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Abstract

The paper summarizes results of experimental and theoretical studies related to the flow of liquids with a free surface and poor
electrical and thermal conductivity, such as molten salts, under conditions relevant to fusion energy systems. These results have
been obtained over last several years when developing the liquid wall concept as a part of the APEX project [M.A. Abdou, The
APEX TEAM, On the exploration of innovative concepts for fusion chamber technology, Fusion Eng. Des. 54 (2001) 181-247].
As atheoretical tool a modifidd-< model of turbulence coupled with the Navier—Stokes equations written in the thin-shear-layer
approximation is used for studying wavy, turbulent flows in a spanwise magnetic field. The experimental part covers current
results for supercritical flows in regimes transitional from “weak” to “strong” turbulence, which are expected to occur in the
reference liquid wall flows. The paper also describes on-going work on novel schemes of heat transfer promotion and current
directions for direct numerical simulation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction potentially accommodate such First Wall heat loads
utilizing a molten salt as the working liquid, we will
The APEX (advanced power extraction) stydy refer to the CLiFF concept detailed j8]. In CLiFF,
has focused a significant amount of attention on the the molten salt flows poloidally over the reactor First
possibility of utilizing flowing liquid layers as a virtual ~ Wall from the chamber top to bottom, forming a liquid
First Wall in magnetic fusion reactors. Such a concept layer with a thickness of about 2 cm, and the velocity
requires that the liquid layer absorbs energy from the of about 10 m/s. The free surface in the CLiFF flows
plasma in the form of radiation and energetic charged is exposed to a high surface heat flux2MW/m?)
and neutral particles. As a particular design that can from the surrounding plasma and is affected by a strong
reactor magnetic field¥10 T). A key thermofluid issue
msponding author. Tel.: +1 310 794 5366 fo_r mo_lteq salt flows under CLiFF parameters is the
fax: +1 310 825 2599. minimization of the surface temperature, and thus the
E-mail addresssergey@fusion.ucla.edu (S. Smolentsev). amount of evaporated material that could potentially
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enter and poison the plasma. This surface temperatureextentremain turbulenHa/Re < [Ha/Re],). Butthe
will be critically related to the heat transfer at the free turbulence may be modified and partially suppressed
interface facing the plasma heat flux. by interaction with the magnetic field when compared
For many years high heat capacity, high ther- to flows of non-conducting liquids. The suppression of
mal/electrical conductivity media such as liquid metals turbulence is caused by the damping effect arising from
have been studied as possible coolants for fusion reac-dissipation of the turbulent kinetic energy into the Joule
tors. Molten salt flow and heat transfer differs from heat. Suppressing the turbulence pulsations by the mag-
liquid metals in critical ways. Molten salts typically netic field results in reduction of the effective thermal
have low thermal conductivity and so heat transfer conductivity across the interface.
through the flow is highly dependent on the level of The primary goal of the present study is to give a de-
turbulence. This is not true for liquid metals that have tailed description of the thermofluid phenomena in the
very high thermal conduction. Near the free surface near-surface region of a turbulent free surface flow in a
this turbulent transport process is known as surface re- magnetic field under conditions relevant to fusion sys-
newal[3]—where cooler (warmer) liquid fromthe flow  tems. The considerations are based on the experimen-
bulk (free surface) is delivered to the free surface (flow tal and theoretical studies, which were conducted over
bulk) by the turbulent structures. The turbulence mo- last several years when working on the APEX project.
tion itself will be affected both by the proximity of the  Some technical results have already been presented in
interface and the strength of the magnetic field. the earlier publicationgr,8]. The present paper is pri-
Turbulent structures in the flow undergo redistri- mary intended to emphasize practical aspects of using
bution near a free surfadd], where the normal ve-  the theory developed when applying it to fusion related
locity component is strongly constrained by the free problems. All the results are presented in the paper in
surface tension and the gravity force. This effect re- the following way. Following the present introductory
sults in a near-surface “blockage” layer with thickness section,Section 2gives a general description of the
in the order of the typical turbulence scdt§ where extendedK—s model including governing equations,
the heat transport can be significantly reduced in com- boundary conditions and turbulence closures. The ex-
parison with the flow bulk. The turbulence redistribu- perimental results and validations of the model along
tion process, however, can be strongly influenced by with the evaluations for the turbulent Prandtl number
any wave phenomena—an essential part of free sur-are presented iSection 3 Examples of application of
face flows. Under CLIiFF conditions, surface waves are the modeltothe CLiFF flows and heattransfer are given
mostly generated through deforming the free surface in Section 4 Section 5introduces novel approaches
by the turbulent structures from the flow bulk. for heat transfer enhancement in open surface flows
Turbulent flow behavior will also be affected by the and explains preliminary experimental results on im-
interaction with the magnetic field. Liquid metals, due proving heat transfer through changes of the back-wall
to their high electrical conductivity10° @1 m~1), topology. The paper also illustrates some results on free
have strong magnetohydrodynamic (MHD) interaction surface deformations in free falling films, which were
when flowing across the reactor magnetic field that calculated numerically by means of direct numerical
can result in an excessive MHD drag, as well as tur- simulation (DNS) inSection 6 Section 7summarizes
bulence suppression. Based on the experimental datahe most important results.
[6], the laminarization in liquid metal closed channel
flows occurs if Ha/Re > [Ha/Re].. The Hartmann
numberHa = Bol+/o/(vp), and the Reynolds number, 5 k_g¢ model as a tool for studying thermofluid
Re = Uml/v, are built using the applied magnetic field  yhenomena in fusion systems
(Bo), bulk mean velocity Ur,), characteristic flow di-
mension (), and physical properties of fluid: electrical The turbulence models are many in number and dif-
conductivity @), kinematic viscosity f), and density fer in many ways depending on their range of appli-
(p). Unlike liquid metals, molten salts have a much cability, level of closure and mathematical complexity
lower electrical conductivity410? Q@ Im~1) anddo  [9]. In the present study, we use tKes model de-
not experience such strong MHD forces and to a large veloped in[7] as a basic theoretical tool for studying
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thermofluid phenomena under CLIiFF type conditions. closure parameter is the turbulent Prandtl numBgr,
Unlike standard two-equation moddR], which are which expresses the ratio of the eddy diffusivity for
not directly applied to MHD flows, the present one had momentum to the eddy diffusivity for heat. In terms of
been adjusted by using experimental data for electri- v; andPr;, the turbulent shear stress and heat flux in a
cally conducting fluid flows in a magnetic field per- boundary-layer type flow can be described as
pendicular to the main flow direction. As applied to

the fusion systems, this case represents poloidal flows (/) — _wy’ (1a)

in a toroidal reactor magnetic field. In this section we ay

briefly describe the model and modified free surface b AT

boundary conditions that extend non-MHD boundary (#'v') = —ﬁg (1b)
t

conditions originally proposed if10]. The effect of a
free surface on heat transfer is incorporated throughthe  Assuming low magnetic Reynolds numb@ef, =
turbulent Prandtl number, which was adjusted usingthe |, 571/, « 1, wherep is the magnetic permeability

experimental data. and the other symbols as described above) and apply-
ing Reynolds averaging to the Navier—Stokes—Maxwell

