheng and 
Todreas do not comment on the reasons for the high 
mixing rates at low gap to diameter ratios, Zhukov et 
al. explain the mixing rates by secondary flow effects. 

STRUCTURE OF TURBULENCE 

IN ROD BUNDLES 

First, we will discuss our present knowledge on the 
structure of turbulence in rod bundles. As mentioned 
before, Rogers and Todreas [2] concluded in 1968 that 
a detailed knowledge on the structure of turbulence is 
necessary to understand how the mixing rates depend 
on the gap to diameter ratio. 

Secondaryflow 
Most attempts to measure Reynolds stress driven 

secondary flows in rod bundles were not successful, 
e.g. by Hall and Svenningson [29], Trupp and Azad 
[30] and Carajilescov and Todreas [31], either due 
to geometrical tolerances of the test sections which 
caused cross flow or due to ex~~mental inaccuracy. 
Secondary flows have been shown to exist in non- 
circular channels by Nikuradse [32] for different 
channel geometries. Reliable experimental data on 
secondary flows have been reported by Hoagland [33], 
Brundrett and Baines [34], Gessner and Jones [35], 
Launder and Ying [36] and Melling and Whitelaw [37] 
for square and rectangular ducts, by Aly et al. [38] for 
a triangular duct, and by Khalifa and Trupp [39] for 
a trapezoidal duct. The unique feature of all ducts for 
which experimental data have been obtained is that 
these ducts have corners in their shapes. 

Therefore, it is not surprising that Seale 1401 meas- 
ured secondary flows in his duct of a simulated rod 
bundle which also had corners. Effects of secondary 
flow in a corner subchannel of a square array have 
also been found in refs. 141,421, especially deduced from 
the contours of the kinetic energy of turbulence which 
in the corner of the bundle were very similar to those 
found in the corner of a square duct. Seale [43,44] 
however, from his experimental and numerical investi- 
gations in a parallel subchannel duct, concluded that 
secondary flows are insignificant for the high mixing 
rates (gap Stanton numbers) observed experimentally. 
He showed that only predictions by using highly 
a~sotropic eddy viscosities could satisfactorily rep- 
resent his experimental data. 

Vonka [45] reported experimental data on second- 
ary flows in a central subchannel of a triangular array. 
He found that the magnitude of the secondary flow 
velocity is less than 0.1% of the axial velocity. In 
reality, Vonka measured cross flow velocities of the 
order of 1% of the axial velocity which were caused 
by cross tIow from the inner subchannels into the 
outer ones due to not fully developed flow and also 
due to the blockage of the outer subchannels by the 
spacers. This blockage causes a cross flow into the 
inner subchannels at the spacer level which down- 
stream of the spacer redistributes. Vonka extracted 
the secondary flow velocities of less than 0.1% of 
the axial flow velocity from the measured cross flow 
velocities of 1% of the axial velocity. 

Neelen 1461 analysed many experimental data on 
turbulence and velocity distributions in rod bundles 



and concluded that secondary flows in rod bundles almost symmetrical for a ratio of length-to-hydraulic 
are very small and can be neglected. Neelen found, in diameter L/D, = 146.3. Small asymmetries stem from 
agreement with Monir 147, that if the eddy viscosities the conditions at the entrance of the test section [54]. 
parallel to the walls are modelled in agreement with In the region around the gap between the rods, the 
the experimental results in rod bundles, modelling axial intensities are high at the walls and drop toward 
of secondary flows does not improve the agreement the lines of maximum normal distance from the walls, 
between predictions and experimental results on dis- It is interesting to note that there are regions of rela- 
tributions of wall shear stresses and velocity. These tively high axial turbulence intensity on the lines of 
findings confirmed the observations by Seale 143,441, maximum normal distance from the walls. These 
Bartzis and Todreas [48], and Rehme [42,49]. saddle points are located on both sides at about 25” 

The conclusion from the above discussions on second- from the gap between the rods. The observations are 
ary flows in rod bundles is that the secondary flow quite different in the regions around the gaps between 
velocities are very small. It is obvious that secondary the rods and the channel walls. These gaps are 
flows do not contribute significantly to the mixing narrower than the gap between the rods. The highest 
between subchannels of rod bundles since the second- axial turbulence intensities in the cross-section are 
ary flow vortices are expected to move within the found on the lines of maximum normal distance from 
elementary cells of the subchannels. They do not cross the walls at about 35” from the gap between the rods 
the gaps between the subchannels. Therefore, second- and channel walls. The axial turbulence intensities 
ary flows cannot be the reason for the high mixing are higher than the highest intensities at the walls. 
rates measured for low gap-to-diameter ratios as was Therefore, these high axial turbulence intensities have 
assumed in the past. not been produced by wall turbulence and trarlsported 

by secondary flows. The maximum value of the axial 
Reynolds stresses turbulence intensity depends on the relative gap width, 

