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Abstract
A survey is given of work in progress in the Thermal-
Hydraulics Laboratory on the water and sodium mixing-
layer experiments WAMIX and NAMIX, as well as re-
lated developments of computational methods. This
report describes the test rigs and experimental tech-
niques, states the objectives of the research programme,
presents design requirements for NAMIX together with
initial results from WAMIX, and discusses questions of
sensitivity of experiments and code calculations to ex-
ternal factors, such as inlet and boundary conditions,
and noise. The use of visualisation techniques and Ul-
trasonic Doppler Anemometry in WAMIX has proved to
be very helpful for the design of NAMIX. Furthermore,
it is shown that the effect of external factors should be
carefully analysed in order to obtain optimum perfor-
mance of experiments and calculations.

1 Introduction
In recent years, a growing tendency has arisen to in-
clude more passive-safety features in the design of future
LMFBRs, one of the special safety concerns being reli-
able decay-heat removal. These designs have included
entirely passive systems, such as the Direct Reactor
Auxiliary Cooling System (DRACS) of the European
Fast Reactor (EFR) project. Experiments and com-
puter simulations [1-5] have shown that, during thermal-
hydraulic transients following a protected loss-of-heat-
sink incident, complicated flow patterns result in the
upper plenum and primary circuit of an LMFBR, with
buoyancy-driven recirculation and flow stratification.

One of the essential, basic thermal-hydraulic pro-
cesses which determine the evolution of the flow field,
and consequently the heat removal by the DRACS, is
shear flow with various degrees of stratification. A re-
search programme has been set up at the Paul Scher-
rer Institute, in cooperation with the Institut fur Ange-
wandte Thermo- und Fluiddynamik at the Kern-
forschungszentrum Karlsruhe, because of the sparsity of
available experimental information on stratified shear
flows in liquid metals.

The experiments conducted within this framework
are designed to provide information for the validation
of reactor specific codes such as COMMIX, of general-
purpose fluid dynamics codes such as FL0W-3D [6] or
ASTEC [7], and of direct numerical simulation codes
such as FLOW-SB [8]. In order to investigate the effect
of heat conductivity or Prandtl number on thermal-
hydraulic processes, similar mixing-layer experiments

are being performed in water (WAMIX) and sodium
(NAMIX). To obtain information about the adequacy
of the test-section geometry, extensive visualisation ex-
periments were conducted before finalising the design of
NAMIX. The following sections give a short description
of WAMIX and NAMIX, survey the objectives of the
work, include first experimental results obtained with
WAMIX, discuss the design of NAMIX, and include
considerations on the sensitivity of code calculations
and experiments to external influencing factors.

2 Description of WAMIX,
NAMIX and Experimental
Techniques

The geometry of the mixing-layer experiment WAMIX
is shown schematically in Fig. 1, and remains essen-
tially unchanged for NAMIX. The two inlet chambers,
equipped with honeycombs, grids and contractions, pro-
vide almost laminar, parallel streams with different ve-
locities, which merge after the wedge and form a mix-
ing layer. The velocities of the two streams lie between
about 0.05 and 0.45 ms-1.

Figure 1: Geometry of the mixing-layer experiments
WAMIX and NAMIX.

Density differences of the two streams, brought about
by unequal temperatures, create buoyancy forces; these
support or oppose the shear forces, depending on the
sign of the density gradient. Temperature differences of
up to 20°C are used in WAMIX. The development of
the mixing layer and the exchange of heat between the
two streams are influenced by the conductivity of the
fluid. For otherwise similar experiments, this effect can
be highlighted by comparing results from WAMIX and
NAMIX.

The main emphasis of the experiments performed
in the WAMIX test-section, which is made of acrylic
glass, is on flow visualisation, especially for studying



the developing shear layer. This also helps to investigate
whether serious flow perturbations occur and if the same
geometry may be chosen for NAMIX.