2.1. Turbulence closure for the electromagnetic equations with the conventional closure approxima-

terms tions, one can obtain equations for the turbulent kinetic

energy per unit mass, and the dissipation rate per

The starting point for the development of a turbu- Unit massg. Once these two quantities are known, the
lence model is the standard set of the flow equations for €ddy viscosity can be calculated by using the so-called
incompressible liquids, known as the Navier—Stokes Kolmogorov—Prandtl expression:
equations, along with the energy equation and equa-
tions for electromagnetic quantities known as the ,, —
Maxwell equationg$6]. The turbulent flows can be an-
alyzed by using these equations through the so-calledwith ¢, as a model coefficient. The transport equation
Reynolds decompositig®], i.e. dividing the flow and  for K is derived here by the conventional method. After
other parameters into mean and fluctuating parts. For decomposing the velocity into the mean and fluctuat-
example, the velocity field is decomposed in the fol- ing parts, each of the equations for the fluctuating parts

C,K?

lowing way: is multiplied by the corresponding pulsation velocity
, component. Then, the equations obtained are added to-
vj = {vj) +vj, gether and averaged. Finally, unknown turbulent cor-

relations are replaced by algebraic expressions with

where(v;) is the mean and) the fluctuating part. Af- losur fficients. Doing all th tens results in th
terdecomposing,theequationsareaveragedinthelongC osure coetlicients. Doing afl these Steps results €
equation foK as follows:

time or ensemble average sense. The new equations ob-
tained resemble the laminar equations. However, some 2
. . . K o(v;) 0 vt \ 0K
new terms appear, which consist of correlations be- —+(v;))— =w| —= | + — |(v+— | —
tween various fluctuating components. In the momen- o 0 ox; ok ) 0x;
tum equation, the new terms appear as stress terms de- Production Diffusion
noted as the Reynolds stressRg:= —p(v;v;). In the K
. —&—€am - (2)
energy equation, the new term has the form of a turbu- Nl
lent heat flux, such a(s’v/j). In order to get a closed set Dissipation
of equations, these new unknowns need to be modeled.
The corresponding closures are often constructed by  The first three terms on the RHSB§. (2)are stan-
introducing a so-called turbulent viscosity (eddy vis- dard, while the fourth oneX , is electromagnetic. The
cosity or eddy diffusivity for momentum);;. Unlike expression foeX  is obtained by the above procedure
the molecular viscosityy; is not a physical property  and comes from the Lorentz force term on the RHS of
and can vary widely both in time and space. Another, the momentum equation for the fluctuating velocity as
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follows: commonly accepted approach (§&&,13)), whereby
o the closure form for this term is adopted from that for
8§m: D)+ Dy = ;(ZB(Z)K — Bo,'BOk(v;v;{)) oK P
em

Expression (3) includes two term&, and Dy,
which come from two components in Ohm’s law:
+ %o B <3§0’U{> 3) oV’ x Bo and —oV¢/, respectively. The ternd; is

/ ax; ')’ always positive, whileDy; is negative. Although the

> ratio betweerD, and D, can vary in a wide range de-

pending on the flow parameters, their sut),, which

wheree;j is the Levi-Civita symbol defined by stands for the Joule dissipation, is always positive. In
what follows, we will restrict ourselves to examine the
effect of a one-component magnetic field, which is as-
sumed to be perpendicular to the main flow direction.
0 otherwise This includes both the wall-normal and spanwise ori-
entations of the magnetic field with respect to the main

Here, Bo = (\ /B3, + BS, + B§3> is the applied  flow. Table igivesD, andDy, for these particular cases.
magnetic field, ang the electric potential, which is In the t_able and _belovx, y, zandu', v/, w./ denote the
also decomposed into the mean and fluctuating parts,ca.rteSIan coordinates and c;orresp_ondmg pulsating ve-
such thatp = () + ¢/ The exact equation far can locity components. The main flow is assumed to be in

also be derived. However, following the general prac- thex-axis direction.

p .
tice, the standard model equation fois best viewed To modelegy, one can draw on t_he _foII(_)wmg gen-
as being entirely empiricdL1]; erally observed tendengg4]. The distribution ofDy

is similar in shape to that dP; and both are similar in

D

+1if (i, j, k) are cyclic,
gijk =  —1if (i, j, k) are anticyclic,

de o e 3(vi) ) 2 shape to the distribution df. This gives a ground to
P <vi>§j =Cipn ox; modeleX , in the following form:
K 0 52
B [( vt> og ] gem = C3—B{K,
— v+ =)= P
ox 0y ) Ox; . .
. and then to adopt the following expression &g,
—Cyr—e — & 4
ZKS €em ( ) ng _ C4EB%E,
In Egs. (2) and (4)C1, C2, ok, and o, are the p
conventional closure coefficients. Similar Eg. (2) where C3 and C4 are additional closure coeffi-
Eq. (4) also includes the electromagnetic tergf,, cients. In channel flows with a weak magnetic field

which is not necessarily the same as that in (2). The (Ha/Re < (Ha/Re)y), the turbulence structure is
production term in both equations is given in a simpli- close to that in ordinary flows where streamwise vor-
fied form, which is appropriate for channel flows. The tices dominate. For such flows, the Joule dissipa-
essence of the turbulence model is how to model the tion is mostly contributed byD;. Taking into ac-
electromagnetic terms. The analysis of the sink term, count that(v'v'), (w'w') < (u'u’) and K = (u'u’) +
e§m, and the closure relation for it are given below. (v'v') + (w'w’) one can arrive af'3 ~ 2. In the oppo-

In modeling the destruction term¢,., we used the  site particular case of a strong magnetic field, transition

emr
Table 1

Specification of electromagnetic tewfy, for a one-component magnetic field

Bo D Dy

(0, Boy, 0) (wall-normal) 2 B3 (W) + (w'w')) 2 Boy ( i
(0, 0, Bg;) (spanwise) %Bgz((u/u’> + (V') 2 Bo, (
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Table 2

Specification of the electromagnetic terms in equationkfande after modeling for closed channel flows

Magnetic field direction ek £am Cs3 Cy Experimental data used
Spanwise C32B5K C42 B3e 1.9 exg—1.0N} 1.9 exg—2.0N} [16]

Wall-normal C3% B3K Ca$ B¢ 1.9 exp—1.0N} 1.9 exp—2.0N} [17]

The interaction parameteM, is build through the channel width.

to a 2D state occurs, in which turbulent eddies are elon- tions. However, using the same closure constants does
gated in the field direction, so th& and Dy become not automatically mean the same degree of turbulence
nearly equal in magnitude but opposite in sign, and suppression. Inthe wall-normal field case, the magnetic
eX  — 0. ThereforeCs drops from about 2 to asmaller  field has a stronger effect, which is explained by flat-

value as the magnetic field grows. In the present study, tening the velocity profile due to the Hartmann effect.