Systematic and detailed experimental investigations i.e. P/D or W/D, respectively. The maximum value 
of the Reynolds stresses have been performed at the increases with decreasing gap width as was shown in 
Karlsruhe Nuclear Research Centre since 1974 [49]. ref. [55]. 
Hot-wires have been used for the measurements in I7 Another example which is typical for the structure 
different geometries of four rods arranged parallel in of turbulence in rod bundles is shown in Fig. 2. It 
a rectangular channel. The pitch-to-diameter ratios displays the turbulence intensities parallel to the wall 
covered the range between 1.036 and 1.40, the wall- measured along the line of normal distance from the 
to-diameter ratios the range between 1.026 and 1.40. walls vs the non-dimensional distance along the chan- 
Most references of the data reports are given in ref. nel wall. The turbulence intensities parallel to the wall 
[50], the results from some additional geometries are are normalized by the local friction velocity along the 
reported in refs. [51-531. channel wall. The coordinate z along the waII is zero 

Only the most striking features which were in the gap between the rod and channel wall and has 
observed in rod bundles will be discussed. These are the value z,,, at the symmetry line normal to the 
features which show the strongest differences between channel wall (refer to Fig. 1). The data are shown 
turbulent Row through rod bundles and through for eight different wall-to-diameter ratios. The striking 
simple channels like circular tubes and parallel plates. feature is that the intensity parallel to the walls on 
A typical experimental result of the axial turbulence the line of maximum distance increases systematically 
intensity is shown in Fig. 1 measured in a geometry with decreasing wall-to-diameter ratio, i.e. decreasing 
with a pitch-to-diameter ratio (P/D) of 1.148 and a relative gap width between the rod and channel walls. 
wall-to-diameter ratio (W/D) of 1.045 at The maximum values are found for z/z,,, = 0, that is, 
Re = 6.11 x 104. The contours of the axial turbulent directly in the gap between the rod and channel wall. 
intensity are scaled by the wall friction velocity in the The data for the centre of circular tubes established 
gap between the rods. The contour plot was produced by Lawn [56] is indicated in Fig. 2. For W/D -c 1.148, 
by a computer program without any smoothing of the intensity parallel to the wall on the line of 
data. The measurements in the four quadrants and maximum normal distance from the walls is higher 
in the parts of the quadrants divided by the line of than in the centre of circular tubes. As has been dis- 
maximum normal distance from the walls were per- 
formed at different times. One plot was produced of 

cussed in ref. [55], the intensity parallel to the walls is 
even higher than the axial turbulence intensity directly 

the result in each part of the quadrants. The plots 
were then joined, with the result that small steps occur 

in the gap between the rod and the channel wall for 

on the contours at the line of maximum normal dis- 
W/D < 1.048. 

tance from the walls. The tick marks indicate the 
The eddy viscosity parallel to the wall can be cai- 

traverses on which data have been measured, in cir- 
culated from the measured shear stress parallel to -- 

cular coordinates close to the rod walls and in 
the wall zP = - pu’c(” and the velocity gradient parallel 
to the wall as 

Cartesian coordinates close to the channel walls, 
respectively. 

The contours of the axial turbulence intensity are 
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FIG. 1. Contours of axial turbulence intensity in a rod bundle of P/D = 1.148, W/D = 1.045, L/Dh = 146.3 
and Re = 6.11 x 104. 

The dimensionless eddy viscosity parallel to the wall 

+=Ep 
&P u*i 

is related to the local friction velocity 

(3) 

and the length of the velocity profile between the wall 
and the line of maximum normal distance from the 
walls $. 

Figure 3 displays all data measured in the test sec- 
tions mentioned above [S&53] together with the only 
other available data which presents eddy diffusivities 
parallel to the walls as a function of the relative gap 

Hejna and co-workers [58,59]. The data shown were 
measured close to the gaps since directly in the gap 
the velocity gradient parallel to the walls vanishes and 
the eddy viscosities parallel to the walls are undefined. 
There is a considerable scatter of the data which is 
mainly due to the calculation of the velocity gradient 
and slight asymmetries in the velocity distribution 
because of fabrication tolerances of the test sections 
and entrance effects. However, it is obvious that the 

eddy viscosities parallel to the walls strongly increase 
with decreasing relative gap width. A least square fit 
of the data in the log-log plot yields 

+ = (J 0177 s -2.42 
% . 

