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coherent structures have been conducted with considerable success. Unfortu-
nately the most powerful computer available today can only deal with simple
wurbulent flows and it may not be realizable for simulating complex turbulent
flows in practice until the middle of next century. On the applied side prediction
and control of wrbulent flows is of great importance in engineenng and natural
environment. A number of refined wrbulence models have been proposed in last

few decades which succeeded in prediction of some complex turbulent flows,

however engineers still feel unconfident of available turbulence models because
of their non-universality. In this paper the author will present the major
contributions in turbulence research made by his Chinese colleagues and himsell
in last decade and prospect its further development.

2. Exploration of the coherent structures of turbulent flows

It is now believed that the coherent structures in turbulent shear flows are the
dominant events in ion of turbul and the ing of their nature
is the basis of the control and management of turbulent flows. They may also give
some clues to the turbulence models, In last decade some Chinese scientists paid
considerable attention to explore the structures in more or less complex turbulent
shear flows, for instance the plate turbulent boundary layer with pressure
gradients[1,2] and turbulent ows over curved walls [3.4] ete., Great efforts were
also made for searching the detailed structural features in turbulent boundary
layers, wakes and mixing layers.[5,6,7.8] Lian (1985,1990) investigated the
coherent structures in a plate turbulent boundary layer with pressure gradients by
means of hydrogen bubble technique. He found that the low-speed streaks are
wider in the near wall region of turbulent boundary layer with adverse pressure
gradients in the region of incipient separation, as shown in Fig. 1a and Fig 1b.
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ABSTRACT Turbulence research has been emphasized m China since
1980's on both findamental and applied areas. In this paper the author will
present the major contributions of turbulence research made by Chinese
scientists in last decade and prospect its furher development

1. Introduction
Turbul is one of the iely difficult topics in fluid mechanics. It
attracts a large number of scientists to make long lasting efforts for exploring its
nature, Considerable progress has been achicved in last few decades, but there is
still a long way to fully understand, precisely predict and effectively control
turbulent flows. On the fundamental side the discovery of coherent structures
shed new lights on the nature of turbulent shear flows forty years ago, and people
expected that they would break through the unpredictable barrier of wrbulence.
Indeed the discovery of coherent structures is the significant progress in
turbulence ltseuwh such that the coherent structures dominate the generation of
turbulence in various shear flows and there are a number of devices for
turbulence control based on the management of the coherent structures. However
the dynamics of the cohierent siructures is not well undersiood for their
p . One can not y succeed in control of turbulent flows when
they do not fully understand the flow nature. And also it is not so clear how 1o
Mﬁ_lhe turbulent flows by use of the knowledge of coherent structures. On the
w side the chaos in nonlinear dynamics and fractal geometry in
topological analysis of the flows give rise to the some new ideas on the
turbulence, however they are conceptual but not constructive, The rapid
mﬁ moderm computer in last two decades has provided a powerful
lence study and it is a great hope for the deep understanding and
.nam NU?Cﬁnl_l of turbulent flows by means of Mcm computers. There are
ml “;w:;al!ablc_ data banks of direct numerical simulation of simple
&N‘Jlllu_ 5 for dﬂallcd studies of the structures and properties of those flows,
mstance the of the turbul models and i of the
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The streak structures in the turbulent boundary layer with adverse pressure
gradient Ihas the peculiar features such that (1) the long streaks downstream along
the interface berween Jow-speed and high speed regions are continually stretching
and their speed may be greater than the high speed bubble lines; (2) The
Streamwise vortices are developed along the mterfacial region;(3) the transverse
vortices are observed at the front of the high-speed regions, see Fig2 and Fig 3

respectively.

Fig.2 The siretching of streamwise vortices marked by V. Vi, V2]
= 30dmm, y' 12, (a) t=0 {b) 0,375 fe) 0754 () 09375

Fig3 A transverse vartes visuallved at the froat of s bigh-speed reghon, marked by V
The =30mm, y* = 12, {a) =0 (h) 0. 1578 i) 0.575s (d) 05625
author has been interested in the turbulent flow over curved wall and
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utilized the hydrogen bubble technique, LDV and particle tracking method 1o
explore the structures on both convex and concave walls in considerable
details.[3,4] The author found that the streak structures, which were believed to
be longitudinal vortices, are intensified on concave wall when turbulent flow is
entering to the concave wall, while the structure is weakened when it is
approaching to the convex wall and will disappear totally beyond some tuming
angle, say over 45, the visualized pictures are shown in Fig.4.