we adopt an exponential approximation 165 simi- Since the mechanism of turbulence suppression by a
lar to that in[15] for pipe MHD flows, where it was  magneticfieldin open and closed channel flows s of the
suggested in the following form: same nature, the same closure terms can be used when

modeling open channel flows, but with some modifica-
Cs ~ exp(—N}. tions in the numerical values:
whereN = Ha?/Reisthe interaction parameter, which
characterize the ratio of electromagnetic to inertia
forces. However, the details of implementation of the where the interaction parameter is build through the
present model and the numerical values of closure pa-flow thicknessh. Doubling the power in comparison
rameters are different from those given[itb]. The with the closed channels is introduced because from
present evaluations of the closure parameters have beenhe geometrical viewpoint, the open channel flow with
developed using well-documented sets of the experi- the depthh can be treated as a half of the closed chan-
mental data for the friction factoe;, in MHD flows in nel flow with the width 2. More detailed description
slotted channeld 6,17]and are summarized rable 2 of the turbulence closure for the electromagnetic terms
Figs. 1 and Zdllustrate the accuracy of evaluating including an additional case of the streamwise orien-
the closure parameters in the electromagnetic terms,tation of the applied magnetic field can be found in
by comparing the calculated friction factor with the [7].
experimental data. As it can be seen fréable 2 the

C3=19 exg—2.0N},  Ca=1.9 exd—4.0N},

same model specification can be used for two orienta- 129 '
Experiment : :

§ < Re=29000 .
1.2 !

*  Re=50000 ) -

| ¢ Re=90000 I
8 . .3
( J = calculations I
0.8 S i
o A [}
(.5_ A ><‘_ < :
~ Experiment: O b " e
© 04 | ® Re=22750 . s HalRem1/225;
' A Re=7650 e - '
i B Re=3890 T -~ " "laminar" i
calculations .7 Ci=2Ha/Re |

0 T I T I T I O T | T | T I T | lI |

0 10 20 30 0 1 2 3 4 5

Ha (Ha/Re) x 1000

Fig. 1. Experimenta[16] and calculated friction factor in closed Fig. 2. Experimentdl17] and calculated friction factor results for a
channel flow for a spanwise magnetic field. wall-normal magnetic field.



68 S. Smolentsev et al. / Fusion Engineering and Design 72 (2004) 63-81

2.2. Free surface boundary conditions of Is = 0.07h x ls1/Isp that results in
. . . 3/4,,3/2
In the first studies of turbulent flows in open chan- [ 9K\ 0 e O Ks'" Iso ®)
nels, the “rigid-lid” surface was assumed to act likea \ 3y /.~ ST 0.07h« sy

plane of symmetry. The symmetry condition requires ] )
that bothk ande have zero surface-normal gradientat  Afterthat, the flow calculations can be repeated with

the surface: the new b(_)undary cond_itior)s. However, in a strong
magnetic field, flow laminarization occurs. First, the

K -0 de -0 ) flow becomes laminirized near the free surface, where
¥y /s Ay /s ' the turbulence production is much lower than that near

) . ) the solid wall. For such flows boundary conditions (8)
~ However, using such conditions results in overes- gre not applicable any more, and better boundary condi-
timated values fork and v near the surface. More  {ions are given by (5). Based on the calculatiffisthe
physical free surface boundary condition based on the gy mmetry boundary condition could be recommended
experimental data were proposed by Hossain and Rodiif the parameteHa/ Re exceeds 2.& 10-2 and 8.0x

[10]: 10~* for a spanwise and wall-normal magnetic field,
K Y42 respect?vely. Forcomparisonﬁ[@/Re]Cr at which fl(_)w

() =0 fg= ——° (6) laminarization occurs in closed channel flows in the
¥y /s 0.07h« whole area for these cases is &0L0~2 [16] and 4.5

10-3[17], respectively.
The second condition of (6) expresses the empirical x 7] P 4

fact that the dissipation length scale at the free surface
of non-wavy flows has been observed to be about 7%
of the flow thickness:

2.3. Effect of free surface on heat transfer

There are several physical mechanisms at the free
ls=0.07n, (7) surface, which affect the heat transfer rate across the
interface. First, the turbulence redistribution in the free
wherel is defined a$ = C/*k3/2¢=1~1 andx is the surface region occurs. There has been much experimen-
von Karman constant. It should be noted that recent tal and numerical evidence of the turbulent structure
DNS data for non-wavy flow$26] show a different change in this region. The velocity pulsations normal
tendency. Namelyg grows when approaching the free to the surface are suppressed due to the joint action
surface. Using these DNS data in the model may im- of the capillary forces and gravity, while the other two
prove its quality. However, here we rely on the em- components are enhanced due to the mass conservation
pirical formula (7) and boundary condition (6), which [4,6,14] Hence, in the presence of a free surface, 3D
give a well-known “parabolic” distribution of; with bulk turbulence degenerates into a specific surface tur-
the maximum at about halfway between the wall and bulence, in which turbulent vortices tend to be attached
the free surface. Also, with this boundary condition tothe surface. Such vortices are two-dimensional at the
the calculated mean flow thickness agrees very well surface (the rotation occurs in the free surface plane)
with the experimental data for flows with a moderate and do not enhance heat transfer. It leads one to speak
waviness (se8ection 3.4. However, a magnetic field  about near-surface flow laminarization in sense of heat
rapidly changes the dissipation length scale, so that (7) transfer degradation. At the same time, turbulence ed-
is applicable only in a very low field. One can expect dies in the flow bulk almost do not undergo any struc-
shortenings as the field grows. To incorporate MHD  tural changes. This fact means that the thermal resis-
effects in the boundary conditions we used the follow- tance is not uniform across the flow and grows in the
ing modification of (6). First, two new quantitiek; free surface region reaching its maximum at the sur-
and/sp, are calculated as the dissipation length scales face. However, heat transfer improvement is also pos-
at the free surface with and without a magnetic field, sible through turbulent mixing at the surface due to the
respectively, using the symmetry boundary condition surface renewal mechanism or by the surface waves.
(5). Then, modifieds is introduced in (6) in the form  All these mechanisms introduce an anisotropy in the
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distribution of turbulence. ThE— model cannot de-
scribe properly the flow anisotropy, since the model
does not take into consideration the individual com-
ponents of the turbulence kinetic energy. However, in
terms of heat transfer, implementing the anisotropy ef-
fect on heat transport is possible by modifying some
parameters entering the energy equation.

In turbulence modeling of heat transport, the com-
monly accepted model for the averaged turbulent flux
is given by the extension of the Fourier law for the heat
conduction:

Vt oT

/) _ v
Predx;j’

(tv;) = 9)

The distribution of the eddy viscosity in (9) is re-
sponsible for changes of the turbulence level across
the layer and thus incorporates the stabilizing effect of
a magnetic field as well as reduction of turbulence and
turbulent heat transfer at the free surface. The other pa-
rameter in formula (9), the turbulent Prandtl number
(Pry), if properly adjusted, introduces the anisotropy
effect. The turbulent Prandtl number stands for the ra-
tio between the eddy diffusivity for momentum and
eddy diffusivity for heat. For isotropic flows, this pa-
rameter is close to unity. This fact has been known
as the “Reynolds analogy”. The Reynolds analogy is
obeyed very well in the bulk of the closed channel
flows. However, this analogy is inappropriate in the
near-surface vicinity, where the heat transfer rate is
sufficiently poorer. To describe properly heat transfer
degradation in the free surface regidn; should be
evaluated from experimental data. In the present study,
the evaluation of this parameter was performed using
the experimental data for flows with and without sur-
face waves that represent different flow regimes rele-
vant to the fusion systems. These evaluations are pre-
sented in the subsequent sections.