WAMIX is also used for investigating the effect of
the inclination angle of the upper and lower channel
walls.

The following experimental techniques are being used
in WAMIX:

- Local dye injection, especially in the boundary
layers of the splitter plate and outer walls,

- Colouring of one stream by fluorescent dye and
visualising the interface of the two streams with a
laser sheet,

- Visualisation of tracks of fluorescent particles by
means of a chopped laser sheet,

- Simultaneous velocity measurement on traverses
through the channel using pulsed Ultrasonic Dopp-
ler Anemometry (UDA) [9],

- Local measurements, especially of temperature.

The N AMIX experiments ate being designed to p io
duce information on the distribution of mean temper-
atures, temperature fluctuations and mean velocities
across the mixing-layer. The following techniques will
be used:

- Temperature measurements by fast-response ther-
mocouples,

- Measurement of mean and fluctuating values of
velocities with permanent-magnet velocity probes
[10],

- Possibly UDA.

The local probes will be mounted on manipulators
installed at selected positions downstream of the wedge
and allowing the probes to be moved vertically and hor-
izontally in planes normal to the flow direction. Some
of the manipulators will hold two separately movable
probes.

A special low-noise data acquisition system has been
developed for scanning temperature and velocity fluctu-
ations.

3 Objectives of the Research
Programme

3.1 Fundamentals of Mixing Layers
The investigation of plane mixing layers has been a
favourite research subject for many years and apart
from liquid metals, where the only experiment seems
to be the one of Iritani et al. [11], a vast amount of
experimental information is available.

Most of the more recent work has been devoted to
the analysis of coherent vortex structures formed in
the developing part of the mixing layer as a result of
the shear-layer instability. Vortex interaction mecha-
nisms, especially pairing, cause mixing layers to grow in
the downstream direction until a more or less perfect,
asymptotic state is achieved. Ideally, self-similarity can
be attained, where the vertical distribution of the time-
averaged horizontal velocity assumes the form:

U(y) = - U2) F (1)

In (1), U\ and U2 ate the velocities below and above
the mixing layer, respectively, and F is a profile function
varying between 0 and 1. The spreading rate of the non-
stratified layer is given by the vorticity thickness:

defined by,

= ci R(x - x0),

{ = \Vi - Ua\

dU

(2)

(3)

The velocity ratio in (2) is given by:

and xo represents the abscissa of the virtual origin.
According to Ho and Huerre [12], the asymptotic

range begins at

* ~ > 12, (5)

with Ao designating the wavelength of the spanwise vor-
tices formed behind the splitter plate.

The best fit for ct given by Brown and Roshko [13]

c( = 0.181 ± 0.015 (r.m.s.) (6)

This constant may, however, be influenced through
artificial excitation of the mixing layer (forcing) by a
weak, external, oscillating field, which may determine
the frequency of the spanwise vortices shed by the wedge.
Furthermore, Oster and Wygnanski [14] quote a num-
ber of other factors which may additionally influence
the development and even the asymptotic state of the
mixing layer. Such factors are:

- Free stream turbulence level,
- Structure of boundary layers on splitter plate,
- Inlet geometry,
- Interaction of the mixing layer with outer walls

and inserted probes,
- Mixing-channel geometry,
- Mean velocity,
- External noise.

In stratified mixing layers, the spreading-rate is de-
creased or increased depending on whether the stratifi-
cation is stable or unstable, respectively.

For a stably stratified mixing layer between two
streams of different temperatures, vortices decay and
the shear layer is laminarised if the gradient Richard-
son number reaches a critical level, given at least for
'ordinary' fluids by;

Ri = > 0.3 (7)
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ID (7), /?, #, and 6 represent the thermal coefficient
of volumetric expansion, the constant of gravity, and the
time-averaged temperature, respectively. For stratified
layers, a truly self-similar domain no longer exists and
l(x) does not depend linearly upon x.

In the unstable case, buoyancy forces enhance the
mixing and cause a rapid growth of the layer.

