Available online at www.sciencedirect.com

sc.ence@o.“m

International Journal of

HEAT AND
FLUID FLOW

ELSEVIER

International Journal of Heat and Fluid Flow 26 (2005) 828-842
www.elsevier.com/locate/ijhff
Synergy of experiments and computer simulations in
research of turbulent convection
K. Hanjali¢ *
Department of Multi-scale Physics, Delft University of Technology, Lorentzweg 1, Delft 2628 CJ, The Netherlands
Available online 10 November 2005
Abstract

We discuss the potential and limitations of current experimental and simulation techniques and their synergy in the research of tur-
bulent convection. Examples from our recent experience are presented where complementing of experimental and simulation approaches
has not only provided precious information, but has also revealed some unexpected phenomena which could have remained hidden if the
problem was investigated only experimentally or only by simulations. Among examples considered are the two paradigms of turbulent
flows and heat transfer, and a challenging MHD problem: 1. Thermal convection over horizontal surfaces in a broad range of conditions
including extreme ones, covering experiments for Ra = 10%-10°, DNS for Ra = 10°-10%, LES for 10°-10° and VLES/T-RANS for
Ra = 10°-2 x 10'®; 2. Experimental, RANS and LES studies of flow structure and heat transfer in single and multiple impinging jets
at higher Re numbers; 3. Computer-simulation of a model of fluid-magnetic dynamo, in association with experiments in Riga (Latvia)

and Dresden (Germany).
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Benefits of synergy of experiments, theories, analytical,
computational and other research methods, have long been
recognized in science and all methods have been practiced
in parallel, complementing each other. Yet, scientists tend
to specialize in one or other research method or field,
remaining predominantly either experimentalists, theoreti-
cians, or numericists (computationalists). The research
interaction often remains within relatively closed commu-
nities, results are published in specialized experimental,
theoretical or computational journals, and communica-
tions practiced at specialized conferences.

A particular gap emerged with the advent and rapid
development of computer simulations. These have been
adored and worshiped by some to the point of exaltation
(‘experiments will become obsolete and wind tunnels will
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be turned into computer output storages’), while mistrusted
and undermined by others, sometimes to the point of ridi-
cule (‘garbage in, garbage out’). As we all know, wind tun-
nels were not converted into storages. Not because the
computer printouts disappeared and gave way to electronic
media and graphics, but because experimental research has
been steadily gaining in importance, inspired and pro-
moted—paradoxically or not—also by computer simula-
tions. The development of simulation techniques requires
(next to theory) reliable data for validating, verifying and
calibrating numerical schemes, methods, mathematical
models, and such data in most cases can be provided only
by measurements. A large number of experiments have
been dedicated specifically to provide reference data for
validating models and methods used in simulations. The
reverse is also true: most simulations, especially when pro-
moting new methods or models, focus on problems already
investigated experimentally, thus replicating experiments
(often for its own sake to verify the theory or model and
to provide a proof of accuracy) but producing more data
and new information, some of which may be inaccessible
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to experiments. It is this kind of mutual feedback between
experimental and simulation research that has shown espe-
cially great potential for synergy.

The progress in laser and spectroscopic diagnostics
(LDA, PIV, PTF, LIF, CARS, etc.), in holography, MRI
and other new techniques, have opened new prospects for
non-intrusive measurements of almost all relevant proper-
ties of flows, heat and mass transfer in non-reacting and
reacting (combusting) single and multiphase flows. New
wind tunnels have been built and more are planned, espe-
cially to achieve extreme Re and Ra numbers. In parallel,
the techniques of computer simulations have made enor-
mous progress making it possible, at least in a limited class
of problems, to acquire «/l information required or imag-
ined. The potential of computer simulations to provide full
time-dependent three-dimensional fields has also prompted
and stimulated spectacular progress in computer visualiza-
tion and animation which make it possible to get a full
insight into miniscule and subtle details of flow structures
and their time evolution and dynamics in three-dimen-
sional space.