0 D 
(4) 

width S/D, which is by Tahir and Rogers [57] and by which shows the strone deoendence on the relative Y 1 
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FIG. 2. Relative mrbulence intensity parallel to the channel 
wall along the line of maximum normal distance from the 
rod and channel wall vs non-dimensional distance along the 

channel wall. 

gap width. It is interesting to note that a least square 
fit of either the data for the rod-rod gap or the rod- 
wall gap gives almost the same results as equation (4). 

The experimental eddy viscosities normal to the 
wall are nearly independent of the relative gap width 
and are comparable to the data of circular tubes by 
Reichardt [60] close to the walls [50,57,58]. The eddy 
viscosities normal to the wall are slightly higher (up 
to a factor of two) than at the centre of circular tubes 
in the region close to the maximum normal distance 
from the walls [50,57,58]. The comparison between 
the eddy viscosities parallel to the walls in rod bundles 
(Fig. 3) and the eddy viscosity normal to the wall at 
the centre of circular tubes [60] 

Gap-to-Diameter Rafio S/W 

FIG. 3. Eddy viscosity parallel to the wall close to the gaps 
in rod bundles vs the gap-to-diameter ratio. 

P “““lo’ ’ ’ 
““‘, o’ ,,.,, ‘lo‘ , ,~,‘,l ir 

Frequency s- 1 

FIG. 4. Power spectral density of the velocity parallel to the 
wall in the centre of the gap between the rods for a rod 

bundle of P/D = I.036 and W/D = 1.072. 

EN + = $ = 0.066 

shows that the anisotropy of the eddy viscosities 
strongly increases with decreasing gap width for tur- 
bulent flow through rod bundles. 

Macroscopicflow pulsations 
The macroscopic flow pulsations in rod bundles 

which were first observed by Hofmann 1121, by van 
der Ros and Bogaardt [I i] and by Rowe [16] have 
been confirmed by Hooper and Rehme [25]. Recently, 
Moller [61,62] investigated the macroscopic flow 
pulsations systematically in different rod bundle 
geometries (P/D, W/D). Mijller found peaks at 
characteristic frequencies in the power spectra of the 
turbulent velocity fluctuations in the axial direction 
(u’) and the direction parallel to the walls (w’). A 
typical example is shown in Fig. 4 for the w’-com- 
ponent in the gap between the rods for a P/D = 1.036 
[+%I. The characteristic frequency 5 first mentioned 
by Rowe 1161, varies with the gap geometry (P/D or 
W/D, respectively). The frequency f increases with 
decreasing gap width at the same Reynolds number 
based on the mean subchannel velocity and the 
hydraulic diameter of the subchannel. The frequency 
varies linearly with the Reynolds number which was 
already found by Hooper and Rehme [29. Mijller 
showed that a Strouhal number, defined with the 
characteristic frequency f, the rod diameter D, and 
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the friction velocity u* in the gap between the rods or 
between the rod and channel walls 

only depends on the relative gap width S/D. The rela- 
tive gap width is 

S/D=P/D--1 

in the case of the gap between the rods and 

(7) 

S/D= W/D-l (8) 

in the case of the gap between the rods and channel 
walls. Mijller also found that the Strouhal number is 
independent of the type of gap (rod-rod or rod-wall) 
considered. 

The peaks in the power spectra are highest for the 
fluctuating velocity component w’ parallel to the wall 
directly in the gaps. With decreasing gap width, the 
peak becomes narrower in the frequency range and 
reaches a higher maximum value. The latter means 
that the average velocity through the gap increases 
with decreasing gap width. For higher gap width the 
peak broadens and the maximum value decreases. The 
broadening of the peak means that large eddies of 
different scales are responsible for the flow pulsations 
between subchannels. Moller [61] found that strong 
flow pulsations through the gap exist through a gap 
between the rods for a pitch-to~iameter ratio as low 
as P/D = 1.007. For this investigation the centre of 
the gap had a dimensionless distance from the wall of 
y+ = 22.4. 