For fluids with low or high Prandtl number, heat
transport differs from momentum transport. The high
conductivity of sodium causes the thermal mixing layer
to grow faster than the velocity mixing-layer, but it also
leads to stronger smoothing of the temperature and den-
sity fluctuations within the layer.

3.2 General Objectives

The objectives of the work may be subdivided according
to the two flow domains mentioned previously.

For the detailed analysis of the developing region be-
hind the wedge, where coherence effects are very impor-
tant, visualisation techniques, optionally supplemented
by quantitative measurements, are being used in
WAMIX. \n NAMIX, -where only point-wise measnTe-
ments are possible, correlation and conditional sam-
pling techniques, together with spectral analysis, could
yield useful information for comparison. Experimen-
tal results of this kind will serve as a validation basis
for codes solving directly the time-dependent Navier-
Stokes and enthalpy equations. For this purpose, the
pseudo-spectral code FLOW-SB [8] is being adapted to
the temporal (spatially periodic), stratified mixing-layer
problem.

The second main objective of the work is to show
that general-purpose thermal-hydraulic codes like
ASTEC, possibly with extended turbulence models, are
able to reproduce with reasonable accuracy the overall,
and especially the asymptotic, development of stratified
mixing layers at various Prandtl numbers. Measure-
ments of the distribution of mean velocities and temper-
atures, mean-square values of temperature fluctuations
and, possibly, other second momenta in the asymptotic
domain of stratified water and sodium mixing-layers,
will yield the experimental basis for validating codes of
this type. The next section contains a more detailed
discussion of this subject and includes a proposal for a
modification of the modelling in ASTEC.

3.3 Specific Objectives Relating to the
Validation and Development of
ASTEC

For this application, the turbulence model in ASTEC
needs to be modified to include effects of the heat con-
ductivity of liquid metals on the dissipation of second
moments, including temperature fluctuations. The num-
ber of transport equations should be as small as possi-
ble. Such a model, containing relatively complicated
algebraic closure relations, has been suggested by Pi-
mont (15, 16j and another by Ushijima et ai. [17], who
used A:-dependent eddy viscosities and diffusivities de-
termined experimentally for water and sodium [11]. In
the following, the same set of transport equations will
be used, simplified to include only the relevant terms
for the plane mixing-layer. Simplifications are also nec-
essary because only a small subset of the quantities ap-

pearing in the general turbulent stress-flux equations
can be measured in a sodium experiment.

For horizontal mixing layers, the equations of inter-
est may be reduced to the form:

(8)

g + vg+»V=»L>°) (.0)
ox dy ay ay y dy J

U -z- + V -%- = — [a — v$2 ] - ivB -3 e,
Ox dy dy \ dy j oy

(11)

In equations (8) to (11), V denotes the vertical time-
averaged velocity component, u and v are the velocity
fluctuations, 9 represents the fluctuating part of the
temperature, and c« signifies the dissipation of these
fluctuations, v and a have the meaning of kinematic
viscosity and thermal diffusivity, respectively, and over-
bars denote temporal averagings

The transport equation for 62 has been included for
several reasons:

- The spatial and spectral distributions of 92 and
the energy k of velocity fluctuations differ more
strongly is liquid metals than in ordinary fluids,

- 62 is a relevant quantity among the production
terms in algebraic closure equations,

- 02 is an important technical quantity because of
the thermal striping issue,

- 62 is easily measurable in sodium.

Inserting the measured distributions of U, 0, 82,
and e», into equations (8)—(11) yields the quantities
V, uu, tie, and vS2.

On the other hand, the modelling in the k — e code
ASTEC (e = dissipation of Jb) would need to be sup-
plemented by a transport equation for 62 and algebraic
models for turbulent stresses and fluxes (See, for exam-
ple, Rodi [18]) as well as the dissipation ce. Effects of
the high conductivity of liquid metals can be taken into
account by using an approach such as that suggested by
Jischa and Rieke [19].