Developing of research methods (experimental tech-
niques and instruments, numerical schemes and models,
specific theories, etc.) requires usually life dedication leav-
ing little time and motivation for excursions into other
areas and radical changes of research specialization. In
contrast, research aimed at acquiring new knowledge and
gaining deeper insight into physics of various phenomena
can greatly benefit from combined and simultaneous exper-
iments and computer simulations (with, of course, a blend
of theory) in overcoming barriers and limitations of each,
and expanding the frontiers of our cognition. A number
of research groups are pursuing such a dual track.

The potential for synergy is broad and versatile; it is
often unpredictable and sometimes comes as a surprise.
In most cases one follows common sense by recognizing
limitations and potentials of each method and compensates
for deficiencies by using other methods. It is beyond the
scope of this article to try to postulate rules and recommen-
dations. Instead we present here some examples from our
experience where complementing of experimental and sim-
ulation approaches has not only provided precious infor-
mation, but has also revealed some unexpected
phenomena which could have remained hidden if the prob-
lem was investigated only experimentally or only by simu-
lations. Among examples considered are the two paradigms
of turbulent flows and heat transfer, and a challenging
MHD problem:

e Thermal convection over horizontal surfaces in a broad
range of conditions including extreme ones: experiments
for Ra = 108-10°, DNS for Ra = 10°-10%, LES for 10°-
10° and VLES/T-RANS for Ra = 102 x 10'°.

e Impinging flows and heat transfer at higher Re numbers:
experiments, RANS and LES of a single round jet for
Re =20000 H/D =2-6, and experiments and RANS
of multiple jets in in-line and hexagonal arrangements.

e Computer-simulation of a model of fluid-magnetic
dynamo, in association with experiments in Riga (Lat-
via) and Dresden (Germany).

2. Rayleigh-Bénard convection: Some old and new challenges

Rayleigh—Bénard (R-B) convection has long served as a
paradigm of thermal convection. Despite its geometric sim-
plicity — fluid trapped between two horizontal walls heated
from below and cooled from above — at sufficiently high
Rayleigh number Ra = gfATL?/av contains most events,
structures and features pertinent to real large-scale phe-
nomena in environmental, terrestrial and in many techno-
logical systems. Here f 1is the thermal expansion
coefficient, « is temperature diffusivity, v is kinematic vis-
cosity, AT the imposed temperature difference and L the
characteristic length scale.

Research in R-B convection has stirred much contro-
versy. At the core is the Nu o< Ra" correlation, where
Nu = hL/k is Nusselt number (where / is the heat transfer
coefficient and k the fluid conductivity), but the scaling
controversy reflects the general disagreement about the
underlying physics and heat transfer mechanism. The inter-
est, especially at high Ra (>10'%) is motivated not only by
scientific curiosity, but also by the importance of the R-B
phenomenon in understanding thermal convection in the
atmosphere, oceans, earth mantle, and in engineering
equipment.

The classic correlation Nu = Ra'’® implies no communi-
cation between the two horizontal walls (hence no effect of
their distance) and the heat flux is assumed to be governed
by the processes confined within the wall boundary layers.
This implies that the plumes generated on one of the walls
never reach the other wall. While this theory may sound
reasonable at low Ra numbers, it seems unlikely at high
Ra since persistent plumes (that may break into thermals
or puffs) propelling and stretching from one to another wall
have been observed experimentally as well as in numerical
simulations. Wall communication involves a different heat
transfer scenario, as argued by several researchers (e.g. Sig-
gia, 1994) resulting in a different Ra exponent. Most evi-
dence seems to support 2/7 scaling (“hard” regime)
observed by the Chicago group (Castaigne et al., 1989)
for Ra >4 x 107 in their experiment with helium. However,
other experiments using water report the 1/3 power law for
Ra > 10° with a smaller exponent for low Rz numbers (Sig-
gia, 1994, p. 151). While the small difference in the Ra
exponent may not be a reliable indicator, reports on other
parameters, which provide better indication of the change
in the regime, are also inconsistent.

Even larger controversy surrounds the very high Ra
numbers, roughly beyond 10'?, for which the Grenoble
group (Chavanne et al., 1997; Chavanne et al., 2001; Roche
et al., 2001) observed another, “ultra hard” regime charac-
terized by an increase in the Ra exponent to about 0.38 to
0.39 (for 10" < Ra <2 x 10", indicating a trend towards
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