The large-scale eddies move almost ~~odically 
through the gaps of rod bundles at the characteristic 
frequency. These macroscopic flow pulsations by the 
large-scale eddies cover almost the full cross-section 
of the subchannei as gross-correlation measurements 
have shown [25,61]. The large-scale eddies through 
the gap between the rods move from the region of 
largest extent of one subchannel through the gap to 
the region of largest extent in the adjacent subchannel. 
The corresponding large-scale eddies through the gap 
between rod and channel wall move from the sym- 
metry line of one subchannel (z,,,~) through the gap 
to the symmetry line of the adjacent subchannel. 

The source of the turbulent energy which drives the 
large-scale eddies is the product of the shear stress 
parallel to the walls times the velocity gradient parallel 
to the walls 

The measurements of the structure of turbulence have 
shown that both U’PV’ and au/& are of considerable 
magnitude on the line of maximum distance from the 
walls in the middle of the region between the gaps and 
the largest extent of the cross-section of the sub- 
channels. 

The existence of the large-scale eddy motion was 

confirmed by cross-correlation measurements of the 
temperature fluctuations by Horanyi et al. [63]. 

The periodic flow pulsations across the gaps in rod 
bundles are the true reason for the high mixing rates 
between subchannels in rod bundles. Both the increas- 
ing maximum values of the power spectra and the 
increasing characteristic frequency with decreasing 
gap width result in the well-known fact that the mixing 
rates are almost inde~ndent of the relative gap width. 

NATURAL MIXING IN ROD BUNDLES 

The fluctuating transverse mass flow rate per unit 
length w;, called the mixing rate, between two sub- 
channels through the gap 5’ is defined as 

WI = PEv&S (10) 

where w,~ is the eft‘ective mean mixing velocity. It 
should be noted that the time mean value of the fluc- 
tuating transverse mass flow rate is zero. Therefore, 
no net mass exchange results. 

The heat transported through the gap per unit 
length by the effective mixing velocity is 

gij = PCpw.9J(T,- I;.) (11) 

where Tj and Tj are the bulk temperatures of sub- 
channels i and j. 

The experimental data on mixing rates and the cor- 
relations of mixing rates are reported in the literature 
by using different dimensional or non-dimensional 
parameters. For details of the experimental techniques 
see ref. [64]. To compare the different results, the 
method of a mixing factor introduced by Ingesson 
and Hedberg [lo] is adopted in the following. Ingesson 
and Hedberg defined the heat transported through the 
gap per unit length by 

W) 

where 6, is the mixing distance which is assumed to 
be the centroid distance between the subchannels i 
and j and d is a reference eddy viscosity. The mixing 
factor Y is a multiplier which takes into account how 
much higher the effective eddy viscosity is in com- 
parison to the reference eddy viscosity. At the same 
time, it includes the corrections for the approximation 
of the temperature gradient in the gap by the bulk 
temperature difference between the subchannefs 
divided by the centroid distance. It is convenient to use 
the centroid distance 6,j because this distance is exactly 
defined for all geometries and the bulk temperatures 
are computed in the sub~hannel codes. 

The reference eddy viscosity is assumed to be 

g+ =O.l (13) 

which is often referred to as the dimensionless eddy 
viscosity at the centre of a circular tube. However, as 
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mentioned before, the dimensionless eddy viscosity at 
the centre of a tube is E+ = 0.066 [60]. 

With 

and 

the reference eddy viscosity can be expressed by 

(14) 

(15) 

(16) 

which was already used by Moyer [4] and Rapier [6]. 
A comparison between equations (11) and (12) 

yields 

(17) 

Experimentul data 
All relevant data in rod bundles have been re-evalu- 

ated in terms of the mixing factor Y. Most of the 
data cited by Ingesson and Hedberg have been used, 

however, corrected by a factor 1.14 to 

Y l”g.XO” y=--- 
1.14 

because Ingesson and Hedberg used a value of 
a+ = 0.0877 as the reference viscosity based on the 

measurements of Elder [65]. The equations to recal- 
culate reported mixing rates or gap Stanton numbers 
are given in the Appendix. To have a common basis, 
all mixing factors in Table 1 are given for 
Re = 5 x 104. The data by Ingesson and Hedberg 

include the data reported by Bell and LeTourneau 
[66], Biggs and Rust [67], Bishop et ul. [68], Clarke 
[69], Collins and France [70], Ingesson et al. [71], 
Jonsson [72,73], Knaab and Stehle [74], Multer [75], 
Nelson et al. [76], Rowe and Angle [5], Rogers and 
Tarasuk [77] and Waters [78]. 