Figd The streak nun-rr-w-ﬂm:-nde—m wall (Re=5000,Y " = 53]
1) concave |5, fii) concave 67 5 {iii) conves 15 (v} comver 675

The curved wall effects has been also studied by conditional sampling of the
velocity fluctuations such that the average burst frequency, detected by the VITA
scheme, is greater at the concave wall than that at the convex wall. In previous
mvestigation  the geometrical pattemns of the coherent structures were
qualitatively visualized and the d ical properties were detected by conditional
li I\af.ad on the of single-point time series. However the
coherent structures are of time-spatial events. To record the time series of
velocity field in two dimension the author developed a novel particle tracking
device by means of an 11; laser beam and p | the image records on

The results show that the suction is similar to the sweep event in the burst cycle
and injection simulates the ejection event. The reduction of turbulent skin friction
is usually resulted from the suction and the intensification of urbulence is caused
by the injection, the flow structures is changed greatly by the near-wall
disturbances. Su and Yao also studied the influence of sinusoidal disturbances in
the outer layer on the structures near the wall. The sinusoidal disturbances were
put into the flows by a vibrating ribbon. The average spanwise spacings of the
streaks and the bursting frequency are changed remarkably as shown in Fig. 7

S o,
— - 1.ree e - rae

Fig.7 The change of cobereet nnnmbymmul distwrbances f,, = ,5/U_|5]

Befi: wveruge spacing of the streaks 5* = du_/ v right: average period of bursts T

Su and Zhang(1990) have |n\cﬁt|galcd the influence of external dlslurbnmc'. on

the mixing layer by means of a vibrating nbbon. They found that the vortical

pairing pattems are dependent on the ion of the disturb Fig8

shows that the two vortices are pairing when the disturbances are composed of

the primary frequency m, = 2xf,6/ U_ = 0.225 and its harmonics w, / 2, where &

is the momentum thickness of the mixing layer and U _ is the mean velocity of the

layer, whereas four vortices pairing appears in the composition of the primary
disturbance plus its harmonics of m, /4.

beft: primary T, phus harmsaicy e, (7, right:primary e, phis harmsonics o, /4

*

aputer by which the two dimensional spatial mm‘]'mnu contours wiere
obtained as shown in Fig.5 which d trates the ek 1 and
correlation in streamwise direction at concave wall whereas the two dimensional
corelation is near circular at convex wall. These indicate that there is longitudinal
streaky structure at the concave wall and nothing at convex wall

=

Fig.5 The two dimensions] correlation B _ (£, ) af concave wall and conves wall]4]
Re=2500, y" = 15, lefi: enaves wall 457, right; concave wall 457

The response of the extemnal disturbances in the turbulent shear flows is of
great interest in both understanding of the dynamic properties and control of the
turbulent structures. Su and his students investigated the influence of external
disturbances on the coherent structurcs in both turbulent boundary layer and
mixing layer in a water tunnel.[5,6] The influence of disturbances on the turbulent
structures at the turbulent boundary layer was investigated by injection or suction
of fluid through small holes on the plate and the near-wall structures were
rsuall by hyd bublble techni They found that the suction caused the
low-speed region to be wider, in contrast the injection made the low-speed streak

sharpened, as shown in Fig 6

[ ]
Fig.6 The |-||m(e of Injection and suction sa the sear-wall sirsctare|$]
{a) without disturbances (b} with mction (¢} with injection
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They also found that the vortical patterns are dependent on the phase
differences between the primary disturbance and it harmonics. Fip.9 shows the
vortex tearing in the evolution of the vortical patierns, i.¢. vortex 2 marked in the
Figure, the phase difference is /2 between the primary disturbance , and its

harmonics @, /2.