3. Experimental results and validation of the
model predictions

The experiments with inclined open surface water
flows heated from the free surface were performed to
specify the range of applicability of th&— model as
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was to evaluate the distributions of the turbulent Prandtl
number from the experimental data for flows with sur-
face waves.

3.1. Flibe hydrodynamics (FliHy) experimental
facility

The experiments were conducted using a water loop
(Fig. 3 since the physical properties of the molten
salts of interest do not substantially differ from those
of water. The test section is a 4-m long, 40-cm wide
inclined flume. The working fluid is injected continu-
ously into the test section by two centrifugal pumps (up
to 751/s), connected in parallel through an adjustable
nozzle (3—-50 mm height). The nozzle has a honeycomb
and a secondary screen to reduce the inlet turbulence.
The nozzle height is adjusted to provide an inlet flow
thickness closer to the equilibrium one. This reduces
the transition length significantly. The liquid is col-
lected into a 1 ritank at the bottom of the supporting
frame. An infrared (IR) heater (30 cx 30 cm, up to
60 kW/m?) located 3 m down from the nozzle is used to
heatthe liquid from the side of the free surface. Allmea-
surements are conducted immediately after the heated
area, where the mean flow is hydrodynamically fully
developed. The measurements include IR images from
the FLIR-600 IR camera, as well as the flow thickness
versus time measured by the 10 MHz 3 mm V129-RM
Panametrics ultrasound transducer. Amore detailed de-
scription of the experimental facilities and approaches
is given in[18].

Fig. 3. Schematic diagram of experimental equipment: (1) inclined

atool for calculatllng hydrodynamic quant[tles, guch 8S est-section, (2) frame, (3) nozzle, (4) tank, (5) two pumps, (6) flow-
the mean flow thickness, and also to validate its ade- meter, (7) hoses, (8) ultrasound transducer, (9) PC, (10) IR heater,
quacy in calculations of heat transfer. The other goal (11) dye injector, (12) IR camera.
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The dimensionless flow parameters that characterize 103
the flow are the Reynolds numb&d = Unhm/v), the ]
Froude numberKr = U2/ghm), and the Weber num- ] Chu and Dukler (1974)
ber We = U2 phm/oT). The parameters are built us- i Present e
ing the mean velocity/y,, and the mean flow thickness, 13 experiment
h.., of the fully developed flow as the velocity scale and é ]
the length scales is the surface tension. Another def- & i
inition of the Froude numbeFr; = Fr/ cosa, which
is built through the component af normal to the 0‘1_§ cubaritic
flume bottom ¢, = g cosa, whereq is the flume in- - < flow 3
clination angle), is also used. The experiments were 1 ot
conducted in the following range of the flow parame- 0.01 | . 0| — ,\,\,‘...,q S
ters, which meets the CLiFF flow conditions10 < 0.0001 0001 0.01 0.1 1 10
a <75 045m/s< Un < 7.9m/s; Q005m< hy < L, m
0.022m. The corresponding dimensionless numbers
were changing in the following range: 10 080Re < Fig. 4. L—q diagram adapted frorffb] with the present experimen-
51000;094 < Fr < 1250;094 < Fr, < 4830: 60< tal data, CLiFF parameters, and data for film fld8,21] Region

- . 0 is weak turbulence. Region 1 is turbulence with surface tension
We < 5230. Note that the basic results in the present dominant over gravity. Region 2 is strong turbulence. Region 3 is

study have been obtained based on the experimentalgravity-dominated turbulence. The area between the two solid lines
data within this particular range and thus their applica- represents transitional region of marginal breaking.
bility should be restricted to this range.
diagram operates with two-dimensional quantities,
3.2. Interpretation of the data with the “L—q” andq, which are the length scale and the overall ve-
diagram locity of a typical turbulent element of fluid near the
free surface. In the diagram, thie, @)-plane is subdi-

Numerous observations of free surface deforma- vided by the two dotted lines into four characteristic
tions have shown that key physical mechanisms are re-regions. In addition to the already mentioned weak and
lated to the stabilization effect of capillary tension and strong turbulence regions, the diagram shows two oth-
gravity forces against the disrupting effect due to the ers with no surface disintegration, in which gravity or
turbulence kinetic energy (e [&]). In so-called “weak” surface tension is a major factor, and the surface phe-
turbulence, there is little or no surface disturbance. In nomena associated with gravity or capillary waves are
this regime, once the bulk turbulence reaches the free correspondingly dominant. The area between the two
surface, the turbulent fluctuations become predomi- solid lines represents the transitional region of marginal
nantly parallel to the surface. A near-surface blockage breaking. It should be noted that the diagram allows
layer is formed in which the scalar transport across only qualitative conclusions on the regime in a given
the free surface is significantly reduced in comparison flow and does not provide any flow details. Detailed
with the flow bulk. In contrast to weak turbulence, in information should be based on experimental data or
“strong” turbulence, neither surface tension nor gravity modeling.
can restrain the fluctuating eddies: the flow breaks up  The parameters corresponding to the CLiFF flows
into drops. The absence of a sharp boundary betweenare plotted in the diagram with the friction velocity
these two regimes also implies a transition region of asq, and the flow thickness ds. In estimations of
marginal breaking that spans a substantial range of theq, the MHD effects were taken into account by us-
flow parameters, in which different variations between ing the presenkK—s model. In the CLiFF design, the
asurface thatis nolonger smooth and one that is brokenliquid flows along a curved wall so that the effective
can also be observed. force acting in the direction normal to the free surface

A convenient way of characterization of the free sur- consists of the gravity force and the centrifugal force.
faceisthe L—q" diagram {ig. 4), recently suggestedin  This was taken into account by introducing an effec-
[5]. Rather than using dimensionless parameters, thistive acceleration, such thats = g1 + U32/R, where
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Ris the radius of curvature of the solid structural wall.
The quantitygesr should be considered as a parameter
in Fig. 4 However, changinges in a wide range does
not affect significantly the position of the basic curves
in the figure so that the qualitative description given by
the diagram is still the same. This is why, the effect re-
lated to changes @t has not been shown. As it can be
seen, the CLiFF regimes run mostly into the transitional
area from weak to strong turbulence, with about equal
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oped flow section employing an ultrasound transducer.
The statistical analysis performed on the experimental
data is similar to that developed by Dukler and co-
workers[19-21]for film flows. It included evaluation
of the mean flow thickness and its standard deviation,
probability density function, and power spectral den-
sity (PSD).