The gap Stanton numbers reported by Cheng and 
Todreas [26] were recalculated in terms of the mixing 
factor. The data include those of Petrunik [79], 

Kjellstriim 1801, Roidt et al. [81], Rogers and Tahir 
[18], Walton [82], Kelly and Todreas [83] and Singh 
and St. Pierre [14]. All mentioned data are plotted in 
Fig. 5 together with the data by Galbraith and 
Knudsen [13], Castellana et al. [84], Seale [19] and 
Zhukov et al. [85]. 

No attempt was made to distinguish between the 
different subchannel sizes since there is more than 
one indication in the literature that the subchannel 
geometry is not very important for the mixing factor 
[lo, 16,171. The scatter of the data is considerable. 
However, the scatter is not surprising due to geo- 
metrical tolerances of the test sections, the measuring 

Table 1. Experimental mixing factors 

Gap ratio Mixing factor 

SID 

0.20 
0.11 
0.033 
0.068 
0.13 
0.217 
0.256 
0.4 
0.068 
0.10 
0.15 
0.214 
0.32 
0.13 
0.011 
0.028 
0.063 
0.127 
0.228 
0.334 
0.13 
0.20 
0.40 
0.26 
0.018 
0.043 
0.102 
0.10 
0.375 
0.83 
0.10 
0.62 
0.10 
0.16 
0.14 
0.19 
0.20 
0.15 
0.03 
0.08 
0.20 

Y 
_- 

8.19 
16.7 
27.0 

5.18 
2.83 
1.35 
1.49 
0.82 
4.8 
3.4 
3.31 
1.48 
0.35 
1.84 

109.0 
28.9 
11.3 
8.38 
5.5 
3.36 
8.16 
5.99 
1.90 
4.75 

23.2 
16.6 

7.06 
6.14 
1.90 
0.67 

24.8 
2.03 

11.6 
3.64 
7.84 
5.34 
9.82 
4.39 

18.1 
19.4 
6.77 

Source 

Ingesson : Bishop et al. 
Ingesson : Collis and France 
Cheng : Petrunik 
Cheng : Petrunik 
Cheng : Petrunik 
Cheng : Kjellstrljm 
Cheng : Roidt et al. 
Cheng : Rogers and Tahir 
Cheng : Walton 
Cheng : Kelly and Todreas 
Zhukov 
Zhukov 
Zhukov 
Zhukov 
Galbraith and Knudsen 
Galbraith and Knudsen 
Galbraith and Knudsen 
Galbraith and Knudsen 
Galbraith and Knudsen 
Castellana et al. 
Ingesson : Bell and LeTourneau 
Ingesson : Bell and LeTourneau 
Ingesson : Biggs and Rust 
Ingesson : Nelson et al. 
Cheng : Singh and St. Pierre 
Cheng : Singh and St. Pierre 
Cheng : Singh and St. Pierre 
Seale 
Seale 
Seale 
Ingesson : Clarke 
Ingesson 
Ingesson 
Ingesson : Jonsson 
Ingesson : Jonsson 
Ingesson : Knaab and Stehle 
Ingesson : Multer 
Ingesson : Rowe and Angle 
Ingesson : Rowe and Angle 
Ingesson : Tarasuk and Kempe 
Ingesson : Waters 

techniques, and the disturbances of the flow fields by 
the probes and by spacers. Moreover, very long L/D, 
ratios are required to reach fully developed flow with- 
out cross flows caused by pressure differences between 
the subchannels [54]. 

A least square fit of all data yields 

0.7 

y=sID. 
(19) 

CORRELATIONS 

To compare equation (19) with some correlations 
reported in the literature, the following correlations 
were chosen and recalculated as Y-factors by the equa- 
tions given in the Appendix : 

(a) Ingesson and Hedberg [IO] 
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m7HUKOV XSERLE 

XGALBRRlTH OCRSTELLRNA 

DAFTER I NGESSUN nRFTER CHENG 

FIG. 5. Experimental mixing factors Y for gaps between the 
rods vs the gap-to-diameter ratio. 

where K = 1.158 and 0.933 for square arrays and 
triangular arrays, respectively. 

(b) Rogers and Tahir [18] 

, s -0.4 

3 = 0.0018 Re0.9 D 

P 0 

for triangular arrays 

(21) 
, s 0.106 

3 = 0.0050Re0.9 D 
P 0 

for square arrays. 

(22) 

(c) Cheng and Todreas [26] 

-“‘j for triangular arrays 

(23) 

E,$ - 00056 2 -“‘3 - . 
0 D 

for square arrays. (24) 

(d) Zhukov et al. [28] 

0.0293-O.O51(P/D-1) . 

pM.T = ,2i3(iJ_l,Reo,,D fortnangulararrays. 