I’\g!tlri! change of vortical patterms due 1o phasc di'fcr!"(‘iﬂil-l
() begimming of vortes tearing (b) afler vortes tearing

Wei(1994) investigated the response of the acoustic excitation on wake flows
behind an axisymmetrical blunt body . He found the phase lock-in phenomena in
the turbulent wake, as shown in Fig.10 such that the spectrum of the turbulent
fluctuation will be locked in the forced frequency, 1, between 40 to 70 Hz while

the frequency of the vortex sheddmg, £, is around 20 He to 70Hz
Dm0
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Fig 10 Lock-in phenoasen in the turbuent wake[$]
i, =43 §, =0, il =20, F, =20, ey =30, £, =10, ) £, ~40. F, ~40
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3. Theoretical models of the coherent structures

The coherent structures are thought as organized motions, however it is not
easy fo recast the structure analytically since their trigger and scales are w
random. A few attempts to model the coherent phenomena have been made with
pantial success. The emergence of coherent structures in turbulent free shear layer,
e.g. mixing layer, jets and wakes etc., is usually interpreted as the instability of
their mean velocity profiles, which contain an inflectional point and the evolution
of the structures can be calculated by weak nonlinear theory with considerable
success{Liu, 1989),[9] However the detailed b of turbul
the influence of the extemal disturbances on the structures and the cvolution of
three dimensional structures remain unclear. The explanation of the coherent
structure in wall-bounded turbulent flows is even more difficulty, the mean
welocity profiles of these flows ase stable under linear perturbation. In early
1980's the author (Zhang and Lilley,1982){10] interpreted the wrigger of
Iunsmn!rm]l vortices at near-wall region as a direct resonance between Tollmien-

d waves and vorticity disturk by means of a semi-
approach. The i of the coherent structures is

indeed a tough target, however using weakly nonlinear theory Zhou and his co-
workers published a number of encouraging results. They found that approximate
triad resonance of three primary waves can induce the streak structure, ie. the
trace of longitudinal vortices in the near-wall region of the plate turbulent
boundary flow, moreover they showed that the asymmetrical triad resonance
would cause quicker growth of drghnrbemccq than the symmetrical ones did, as
shown in Fig.11. The tt fiction is in good with what Su,

Lian and other foreign scientists Ihavl: found in experiments as the author has
mentioned above.

Fig. 11 The growth of the disterbance component in trisd resonance|11]
] cal triad : ressmance

Assuming a complex eddy viscosity in stability analysis Zhou and Luaf12]
were able to simulate the owter structure of wall-bounded turbulent flows, the

of the predicted flow patterns with those measured by Antonia[13] is
Shown in Fig 12 with satisfaction.

iz

B

Fig.12 The simulation of the flom pattern in the oster layer of turbubent boundary layer
Ielt: Theoretical prediction by Zhou and Luo{ 1], right: Measurements by Antonia13]
e-l-(dl-ru-nn. {bfe) verticity comtonrs. () K= 1800,0h) Re=19005,(d) Re=47949,[c) Re=84427
Zhou has shown that the assumption of shape-preservation is incorrect in weakly
‘nonlinear evolution of the disturt With id of the deft of
flow modes for primary and high-harmonic disturbances Zhou and Mall4]
reformulated the weakly nonlinear evolution problem for mixing layer and
showed the developments of disturbances in both large and small scales. The
results are demonstrated in Fig.13 in which the betier agreemenis with
experimental data are shown in comparison with the weakly nonlinear analysis
ased on the shape-preservation assumption.

i 13 The developmsent of disturbasce energy corve | 3, curve 2 10,
calculated by Lia|9], .0 messured by Hof1%]

4. Direct numerical smmlauou of urbulent flows.

The direct 1 of Navier-Stokes equation is an ideal method
for understanding of the transition of laminar to turbulent flows and the propertics
of fully developed Iurlmlen[ ﬂows xs wdl The dllcct numerical simulation of

bl has been emph and developed quickly
dunng last two dacades. A numhcr of directed numerical simulated databanks of
typical turbulent flows have been established and used in detailed search for the
flow properties. The modem computer graphic technique, in particular the
computer animated visualization, provides so powerful tool that one can see the
individual events in turbulent flows on the computer screen which may not be
seen in physical experiments. (Robinson, 1991) [16]. Shi(1994) has succeeded in
the direct numerical simulation of transition process of a laminar boundary layer
flow recently by means of the pseudo-spectral method [17] They completed the
computation on a work-station with the spatial resolution of 32 = 32 = 48 at the
Reynolds number of 407 based on the boundary layer thichness, the emergence of
counterrotating vortices and high shear layer, i.e. spikes, are shown in Fig. 14 with
« ison o the Ty K. 18]