Each of then(t) curves Fig. 5) is based on the sub-
sequent measurements of the flow thickness taken with

effect of gravity and surface tension. The flow param- atime increment of 1 ms. The number of the measure-
eters from the present experiments are also plotted in ments in one sample is limited by the hardware capa-
the same diagram representing an area that correspondsilities and usually consisted of 509 data points. The
to the same flow regime. Thus, physical similarity be- instrumental error it is mostly contributed by the er-
tween the experiment and the CLiFF-type flows has ror in the ultrasound travelling time measured with the
been established. The present experimental observa-oscilloscope and was estimated as {ud®. This error
tions show large-amplitude waves but almost no splash- is insignificant in comparison with the mean flow thick-
ing. Some insignificant drop formation was noticed at ness but it is not negligible in evaluations of the wavi-
deepinclinations in almost vertical flows. Visual obser- ness parameter, which is defined here as the ratio of the
vations showed much more waviness at the surface asstandard deviation of the flow thickness to the mean
the flow rate and/or the inclination angle grew. Directly thicknessg/hy. The water—air interface demonstrates
at the nozzle, the free surface is smooth; the surfaceirregular wave-type behavior with wave frequency and
waves grow in amplitude downstream reaching a quasi- amplitude increasing with inclination angle. From the
saturation state over some distance (1-2 m) from the obtained PSD plotdg. 6), one can see a large peak at
nozzle, which varies depending on the flow parameters. about 10-40 Hz, as well as a long “tail” of higher fre-
guency modes. Therefore, both capillary and gravity
waves are presented in the spectrum. As the inclination
angle grows, the contribution of shorter waves becomes
more significant, making the interface more irregular.
In Fig. 7, data for a waviness parameter are plot-
ted as a function ofr; using a semi-log scale. Since

3.3. Characterization of the fluctuating flow
thickness

The fluctuating flow thickness was measured as a
function of time at a given point within the fully devel-

0.016
0.012
E,0.008
<
0.004
o771 T T T T OF—T———T T 1T T 71
0 40 80 120 160 200 0 40 80 120 160 200
(a) time, ms (b) time, ms
0.016
0.012
E.OAOOS
=
0.004
OT——T T T 1 T T 1 OT—— T T 1 T 717
0 40 80 120 160 200 0 40 80 120 160 200
(c) time, ms (d) time, ms

Fig. 5. Flow thickness vs. time measured with the ultrasound transducer=(@)5°, Re= 24 250,Fr, = 50,hy, =0.012mg = 0.0009 m; (b)
«a =30°, Re=37000,Fr; = 260,hy =0.008 o =0.0014 m; (clx = 50°, Re= 37 750,Fr; = 670,hy, =0.007 mo =0.0015m; (dy = 75,
Re=37500,Fr; = 2790,hy, =0.0058 mg = 0.0016 m.
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Fig. 6. Power spectral density (PSD): ¢aF 3.5°, Re= 24 250,Fr; = 50,hy, =0.012me = 0.0009 m; (b = 30°, Re= 37 000,Fr; = 260,
hm =0.008 me = 0.0014 m; (ck = 50°, Re= 37 750,Fr | = 670,hm =0.007 mo = 0.0015m; (d)x = 75°, Re= 37500,Fr; = 2790,h, =

0.0058 mg = 0.0016 m.

this parameter is within 0.01-0.35, the waves observed lizing action of gravity against the disturbing influence

should be classified as finite-amplitude waves. One can of turbulence at steeper inclinations. As the inclination
see that the effect of the velocity and the inclination an- angle grows, more and more turbulent elements from
gle on the waviness parameter is correlated very well the flow bulk (smaller in size and with less energy) can
usingFr, only. The bestfit, which relates the waviness reach and deform the free surface, resulting in more

parameter tdr |, was found to be

hi —511x 10°9(In Fr.)? — 2.60x10%% In Fr|

m

+0.015 (10)

irregular interface behavior.

3.4. Predictions of the mean flow thickness with
the K-« model

The present experimental data were used to clarify

The changes in PSD, such as a bigger fraction of the limitations of the standard—s model when ap-
higher frequency modes, and the amplitude growth plied to calculations of turbulent open channel flow
with Fr, can be explained by reduction in the stabi- with surface waves. The mean equations being solved
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Fig. 7. The waviness parameter as a functionFef . If o/hy is
smaller than about 0.3 (area A), thee predictions of the mean
flow thickness are within 10%. At higher waviness (area B) khe
predictions are unsatisfactory.

are written in the Cartesian coordinates using the thin-
shear-layer approximation with theaxis in the main
flow direction, they-axis perpendicular to the flume
bottom, and the coordinate origin located on the bot-
tom in the inlet cross-section, as follows:
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Here,U(t, X, y) andV(t, X, y) are the mean veloc-
ity components, ant(t, x) is the mean flow thickness.
The subscript “s” denotes the free surfdegs. (11) and
(12) are used to calculate the mean velodiy. (13)
the kinematic free surface condition, serves for calcu-
lating h(t, X). The boundary conditions on the velocity
components consist of a no-slip condition at the flume
bottom and no-tangential stress at the free surface. The
eddy viscosityyy, enteringeq. (11)is calculated by the
Kolmogorov—Prandtl expression. The equationskor
ande are based on those (2) and (4) but are taken here
without the electromagnetic terms. Besides, the low-
Reynolds number modification of these equations was
used in the form proposed by Chi¢?2] to provide
accurate predictions of the flow down to the flume bot-
tom. The Hossain and Rodi boundary conditions (6)
were employed as boundary conditionskmande at
the free surface.

The equations were approximated with the finite-
difference formulas using a stretched grid, which con-
centrates grid points near the flume bottom and the free
surface. To provide for proper resolution in the bottom
vicinity, the number of grids across the flow was var-
ied between 50 and 200, depending on the turbulence

oU oU oU oh . Reynolds number, with the first grid point located be-
5 U T V@ = —8 COSf) -~ + g sin() tweeny, = 0.1andy,. = 0.5. The solution was sought
as the steady state of a time-dependent problem, us-
+ 9 [(v + vt)aU} (11) ing a Blottner-type finite-difference meth23] with
dy dy a height-function method as a technique for tracking
ou v the free surfacg4].
o oy 0, (12) The results of the calculations for the mean flow
o oh thicknesshg—,, within the fully developed flow sec-
o tUss-=Vs (13) tion are summarized iffable 3along with the ex-
Table 3
Comparison of the mean flow thickness calculated withthemodel fix—.) and experimentallyh,)
a(?) Un (m/s) hm (M) o (m) o/hm (%) Re Fr Fry We hg— (M) 8 (%)
0.1 0.452 0.0221 0.0004 a 10000 094 094 60 0.0232 el
35 1.45 0.0100 0.0007 a 14500 25 25 280 0.0097 B
35 2.03 0.0120 0.0009 3 24250 50 50 670 0.0126 &
30 291 0.0044 0.0009 p:) 12750 190 220 500 0.0046 54
30 3.90 0.0068 0.0012 g 26500 230 260 1400 0.0070 .03
30 4,57 0.0081 0.0014 i 37000 260 300 2280 0.0086 2
50 371 0.0060 0.0013 puil 26000 320 500 1120 0.0060 .00
50 5.40 0.0070 0.0015 2 37750 430 670 2760 0.0075 17
50 6.01 0.0084 0.0021 3 50500 440 680 4100 0.0090 17
75 5.10 0.0051 0.0012 = 26000 520 2010 1790 0.0056 .89
75 6.47 0.0058 0.0016 X 37500 720 2790 3280 0.0069 .09
75 7.94 0.0063 0.0022 B 50000 1250 4830 5230 0.0083 31
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perimental parameters and the mean flow thickness sivity for heat[4]. The best-fit was found as
measured experimentally. The paraméter (hx— —
hm)/ hm in the table characterizes the difference be- pr = 0.7 [1+ exp{A <y — 0.89) H ., A=37
tween the experimental and computed data. I