(25) 

The comparison was performed for Re = 5 x 104. 
Figure 6 shows the comparison for triangular arrays. 
There is a large difference among the different cor- 
relations. The correlation by Ingesson and Hedberg 
gives much higher values than the data fit. Also the 
correlation by Zhukov et al. is high for S/D < 0.2, 
provided it has been applied correctly. The cor- 
relations by Rogers and Tahir and by Cheng and 

DZHUKOV ET RL. 

XCHENG/TCfDRERS xDATR-FIT 

[II INGESSON +RBGEAS/TRHIR 

FIG. 6. Correlations for the mixing factor Y of rod bundles 
arranged in a triangular array. 

Todreas agree quite well for S/D > 0.08. The data fit 
(equation (19)) is in the middle of all the correlations. 
The picture is different for square arrays: all cor- 
relations and the data fit agree within a factor of about 
two (Fig. 7). 

DEDUCTIONS FROM MACROSCOPIC 

FLOW PULSATIONS 

Mijller [61] showed from his measurements of the 
macroscopic flow pulsations that the mixing between 
subchannels is caused by the flow pulsations. From 
the power spectra for the velocity component parallel 
to the walls, Mijller calculated the mixing velocity w$ 
to be 

nCHENG/TOOREAS XDATR-FIT 

13 INGESSON +ROGERS/THHIR 

N ,,,, 
, 

Gap-to-Diameter Ratio SID 

FIG. 7. Correlations for the mixing factor Y of rod bundles 
arranged in a square array. 
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where Q’,, is 
centre at the 

4i = JPLcfp,ak)~> (26) 

the power spectral density in the gap 
peak frequency (Fig. 4) at which the 

flow pulsations occur and B the bandwidth of the 
digitalization (B = 3.9063 Hz). With this mixing vel- 
ocity, he computed a mixing factor according to equa- 
tion (17) 

wSsij Y=7. (27) 

Miiller reported the following correlation for the mix- 
ing factor Y based on the data of his study 

Y= 0.42 s -i 541 
0 D. 

(28) 

The weakness of Miiller’s evaluation of the mixing 
velocity lies in the facts that (1) he uses the power 
spectral density of the velocity components parallel to 
the walls in the centre of the gap and (2) only the 
bandwidth of the peak frequency. The spectra 
reported by Miiller 141,621 ctearly show that away 
from the centre of the gap the spectral density 
decreases both in the direction to the walls and in the 
direction on the subchannel symmetry line. Moreover, 
the peaks in the spectra extend over a certain 
frequency range (Fig. 4) and the peaks broaden at 
positions away from the centre of the gap. This means 
that the flow pulsations are not caused by large-scale 
eddies of one size at a certain frequency but by a 
spectrum of eddies of different sizes. 

Therefore, Moller’s experimental data have been 
recalculated. The peaks in the spectra of the velocity 
component parallel to the wall w’ have been integrated 
over the half-width of the peak. The thus obtained 
effective mixing velocities were normalized to 
Re = 5 x IO4 assuming that w,~ is proportional to 
Rt?' in agreement with the dependence on the 
Reynolds number of most of the experimental mixing 
data. The data were correlated as a function of the 
normalized distance from the gap. The distance from 
the gap z (Z = 0 at the gap) was made dimensionless 
by the centroid distance 6,. 

The correlations of the data can be given as 

for the gap between the rods, and 

W efi = 
w,Rli~o~~-o.78~s/D~-“J3~~/~ ) ‘i (30) 

for the gap between the rod and channel wall. 
It was assumed that an effective mixing velocity can 

be calculated for z/6, = 0.2. This mixing velocity was 
multiplied by a factor of 0.85 to account for a profile 
of the mixing veiocity, since all data were measured 
either at the centre of the gap or along the symmetry 

Table 2. Mixing factors recalculated from MBller’s data for 
gaps between the rods 

Gap ratio 

SlD 

Effective velocity 

weff Cm s- ‘1 
for z/6,, = 0.2 

Mixing factor 
Y 

0.007 
0.007 
0.018 
0.018 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.012 
0.072 
0.072 
0.072 
0.072 
0.072 
0.072 
0.072 
0.072 
0.072 
0.072 
0.100 
0.100 
0.148 
0.148 
0.148 
0.148 
0.148 
0.148 
0.148 
0.223 