In this way, the performance of such a modified form
of ASTEC could be validated.

With respect to_experiments, it has to be added
that the moments riB and v6 can be measured directly
by means of permanent-magnet velocity probes [10], if
only with questionable accuracy. Although difficult, the
measurement of e» in sodium is possible, in principle,
using direct-contact thermocouples [20].

Iritaniet al. [11] also measured distributions of mean
velocities and temperatures and determined uv and v0
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by means of eqns. (9) and (10). They excluded measure-
ments of 82, however, and did not attain the critical Ri
number. Furthermore, they also did not present results
for unstable stratification.

4 Discussion of NAMIX Design
4.1 Experimental Requirements
The NAMIX test-section and the necessary extension of
the sodium loop NALO at the Paul Scherrer Institute
have to fulfil the following criteria:

1) The velocity fields issuing from the entry cham-
bers into the mixing channel should have flat pro-
files and only little residual turbulence.

2) The mixing layer must not be perturbed by exter-
nal noise, hydrodynamic instabilities, rough walls,
and accumulations of bubbles or particles on the
splitter plate.

3) It is necessary to attain a nearly asymptotic state
of the mixing layer according to eqn. (5) over a
reasonable length of the channel and sufficiently
large R. Furthermore, the channel geometry must
account for boundary layer growth, as well as
mixing-layer deflection, and avoid significant in-
terference of mixing and boundary layers.

4) The channel width has to be large enough to acco-
modate a reasonable number of longitudinal vor-
tices.

5) The outer limits of the thermal mixing layer must
not reach the upper and lower walls before the end
of the test domain.

6) It is necessary to attain the critical Ri number
given in eqn. (7) before the end of the experimen-
tal domain.

4.2 Experience Derived from WAMIX
WAMIX experiments have proved to be very helpful for
the clarification of requirements 1) to 4).

UDA measurements (see Figs. 2a-d) and particle vi-
sualisation techniques have shown that condition 1) has
been satisfied. External perturbations could be pro-
duced, for example by shaking the hoses feeding the in-
let chambers, which had a dramatic effect on the mixing
layer.
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Figure 2a: Velocity profiles for contracting channel.
Mean velocities 0.225 ms'1 and 0.376 ms'1.

Figure 2b: Velocity profiles for straight channel. Mean
velocities 0.225 nw~l and 0.376 ms'1.

Figure 2c: Velocity profiles for expanding channel.
Mean velocities 0.225 ms'1 and 0.376 ms'1.

40 n
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Figure Sd: Velocity profiles for inclined channel. Mean
velocities 0.225 ras"1 and 0.376 ms'1.

Pump noise also seems to influence the dependence of
the vortex-shedding frequency on the mean velocity (see
Fig. 3). On the other hand, no apparent coherence be-
tween turbulent wall bursts and mixing-layer perturba-
tions could be detected.

The accumulation of air bubbles beneath the split-
ter plate proved to be a problem in WAMIX. The bub-
bles could be removed, however, between experiments
by means of a water spray.

Visualisation techniques were used for measuring the
vortex-shedding frequency /„, which is needed for in-
vestigating whether eqn. (5) can_be satisfied. For the
dependence of /„ on the velocity U, i.e. the mean of U\
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and 6*2, an analytical expression can be derived based on
a recommendation of Ho and Huang [21], which yields:

/ . = C • V" (12)

Fitting C to the experimental data outside the ve-
locity range 0.1ms"1 < U < 0.25 ms"1 leads to good
agreement. An external perturbation, possibly a pump-
vibration mode, seems to be responsible for the anomaly
inside the range.
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Figure $: Vortex-shedding frequency versus mean
velocity.