The comparison of the mean flow thickness gives a
range of applicability of the model. If the waviness is

relatively small, the coincidence is good enough. HOw-  The present evaluationsf; for supercritical flows
ever, the.dlscrep'ancy grows with the waviness param- (Fr, > 1) that exhibit a wave behavior also ad@u.

eter. In _h|gh waviness regimes, _tKes model a_lways (15), but unlike the direct approach jifi], are based on
overestimates the mean flow thickness. At highp, anindirect method that adjusts the paramatérough

the model gives inaccurate predictions. A level of 10% atching the experimentally measured surface temper-
difference has been chosen as a conventional limit of 4t res with those calculated with the present model.

the model applicability. The critical value of the wavi- The heat transfer code implements the same finite-
ness parameter that corresponds to this level was foundgifference formulation as describedSection 3.4

to be 0.3 Fig. 7). In accordance with formula (10), it A typical thermal image of the free surface, imme-
corresponds tdr . & 2000. This is also the level of  gjately after the flow exits the lower heater edge re-
waviness where the free surface disturbances can €X-gion, taken with the IR camera, is shown Fig. 8
tend all the way down to the bottom wall of the flow.  The temperature field of the free surface is essentially
non-uniform and time varying. One can see “hotter”
and “cooler” spots in the form of streaks elongated in
the flow direction, that appear due to the significant in-
terface irregularities. The temperature non-uniformity
In the context of the present study, the heat trans- seen in the image can serve as an indirect confirmation

fer problem can be described by the averaged energyof the overturning waves and surface renewal phenom-
equation ena. To obtain the mean temperature distribution along

the main flow direction, the thermal images were av-
oT T oT 9 oT eraged in the spanwise direction over the 20 cm strip
rCp (at tU—+ Vay) ( effay> (14) and in time, for a period of approximately 10's. If these
data are plotted in a dimensional form in the same fig-
and the boundary condition at the free surface that sim- ure, the experimental points are mixed making their
ulates a heat fluxg’, applied to the surface within the ~ comparison difficult. To present the data in a compa-
heated area. Heteg is the effective thermal conduc-
tivity coefficient that stands for both the molecular and
turbulent heat transporkds = k + k). T(t, X, y) is the
mean temperature in the liquid, apdandC, are the
fluid mass density and specific heat. Accordingly to
(1b), the turbulent component of the effective thermal
conductivity can be expressed in the following way:

3.5. Predictions of the surface temperature and
evaluations of Prfor wavy flows

dy

kt Vt Pr

kv P

21.1°C

Once the distribution dPr; is known, the tempera-

ture field in the liquid can be calculated by solviRg.

(14) with U, V andv; calculated by the hydrodynamic Fig. 8. Typical snapshot of the water surface with the IR camera.
' The arrow shows the flow direction. The heat flux is applied to the

COde_ a§ mp,Ut data. For SUbC”tlcal f|0V\I§’i < 1)’ a . free surface. Two thin strips in the spanwise direction are the thermal
Pry distribution as a funguon of depth was evaluate_d IN images of heated wires located above the surface, which are used as
[7] based on the experimental data for the eddy diffu- a length scale. The wires are 5cm apart.
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Fig. 9. Dimensionless mean surface temperature profiles measured
in the experiment and calculated. The paramaierformula forPry

has been evaluated as follows: @)y 37.9; (2)A =35.3; (3)A =

29.0; (4)A=27.1.
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50° or Fr; < 700. Typical examples of matching the
experimental data with the calculations by adjusting
the parameteA are also shown ifrig. 9. Finally, the
following approximations are recommended for calcu-
lations with theK— model:

¥

Accordingly to (16),A drops from 38 to 27 asr
grows from O to 700.

38— 005Fr;, Fr; =0-10Q

(16)
34— 0.01Fr; Fr, =100-700

4. Examples of application of the model to the
CLIiFF flows and heat transfer

The examples include hydrodynamic and heat trans-
fer calculations for Flinabe flows over the reactor out-
board First Wall and divertor using parameters relevant

rable form, it is reasonable to introduce scales, such asto the CLiFF design. The liquid is injected at the cham-
g’hm/k as a temperature scale ahg/Re as a length ber top, flows down along the curved reactor wall un-
scale. The choice of the scales is based on the dimen-der the gravity effect, and then is extracted somehow
sionless form of the energy equation. Such dimension- at the bottom of the chamber. The flow is affected by a
less temperature profiles after averaging are shown instrong 8o = 10 T) toroidal reactor magnetic field and

Fig. 9. Once the liquid leaves the heated area, the meanexposed to a high heat flux from the reactor plasma.
surface temperature drops fast due to transport of heatThe liquid layer adheres to the curved wall by means

into the flow bulk. The separation of temperature curves
in the figure is explained by increasing the cooling rate
in the free surface vicinity as the waviness grows. In
terms of theK—s model adopted in the present study,
increasing the coolant rate means lower valueBraf
The improvement of heat transfer is directly related to
better mixing of liquid at the free surface due to rel-
atively short waves with the characteristic dimension
comparable with the mean flow thickness or smaller.
As it was shown, the contribution of such waves into
the wave spectrum grows witkr | .

First, to verify the present approach of evaluating
Prt, the analysis was performed on subcritical flow data
(first row in Table 3. The parameteA was found to
be 37.9. This is rather close to 37, the value evalu-
ated in[7]. The discrepancy is insignificant and can
be explained by different experimental conditions and
the absence of measurements in the immediate vicinity
of the free surface if4]. The evaluation oPr; in a

of its centrifugal acceleratiorUﬁ,/R, whereR is the
radius of curvature of the flow streamlines. The flow
is supposed to be continuous in the toroidal direction
without subdividing it into sections. The layer is uti-
lized at the bottom of the reactor as an integrated liquid
surface divertor.