Fig.14b The high- ll;nl‘ layer in the transition of channed fow at time 1425
left mumerical simulation by Sti ct. [17] al right measurement by Kovazsay| 18]
Xu and Zhang({1995) have 1 a direct of a

wrbulent channel flow at Reynolds number 5000 in cooperation with the

Laboratory for Aero and Hydrodynamics at Delft University of Technology in the
Netherlands. Under careful consideration of the numerical databank Xu and her
Dutch colleagues found an important event, which has been ignored by previous
investigators. The newly found event is a number of strong pulses of transverse
fluctuations which occurs in the near wall region, ie. y* <10, and results in a
flatness as great 25 22. The typical strong pulse is shown in Fig.15, which clearly
demonstrates the quick decay of the pulses away from the wall
4
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Fig.15 A time series of fMuctuation of vertical velocity, v (v
sroag pulse noted by am arrow, (a) 3 = 254, (h) < 106D T = 476,000 5" = 16E

The strong pulse event are always ocewrring at the edge between the high and

__verse time{19]
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low-speed regions and lasting quite long time as illustrated in Fig.13.

5
" i i i i
o 50 100 150 200 50 300 350 400
Fig. 16 The motisn of the strong pulses, + ¥ [V, > 5 and- v [V, <5119]
indi e time series, the ti M=04H/U,

The detailed analysis shows that the strong pulses are induced by the sweep
event from the outer layer and followed by an ejection, thus the findings of the
strong pulses of transverse fluctuations adjacent 1o the wall indicate that the
ejection and sweep in the inner region are indeed a self generation process. The
results imply that the very near wall region, i.e. y* <10, is also important for the
coherent structure which is not well explored because of the extremely difficult in
measurements in a such thin layer. Hopefully the analysis of the data bank of the
direct numerical simulation will give us fruitful answer

An alf ive to the dircct ical simulation of turbul is the Larpge
eddy simulation which needs less storage of computer in prediction of turbulent
flows of great Reynolds numbers and is thought as a practical method for
engincering applications in next decades. Suf 1992) has completed the large eddy
simulation of turbulent flows in straight and curved duct at Reynolds number of
49000 i cooperation with the Techmcal University of Mumich in Germany. The
simulated results are shown in Fig.17 for a straight duct and Fig.18 gives the
simulated results of the turbulent flow in a curved duct. The results are i bester

with  previous than any predicti d by

phenomenalogical models,
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The advantage of the LES in ison with the ph logical models is
that less empirical parameters are included in the large eddy simulation than those
in phenomenological models. Hopefully the LES will be emploved in engineering
practice in the next century. It needs further improvement in the subgrid mode|
for complex flows and in near wall regions of real flows at great Reynolds
mumbers etc.

5. Modelling of turbulent flows
In spite of the advances in direct numerical simulation and large cddy

simulation the solution of average Navier-Stokes equation, i.e. Reynolds equation,

is still the only feasible method for practical problems since experts estimate that
the computer powerful enough for practical application in DNS and LES may
appear in the middle of next century or even later. Great advances in the
phenomenclogical models have been made i last few decades for complex
turbulent flows which include the effects of buoyancy, rotation, curvature and
compressibility etc., and a number of physical principles have been set up for
modelling. In other words the modem models are more rational and popular. In
addition to the ication of tonal turbub models , eg. algebraic
model and two equation model etc, in various engineering and natural
envirenment the major effort of the turbulence modelling were made for casting
higher order moment closure and nonlinear closure of second moment. The latg
famous scientist Professor P.Y. Chou at Peking University developed a quasi-
similarity medel for high order moments which was reported in the Third Asian
Congress of Fluid Mechanics. Later on Chou and his students further developed a
successive approximation of odd-order comelation truncation method, they
succeeded in prediction of higher order statistical properties in planc wakes and
jets. A critical examination of the model in the fourth order correlation is shown
in Fig.19 with sati r of the with experi 1 is
much better in lower order comelations which can be found elsewhere [23]

Fig.1% Prediction of bigher order momest In a rbulent wake
O successive approx. [13], + :quasi-similarity |24], = :messured by Chou et al.[25