Longitudinal vortices can be made visible by colouring
one of the streams and intersecting the mixing layer
by means of a laser sheet normal to the flow direction.
In Fig. 4, which shows only about 75% of the chan-
nel width (= 0.15m), the lateral spacing of the vortices
roughly equals Ao. The experiments also demonstrate
that the lateral position of the vortices is relatively
stable. This confirms the findings of Bell and Mehta
[22], who noticed that these longitudinal eddies per-
sisted even far downstream, into the asymptotic range,
and leads to the conclusion that measurements of the
quantities U, 9, 92, etc. have to be averaged laterally
over the equivalent of at least one wavelength. The ef-
fect of channel-wall inclination on the development of
the velocity profile was investigated in a series of ex-
periments by using the pulsed UDA technique. The re-
sults in Figs. 2a-c show that in none of the three cases
(expanding channel (wall angle = 0.72°), parallel-wall,
and contracting channel (angle = —0.58°), could a truly
asymptotic profile with constant outer velocities on slow
and fast side be achieved. Only the case with both walls
inclined by 0.58° towards the slow side (Fig. 2d) appears
to preserve the velocities outside the mixing layer.

4.3 Choice of Design
The fulfilment of the remaining criteria has been se-
cured by means of engineering analysis methods. Suit-
able ranges of the parameters of interest have been de-
termined to be:

0.05 ms"1

0.15
300°C
0°C

< U
< R
< e

< 0.4 ms"1

< 0.3
< 4oo°c
< ioooc

A& representing the difference between the mean tem-
peratures of the two streams.

Figure 4: Visualisation of longitudinal vortices by
intersecting the mixing layer with a laser sheet normal

to the direction of flow.

The dimensions of the test channel were chosen as
follows:

Length — 1.6 m
Height = 0.12 m
Width = 0.15 m

Additional experiments and calculations have to be
carried out before it can be decided whether the incli-
nation angle of one of the walls in NAMIX should be
variable.

5 Effects of External Conditions
on Mixing-Layer Experiments

External factors influencing the development of mix-
ing layers, such as those mentioned in Sec. 3.1, can be
distinguished according to their ability to interact co-
herently with the mixing-layer structures. This sort of
interaction need not be the result of artificial forcing,
but may be brought about by noise or inherent hydro-
dynamic instabilities. The relatively large scatter of
the spreading-rate of mixing layers represented by the
r.m.s. value of ci in eqn. (6), the observation made by
Weisbrot et al. [23], and the anomalous dependence of
the vortex-shedding frequency in Fig. 3, illustrate this
statement.

It is an acknowledged fact that turbulence-transport
codes based on single-point closure models cannot au-
tomatically account for coherence effects resulting from
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interaction with external factors, i.e. without adapta-
; tion of the modelling coefficients [24-26]. When com-
: paring results obtained from code calculations of this
' kind with experiments, one has to know if external fac-
; tors are likely to have influenced the experiments.
" Among the many possible causes quoted in Fee. 3.1

which may affect mixing-layer experiments, there are
% also a considerable number which influence the results
/ of calculations using turbulence transport codes. When

interpreting experimental results by means of the sim-
plified equations (9)—(11), the extent and effect of devia-
tions from the idealised asymptotic shape of the mixing
layer, and of neglected terms, should thus be known.

For this purpose, a sensitivity study using the code
ASTEC and the experiment WAMIX has been initiated.
With WAMIX, the influence of channel-wall inclination
on the velocity distribution, as shown in Figs. 2a-d, has
been investigated. Root mean square values of the mea-
sured velocities amounted to about 10% of the mean
values. More tests will be performed to optimise the
channel geometry, to include cases with stratification,

•"• to identify the cause of the anomaly in the distribution
of the vortex-shedding frequency, and to carry out vi-
sualisation studies of the interaction between inserted
probes and the mixing layer.