0.632 
0.579 
0.586 
0.458 
0.292 
0.305 
0.295 
0.341 
0.295 
0.377 
0.309 
0.362 
0.125 
0.135 
0.078 
0.114 
0.095 
0.115 
0.081 
0.106 
0.080 
0.085 
0.226 
0.213 
0.124 
0.128 
0.114 
0.121 
0.111 
0.101 
0.083 
0.131 
0.037 

40.75 
37‘35 
37.54 
29.33 
18.44 
19.27 
18.65 
20.65 
17.88 
22.63 
18.59 
21.72 

7.75 
8.33 
4.84 
7.06 
5.89 
7.09 
5.01 
6.56 
4.95 
5.27 

13.93 
13.16 
7.41 
7.70 
6.63 
7.04 
6.44 
5.88 
4.62 
6.53 
1.98 

line. All data are listed in Tables 2 and 3 together with 
the mixing factors calculated according to equation 

(27). 
The mixing factors re-evaluated from Miiller’s 

study are plotted in Fig. 8 vs the relative gap width 
S/D. 

A least square fit yields 

y= 0 812 2 -“‘96 
. 0 D 

which is in rather good agreement with the fit of all 
experimental mixing results, equation (19). 

It can be concluded from the rather good agreement 
between the experimental mixing factors from the 
literature and the mixing factors evaluated from the 
macroscopic flow pulsations that the macroscopic 
flow pulsations are the reason for the relatively high 
mixing rates in rod bundles. It can further be con- 
cluded that secondary flows in subchannels of rod 
bundles do not contribute significantly to the mixing 
rates. 

A comparison between the experimental mixing 
factors and the proposed simple correlation 
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Table 3. Mixing factors recalculated from Miiller’s data for 
gaps between rod and channel wall 

Gap ratio 
SID 

Effective velocity 
nkt (m s- ‘) Mixing factor 

for z/6, = 0.2 Y 

0.045 0.269 21.22 
0.072 0.173 13.68 
0.072 0.185 14.66 
0.072 0.236 18.50 
0.072 0.251 19.70 
0.072 0.197 15.93 
0.072 0.251 20.29 
0.072 0.179 14.44 
0.072 0.256 20.64 
0.072 0.171 15.32 
0.072 0.165 14.72 
0.072 0.178 15.87 
0.072 0.181 16.20 
0.072 0.227 18.98 
0.072 0.198 16.50 
0.072 0.226 18.84 
0.072 0.223 18.65 
0.072 0.235 19.58 
0.072 0.235 19.58 
0.072 0.186 15.93 
0.072 0.204 17.44 
0.148 0.034 2.70 
0.148 0.024 1.89 
0.148 0.020 1.44 
0.148 0.026 1.82 
0.183 0.033 2.73 
0.225 0.015 1.07 

y=o.7 
WD 

(19) 

is shown in Figs. 9 and 10 for triangular and square 
arrays, respectively. Whereas most experimental data 
are lower than equation (19) for triangular arrays, 
the correlation is in rather good agreement with the 
experimental data for square arrays. For triangular 
arrays, the scatter of the data is much higher than for 

nRFTER MOELLER WRLL-GRP 

+RFTER MOELLER ROD-GRP 

Gap-to-Diameter Ratio S/D 

FIG. 8. Mixing factors Y calculated from MBller’s power 
spectra. 

m ZHUKBV 

q RFTER INGESSON xAFTER CHENG 

N ,,,, I I 

Gap-to-Diameter Ratio S/D 

FIG. 9. Comparison between the experimental mixing factors 
Yin the gaps of rod bundles arranged in a triangular array 

and equation (19). 

square arrays. It cannot be decided if the shape of the 
gap affects mixing. More reliable data are needed. It 
should also be interesting to obtain results on the 
flow pulsations between subchannels of rod bundles in 
triangular arrays. 

CONCLUSIONS 

The experimental data on natural mixing between 
subchannels of rod bundles by turbulent interchange 
have been reviewed. In the light of the present knowl- 
edge on the structure of turbulence in subchannels 
of rod bundles it can be concluded that the almost 

x SEALE 

XGALBRRITH OCRSTELLANA 

q RFTER INGESSON nRFTER CHENG 

Gap-to-Diameter Ratio StD 

FIG. 10. Comparison between the experimental mixing fac- 
tors Yin the gaps of rod bundles arranged in a square array 

and equation (19). 
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periodical flow pulsations between subchannels are 

the main reason for the natural mixing between sub- 

channels of rod bundles. The secondary flow motion 16 

in subchannels does not contribute significantly to 
the mixing process. 