The presentKk—e model was used to calculate
the downstream changes of the flow. First, different
flow regimes were calculated for thick and thin flows
(Fig. 10. The thick flows experience significant grav-
itational contraction. The MHD effects on the mean
flow are negligible because of a low electrical conduc-
tivity of Flinabe and also due to the fact that any solid
walls perpendicular to the toroidal magnetic field are
not present. At the same time, thin flows demonstrate
more uniform distributions over almost the entire flow
length. One of the cases calculated, with the inlet ve-
locity, Ug, of 10 m/s and the inlet flow thickneds,, of
2.3cm, demonstrates no variations. This flow regime

supercritical flow was then performed using the same has been chosen as a reference case and the same flow
approach across the range of the flow parameters forparameters were also used in the heat transfer calcula-
which the model was shown to be applicable,a.es tions.
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> Fig. 11. Surface temperature rise over the First Wall/divertor area.
1
0.0
0 2 4 6 8 10 fect of waves. These calculations do not include bulk
X. m heating due to neutrons, since it almost does not affect
b

the surface temperature and has a primary impact on
Fig. 10. Downstream changes of the flow thickness for thickand thin  the bulk temperature. The results calculated here and
flows calculated with th&—s model. other heat transfer data are also analyzef2]jrfrom
the point of view of the “design window”. Some ex-
The surface heat flux distribution adopted in the tradetails related to heat transfer, which were not fully

present calculations underlines the basic features of theanalyzed in the present paper, are also discussi in
real heat flux distribution in the outboard region by us- and partially in[25].

ing a step-type function. The heat flux of 1.4 MW/m

is applied over the First Wall area, jumps to 12 MW/m

over a 2-cm section within the divertor region, and then 5. Novel approaches for heat transfer

drops down to 1.4 MW/ again. The flow scheme enhancement

presently considered assumes a continuous flow over

the whole area. Another scheme that realizes hydro-  Although the surface waves arising of natural rea-
dynamic mixing before the liquid enters the divertor sons are fairly effective from the point of view of heat
section is proposed if25] using a so-called “deflec- transfer enhancement, additional mixing of liquid near
tor”. Mixing the liquid results in the surface tempera- the free surface can be a favorable factor if the nat-
ture drop immediately after the point of mixing down ural waviness is not high enough or surface temper-
to the bulk temperature. Mixing may be necessary ifthe ature is still above the allowable limit. As previous
surface temperature within the First Wall section goes considerations show, better conditions for heat trans-
too high, above the acceptable limit. When evaluating fer can be provided by surface waves whose length
the waviness effect, the paramefér, was estimated  scale is comparable or smaller than the flow thickness.
by including the centrifugal acceleratioti?, /R, into Two schemes of generating such waves were designed
gefi- Corresponding value of the paramefeentering (Fig. 12 and tested using the present experimental fa-
the expression for the turbulent Prandtl number was cilities. First, overlays with triangular riblets oriented
found to be 32. The results of heat transfer calculations in the flow direction were manufactured from acrylic to
are shown irFig. 11in the form of the surface tempera- fit on the flat back-wall of the plane test-section. Sec-
ture rise (s — Top) versus the distance along the reactor ond, heat transfer promoters in the form of cylinders
wall, whereTs is the surface temperature afiglis the made of a copper wire located across the stream were
inlet temperature. The figure also demonstrates the ef-mounted on the back-wall surface to form a periodi-
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Fig. 12. Schematic diagram for heat transfer promoters: cross cylin- Distance from the heater edge, cm

ders (a); longitudinal triangular riblets (b). Dimensions in cm.

Fig. 14. Mean free surface temperature as a function of distance from
the heater edge for flat and modified (triangle riblets) back-wadl:

cal array of obstacles. In both cases, the dlmen3|on53_50; Re= 14 500:Fr = 25.

of the promoters were chosen to be small enough so
that the promoters were fully submerged in the lig- ison for the mean free surface temperature measured
uid, and splashing of the liquid was not observed. In with and without promoters is shownlig. 14 The re-
both cases, the flow structures at the free surface aresults presented are far= 3.5°. Unlike flows at steeper
visually different from those in the flow without heat inclinations, this case does not demonstrate much sur-
transfer promoters, both in size and to some degree inface waviness, and hence the effect of the promoters on
shape and orientatiofrig. 13. These structures are of  heat transfer can be observed in an almost “pure” form.
a cell type and arise as a result of interaction of bulk One can see distinctive reduction in the surface temper-
turbulence with the free surface. A tendency towards ature whenthe heat promoters are used as well as higher
forming smaller structures at the surface is especially cooling rate. More experimental results are presented
clear in case of the cross cylinders. in Table 4 which gives a summary of multiple mea-

At present, heat transfer measurements are accom-surements for different flow conditions corresponding
plished for the case of longitudinal riblets. A compar- to differentinclination angles and flow velocities. Each

lem

Fig. 13. Photographs of the wave structures at the surface of inclined water flows with and without heat transfer promoters: (a) flat back-wall;
(b) with cross cylinders; (c) with longitudinal ribs. All pictures are taken at the dRe¥e14 500 andxr = 3.5".
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Table 4

Mean surface temperature difference with and without heat transfer promoters (triangular riblets)

a () Re Fr (AT)1, no promoters (K) AT)2, with promoters (K) ”%TZATZ (%)
0.1 10000 094 3.47 2.67 30
35 14500 25 1.53 1.05 46
35 24250 50 1.68 1.03 63

50 26000 320 2.74 2.17 26

75 37500 720 2.71 2.30 18

AT =Ts — Tp, WhereTs is the mean surface temperature measured 4 cm downstream of the heater eligis émel bulk temperature.

couple of measurements performed for the smooth and by a large number of different waves that demonstrate
modified back-wall was conducted at the same heat irregular behavior both in space and time. Even now, di-
load. Thus, direct comparisons of the heat transfer rate rect computer modeling of such flows encounters many
between these two cases are possible. The data in theechnical problems related to the need for proper reso-
table are presented in terms of the temperature differ- lution of turbulence scales as well as a proper method
ence AT = Ts — Tp. The surface temperaturg;, was for tracking the interface. Here, we present some first
measured 4 cm downstream the heater edge using theest calculations for the free falling films using a DNS
IR camera. Since the variations of the bulk tempera- technique.
ture with the longitudinal distance are very small, the The main goal of this research is a numerical in-
thermocouple that measured the bulk temperature wasvestigation (through DNS) of turbulent open channel
positioned outside the IR camera observation window flows under conditions relevant to molten salt flows
to avoid possible effects on the measurements of thein a fusion reactor. The data obtained can be used at
surface temperature. One can see that for all the in- next stages to improve quality of engineering mathe-
clinations and velocities, the modified back-wall flows matical models of turbulence, such as #e model
demonstrate better heat transfer rate. This can be ex-applied in the present study. At present, the model uti-
plained by generating additional vortical structures and lizes a relatively simple set of flow conditions including
therefore better fluid mixing in the near-surface region. flat geometry, no interfacial heat/mass transfer and no
However, this tendency also demonstrates a complex MHD effects. A stable numerical method based on a fi-
dependency on both the inclination angle and veloc- nite difference approach developed by Zang ef2Al]
ity. First, the temperature difference grows with the has been extended to treat flows with a free surface.
inclination angle, reaches its maximum, and then goes This method is adopted from the projection method by
down at steeper inclinations. These observations allow Chorin[28] and the level-set method with reinitializa-
for some conclusions on the role of natural waves in tion by Sussman et aJ29] for interface tracking. An
comparison with artificially generated vortical struc- important step in solving the Navier—Stokes equations
tures. At shallow inclinations, when the natural wavi- by this method is to solve a Poisson pressure equation.
ness is small, the effect of heat transfer improvement This problem was treated with the BiCG-Stab method
by promoters is significant. At higher waviness corre- [30] and incomplete lower—upper factorization precon-
sponding to deeper inclinations, the overall heat trans- ditioner (ILU). This projection step is crucial to main-
fer rate is mostly contributed by natural waves. These taining a divergence-free field, and takes most of the
conclusions are qualitative yet since systematical mea- computation time when dealing with high fluid den-
surements have not been conducted. sity ratios. Hence, it is quite important to put great ef-
fort into the optimization of the solution method for
the Poisson pressure equation for reaching sufficiently
6. Direct numerical simulation of free falling high Reynolds numbers relevant to flows in fusion ap-
films plications.
Two different cases were calculated. The first cal-
A turbulent free falling film is a typical example of  culation was performed at low Reynolds numbee$
open surface flows, in which free surface is agitated 30), and the second oneRé= 240. The simulations