With ASTEC, the influence of channel-wall inclina-
tion has also been studied for the case XJ\ = 0.3 ms"1

and Ui = 0.2ms"1, assuming free-slip boundary condi-
tions on the outer walls. Results for the distribution of
the horizontal velocity component, 0.4 m downstream of
the edge of the splitter plate, are given in Figs. 5a-d.
Figures 5a-c show the profiles for contracting, paral-
lel, and expanding channels, respectively. The inclina-
tions of the upper and lower boundaries for the con-
tracting and the expanding channel are ± 1%. In all
cases, the same maximum velocity gradient is obtained,
but the velocity difference as well as the vorticity thick-
ness increase for expanding, and decrease for contract-
ing, channels. Theoretical considerations suggest that
a small inclination of both walls in the direction of the
slower stream, combined with a slight convergence of the

"*• walls, should yield constant velocities outside the mix-
ing layer. The computational results given in Fig. 5d
confirm this.
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Figure 5a: Velocity profile for contracting channel -
ASTEC results.

More calculations will be carried out to analyse other
changes in inlet and boundary conditions, such as those
mentioned in Section 3.1, including cases with and with-
out stratification.
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Figure 5b: Velocity profile for straight channel -
ASTEC results.
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6 Summary
This report surveys present and future activities relat-
ing to the mixing-layer experiments WAMIX and NAMIX.
The experimental requirements imposed on the design
of NAMIX are emphasised and the usefulness of the
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I
previous visualisation experiments in WAMIX demon-
strated. It is shown that, despite experimental diffi-
culties, one can obtain data in sodium tests to provide
a useful validation base for various turbulence codes.
Special attention is paid to how, and to what extent,
external causes may affect experimental and computa-
tional results, particularly in the asymptotic domain of
the mixing layer, where the most relevant experiments
in sodium for the validation of a modified version of
ASTEC will have to be performed.

Acknowledgements
The authors gratefully acknowledge the support of Prof.
U. Miiller and his colleagues at the Kernforschungszen-
trum Karlsruhe, as well as the willingness of Dr. Y.
Takeda (PSI) to place his UDA equipment at the au-
thors' disposal and to assist with experiments.

References
[1] WEBSTER R., "Natural Convection Cooling of Liq-

uid Metal Systems: A Review", Dounreay Nu-
clear Power Development Establishment, DNE-R-
16 (Feb. 1990).

[2] HOFFMANN H., WEINBERG D., IEDA Y.,
MARTEN K., TSCHOKE H., FREY H-H. AND
DRES K., "Thermohydraulic Investigations of
Decay-Heat Removal Systems by Natural Convec-
tion for Liquid-Metal Fast Breeder Reactors", Nuc.
Tech. 88 (1989) 75-86.

[3] THOMASSON R. K. AND PURSLOW B., 'The Im-
portance of Sodium Plume Behaviour in the Nat-
ural Convection Cooling of Fast Reactors", Proc.
4th Int. Conf. on Liquid Metal Engineering and
Technology, Societe Frangaise d'Energie Nudeaire,
Avignon, 17-21 October 1988, 2, Paper 419.

[4] TZANOS C.P. AND PEDERSON D.R., "Analysis of
DRACS and DRACS-RVACS Decay-Heat Removal
Experiments", Nuc. Tech. 95 (1991) 253-265.

[5] AKUTSU M., OKABE Y., SATOH K., KAMIDE H.,
HAYASHI K., NAOHARA N., IWASHIGE K. AND
SHIBATA Y., "Study of Thermal-Hydraulic Char-
acteristics during Decay-Heat Removal in a Pool-
Type Fast Breeder Reactor", Nuc. Tech. 98 (1992)
14-26.

[6] JONES I.P., KIGKTLEY J.R., THOMPSON C.P.
AND WILKES N. S,, "FLOW-3D, A Computer Pro-
gram for the Prediction of Laminar and Turbulent
Flow and Heat Transfer: Release 1", UKAEA Re-
port AERE R 11825, Harwell (1985).

[7] LoNSDALE R. D., "An Algorithm for Solving
Thermal-Hydraulic Equations in Complex Geome-
tries: The ASTEC Code", Int. Top. Mtg. on
Advances in Reactor Physics, Math, and Comp.,
Paris, 27-30 Aprii 1987, 3, 1653-1664.