Mixing factors deduced from spectra measurements 17. 

by MGller are in rather good agreement with the 
experimental data on mixing reported in the literature. 

A simple correlation of the mixing factor was 18. 
developed which may be used for any gap geometry 
as a good approximation. 

19. 
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APPENDIX 

The different definitions for mixing rates between sub- 
channels of rod bundles are converted into a mixing factor 
introduced by Ingesson and Hedberg [lo] (equation (17)) 

(1) Mixing number w:,ip [18] 

y _ WA 
pSF 

and with equation (16) 

a,, = P for square arrays 

a,, = p 
J3 

for triangular arrays 

I,=0.18Re-02, Re 

(2) Mixing rate per unit length pr [28] 

m, Re, p, 
-_=“- 

P 4 ’ 

Pi = F for triangular arrays 

P, = Ds for square arrays. 

(3) Gap Stanton number & [26] 

Y = && 
2oKw,i4 4, 20 

3 y= “fT:‘o, 

6 “= PID 
for triangular arrays 

-J3 

$_ PID 
D,-4 P= 

-c-J -’ 

for square arrays, 

lID 

The non-dimensional mixing factor /I [78] is the gap Stanton 
number. 

LA STRUCTURE DE LA TURBULENCE DANS DES GRAPPES DE CYLINDRES ET LES 
IMPLICATIONS SUR LE MELANGE NATUREL ENTRE LES SOUS-CANAUX 

R&nn~n passe en revue les don&es experimentales sur le melange nature1 entre les sous-canaux des 
grappes de cylindres par interchange turbulent. On discute les caracteres principaux de la structure de la 
turbulence dans les sous-canaux. On conclut que des pulsations cycliques et souvent periodiques de 
l’ecoulement a travers les espaces libres de la grappe sont la raison de flux de melange observes lesquels 
sont relativement independants de la largeur de l’espace entre tubes. Une correlation simple d’un facteur 
de melange est don& et elle peut etre utilisee comme une bonne approximation pour une geometric 

quelconque. 

DIE TURBULENZSTRUKTUR IN STABBUNDELN UND DIE VERBINDUNG ZUR 
NATURLICHEN MISCHUNG ZWISCHEN DEN UNTERKANALEN 

Zusammenfassuog-Die experimentellen Ergebnisse zur natilrlichen M&hung zwischen Unterkanllen von 
Stabbiindeln durch turbulenten Austausch werden zusammengefaDt. Die Hauptmerkmale der Tur- 
bulenzstruktur in Unterkanllen von Stabbtindeln werden dargestelh. Es kann geschlossen werden, da8 
zyklische und fast period&he Striimungspulsationen die Ursache fur die beobachteten Mischraten durch 
die Spalte sind, die relativ unabhangig von der Spaltweite sind. Eine einfache Beziehung wird fiir den 

Mischungsfaktor entwickelt, die mit guter Naherung fiir jede Spaltgeometrie verwendet werden kann. 
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CTPYKTYPA TYP6YJIEHTHOCII-i B CTEPmHEBbIX l-IYYKAX H EE BJ-lkUIHHE HA 
ECTECTBEHHOE CMEBIEHAE MEW OEPA3OBAHHbIMM l4Ml-i KAHAJIAMH 

Ammmuu-IIpimonxms 3xcnepsme~mbHt4e L(aaHue no ecre4mmnioMy crdemeHmo rdexrry muia- 

nahui crepxweabm nywoa,nporrcxo~e~y 3ac-m Typ6yneHTHoro 06rdeHa. 06qwwoTcx ocHonme 

OCO6eHHOCTHCrp~yPbI Typ6yneHTHocm B Taxsix xaHanax HA WeTcll BblBOQ 'ITO l.ulnnmecrHe II 

norrH nepmommcrae ro~1e6ama noToKa B zaampax bfezsy II~~E~MH crepXHeil 06ymaMHBwT 

Ha6momenme cropoc~~ CMeIIIeEHII, KoTopbte He O~BHCST OT IIIH~HH~I sampa. Paspa6oTiuro IIpOcTOe 

06061wmuee COOTHOuIeHHe AmI OnEcaH~n KO3@EWieHTa CMeuIeImK, ~o~opoe MOS’I HCrIOJIb30BaTbcR 
B KaPeCTBe xopomero npH6JIHxeHHx npH ~no6ol reoMeTpHIi 3a3opa. 