S. Smolentsev et al. / Fusion Engineering and Design 72 (2004) 63-81 79

used periodic boundary conditions in the streamwise ary conditions. Inthese simulations, the fluid properties
and spanwise directions and no-slip condition in the are that of water for the liquid phase and air for the gas
third direction at the solid wall. The periodic conditions phase.

in the streamwise direction was chosen so that a long  Although the computations performed are not in
evolution of the film flow can be studied with relatively  the turbulence regime yet, the free surface behavior is
high accuracy by using about 200 gird points per soli- in a qualitative agreement with the experimental data
tary wavelengthX). The computational domain used presently available. The results calculatedrat= 30
was 4 x 2\ x 2.2h (streamwisex spanwisex wall (Fig. 15a) agree very well with those by Kapitfal]
normal) whereh is the film thickness. By doing thisit  that illustrate two-dimensional waves at IdRe The
was possible to simulate the flow behavior as if the sim- results at higheRe (Fig. 1% and c) are showed for
ulation had been performed with inflow/outflow bound- the half of the computational domain of two initial
wavelengthsFig. 1% shows steep wave fronts grow-
ing from a small two-dimensional initial perturbation
after 0.2 sFig. 15 shows the transition towards three-
dimensional waves after 0.56 s. The present results are
in a qualitative agreement with experimental data ob-
tained in[32]. It is important to note that the flow is
quite unsteady at that Re number and trigt 15 il-
lustrates a well resolved film which shape has not qual-
itatively and statistically evolved for 0.2 s.

7. Concluding remarks

The major part of the present study is adjustment
of the K- model for MHD free surface flows and the
supporting experiments. The effect of a magnetic field
was included through additional electromagnetic terms
that stand for the Joule dissipation, and then the model
was carefully adjusted by using known experimental
data for MHD duct flows. The model is applicable to
many flows with and without MHD effects, but fails to
predict accurately supercritical flows with high wavi-
(b) Flow Direction ness that occur when the surface waves penetrate all
the way down to the solid wall. Comparisons of the
calculations with experimental data show its range of
applicability, which can be characterized wilh, . If
Fr, < 2000, the predictions of the mean flow thick-
ness are within 10% accuracy of the experimental data.
In terms of the average wave amplitude, the range of
applicability of the model varies widely from subcrit-
ical flows, with no waves to those supercritical with
the waviness parameter of 0.3. However, the model
is inaccurate, if the surface waviness is sufficiently
(© Flow Direction high (Fr, > 2000 oro/hm > 0.3). Ways of extend-
Fig. 15. Free surface deformations calculated by DNS for a free ing the mOd.eI performance can be shortly desc.:r.lbed
falling film flow: (a) Re= 30: (b)Re= 240 att = 0.2's; (c)Re= 240 as follows. F|r_st, the free surface boundary conditions
att=0.56s. implemented in the present model should be replaced
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with different conditions more suitable for high wavi-
ness flowg33]. Second, extra terms in the form of an

S. Smolentsev et al. / Fusion Engineering and Design 72 (2004) 63-81

of Fr, for Fr; < 700. These distributions are given by
Egs. (15) and (16lJsing these distributions along with

additional pressure gradient that stands for dynamical the equations foK ande, mean flow equations, and

effects due to vertical accelerations should be imple-

energy equation allows for thermofluid calculations of

mented in the momentum equation. Some extra terms molten salt flows in the fusion reactor environment.

in the equation foK will be needed to take into account

Novel techniques for heat transfer enhancement by

the effects of energy exchange between the turbulentusing modifications of the wall topology in the form

motion in the flow bulk and the wave modes at the free
surface. Third, in situations, when the surface distur-
bances penetrate all the way down to the bottom wall
of the flow, the classic models for the turbulent bound-
ary layer are most likely not applicable. This may re-
quire amodification of the low Reynolds number model
presently adopted. All these changes will require a suf-
ficientamount of experimental and theoretical work in-
cluding efforts on development of turbulence closures
and readjustment of the model coefficients. However,
high waviness regimes most likely do not occur in the
CLiFF design based on estimations/of, calculated
from geft = g1 + U?2/R. Uncertainties stem from the
unknown degree of the magnetic field effect on the sur-
face waves.

of longitudinal or cross obstacles have been proposed.
The experimental results presented in the paper show
that using these heat transfer promoters may resultin a
significant enhancement of heat transfer through gen-
erating additional vortical structures whose character-
istic size is comparable with the mean flow thickness
or even smaller. However, further studies are needed to
guantify these phenomena and implement correspond-
ing mechanisms in theoretical models.

Similar to other RANS models, the-¢ model can-
not predict fluctuations. A step forward is using a DNS
technique. Examples of application DNS to free surface
flows are also given in the paper. Unfortunately, the ef-
fectiveness of the numerical method currently used is
not high enough to perform calculations at Reynolds

The experiments conducted have revealed a key role numbers relevant to fusion applications. However, cal-

of Fr . A qualitative description of the processes at a

culations performed at lower Reynolds number demon-

free surface in open channel flows considered in the strate correctflow features including transition from 2D

present study can be summarized as follows.FAs

grows, both the free surface and heat transfer rate ex-

perience significant changes. An increasefin as

the inclination angle grows results in a reduction of
the stabilizing effect of gravity against the disturbing
effect of turbulence. More and more turbulent struc-
tures from the flow bulk reach and disturb the free

surface. These disturbances, along with the inherent

surface instability, lead to complex wave-type phenom-
ena with both capillary and gravity waves existing at
the surface. The gravity waves carry a significant flow

rate through the near-surface area, while the capillary-

type waves (with wavelengths comparable to the flow

thickness and shorter) are mostly responsible for the

changes in interfacial heat transport. The effectof
on the wave amplitude in the range of flow parame-
ters presently employed is approximated very well by
Eqg. (10) The effect on spectral characteristics lies in
shifting towards shorter disturbances Bs; grows.

to 3D surface waves as the Reynolds number grows.
Further progress towards highieecalculations is ex-
pected through significant acceleration of the com-
puter code. At present, implementation of faster spec-
tral methods instead of finite-difference techniques is
under development.
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