[8] LAM K. L., Numerical Investigation of Turbulent
Flow Bounded by a Wall and a Free-Slip Surface,
PhD Thesis, University of California, Santa Bar-
bara (June 1989).

[9] TAKEDA Y., "Development of an Ultrasound Ve-
locity Profile Monitor", Nucl. Eng. Design 126
(1991) 277-284.

[10] VON WEISSENFLUH T., "Probes for Local Velocity
and Temperature Measurements in Liquid Metal
Flow", Int. J. Heat Mass Trans. 28 (1985) 1563-
1574.

[11] IRITANI Y . , NAKAMURA K., UEDA S-, CHO A . ,
USHIJIMA S. AND MORIYA S., "Turbulent Char-
acteristics of Thermal Stratification in a Sodium
Flow", Ibid. [3] Paper 425.

[12] Ho C. M. AND HUERRE P., "Perturbed Free Shear
Layers", Ann. Rev. Fluid Mech. 16 (1984) 365-424.

[13] BROWN G. AND ROSHKO A., "On Density Effects
aid Large Structure in Turbulent Mixing Layers".
J. Fluid Mech. 64 (1974) 775-816.

[14] OsTER D. AND WYGNANSKI I., "The Forced
Mixing Layer between Parallel Streams", J. Fluid
Mech. 123 (1982) 91-130.

[15] PIMONT V., Etude ei mode'lisation d'ecoulemenis
turbulents de me'taux liqnides, PhD Thesis, Ecole
Centrals des Arts et Manuf., France (Sept. 1983).

[16] VIOLLET P. L., GRAND D., CHABARD J P. AND
MAGNAUD J. P., "Refined Numerical Modelling in
Thermal-Hydraulic Analysis", Nucl. Eng. Design
124 (1990) 339-361.

[17] USHIJIMA S., MORIYA S. AND IRITANI Y., "Devel-
opment of a Refined k—t Model and its Application
to Stratified Sodium Flows", Ibid. [3] Paper 418.

[18] RoDI W., "Turbulence Models and their Applica-
tion in Hydraulics - A State-of-the-Art Review",
Int. Ass. for Hydr. Res. (Feb. 1984) 41-43.

[19] JISCHA M. AND RlEKE H. B., "Modeling Assump-
tions for Turbulent Heat Transfer", Proc. 7th Int.
Heat Trans. Conf., Munich, U. Grigull et al. (Eds.)
3 (1982) 257-262.

[20] BUNSCHI J., Turbulente Temperaturschwankungen
in flussigem Natrium, Diss. No. 5890, Eidg. Techn.
Hochschufe Zurich (Feb. 1977).

[21] Ho C M . AND HUANG L.S., "Subharmonics and
Vortex Merging in Mixing Layers", J. Fluid Mech.
119 (1982) 443-473.

[22] BELL J.H. AND MEHTA R. D., "Measurements of
the Streamwise Vortical Structures in a Plane Mix-
ing Layer", J. Fluid Mech. 239 (1992) 213-248.

[23] WEISBROT I., EINAV S. AND WYGNANSKI I.,
"The Nonunique Rate of Spread of the Two-
Dimensional Mixing Layer", Phys. Fluids 25
(1982) 1692-1693.

[24] TAULBEE D.B. AND LUMLEY J.L., "Prediction of
the Turbulent Wake with Second-Order Closure",
Cornell University Report FDA-81-04 (1981).

[25] GEORGE W. K., "The Self-Preservation of Tur-
bulent Flows and its Relation to Initial Condi-
tions and Coherent Structures", Advances in Tur-
bulence, W. George and R. Arndt (Eds.), Hemi-
sphere (1989) 39-73.

[26] TAULBEE D.B., "Engineering Turbulence
Models", Ibid. [25] 75-125.

39