Fu(1994) at Tsinghua University developed noalinear formulation of second
closure, i the Reynolds stress model. For instance, the retum to
moment process in redistribution of Reynolds stress is usually closed by Rotta
formula, which is a linear isotropic closure scheme. However modem tests of the
decay indicate that the retum to isotropy is a nonlincar process. Fu
proposed a nonlinear closure of the return to isotropy term as follows,
#, =P, +ribb, E:J.*LJ
The first term is the original Rotta formula,  Usually the coefficients § and y are
the functions of the second and third invanants of 4 . Fu has proved that the 5
and y must satisfy the relation as/
r=3(f=-1).
Applying the nonlinear closure for return 1o isotropic process Fu predicted the
decay of ani pic turbul the | second and third invaniants of the
distorted isotropic turbulence are shown in Fig 20 in which the predictions with

different models are also p for parison and the betier with
the experimental results is obtained by use of the nonlinear closure.

8r5 &

[ 2l

(8} decay of the second invariants, (b) decay of the thi
Fu also cast a noalinear model for the turbulence diffusion which has not
Been emphasized before. Fu proposed the diffusion as follows

{

Applying the nonlinear diffusion to the turbulent jet problem F‘u clarified the
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Jjet paradox of such that the
much higher than that of the plane jet by use of the basic Reynolds stress model
without tuning the model parameters. The results are shown in Table | and
Fig.21-Fig.22.

rate of the round jet is

Fig.21 Self-prescrving velocity profiles
{a) plane jet, (b) round jet, -.. Basic RSM, —Fu|27] measurements »: 28]

-
Fig.22 Self preserving profiles of the turbulent shear siress
{a) plan jet, (b} round jet, ... Basic RSM, —Fu[27], = [28], ©:|29]

It is evident that the improvement in the closure of turbulence diffusion with
inclusion of pressure-velocity correlation resolves the jet paradox of turbulence
modelling.

The major sh ings of the ph logical models is the problem of
universality. There are a number of turbulence models proposed by authors with
good testing examples of some kind of flows but they fail to predict other flows
with satisfaction. To my belief there might be no universal turbulence model at all
based on the Reynolds statistics. It is inevitable to modify the models from flows
to flows. However it might be able to construct the individual models for typical
flows if we can catalog the turbulent flows into a number of typical regimes, This
is so-called zonal modelling strategy and the author believes that it will resalve
the non-universality problem. A number of local modifications of the furbulence
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modelling were tried by some Chimese scientists with comsiderable success.
Zhang established a near wall modelling for the second moment closure, the
author pmposcd a curvature modificat ion of k- ¢ model and a matching method

the zonal modelling of second moment closure. The details of those
approaches can be found elsew here.[30,31,32] :

Before switching to the last part of the presentation the author st!mﬂd
apologize for being unable to includle all contributions made by the Chinese
scientists because of the personal limitzation of the knowledge.

6. Prospect for the fusther development in turbulence research

Although the scientists in turbulewsce community made great effort for the
turbulence research over one hundred years they still do not meet the d«:mm_;ds n

i and natural WWe are far away from full understanding of
lh-:lurblllcnoe nature. [t may take quite long time to achieve the tough task, since
turbulence is an astonishingly complex nonlinear motion in infinite dimension.
However 1 am not pessimistic, the progress in turbulence research in the past
decades did shed lights on the exploraition of turbulence and we are now on the
way to frther break the secret of the turbulence step by step

In reality the author expects that d evelopment of the turbulence research will
be achieved in the following areas im next decades. The cohm-m_ structures of
turbulent shear flows will still be emphasized in close links with control of
turbulent flows. to reduce drag and noise. The detailed dynamical properties in
different parts of the coherent structures may give some clues to cast zonal
turbulence models. The direct numerical simulation of wrbulent flows will be
further improved in parallel to the development in modem computer, the major
role of DNS in turbulence research is 10 explore the fundamental nature of simple
of less complex turbulent flows in foreseeable future. The computer visualization
will play an important role in DNS, in particular computer animation The large
eddy simulation of turbulent flows will be used in engineening practice with t?w
improvement in the subgrid models and numerical schemes, eg. the finite
difference scheme with higher accuracy. The phenomenological models will be
still dominant in prediction of trbulen flows in engincering practice, improve-

ment of the models will be in close co with modem : '_ﬂmd
dynamics, for instance the multi-grid techniques and paralle] algorithm will be
adopted in collaboration with zonal modelling. On the | side of

turbulence research the nonlinear dymamical system is the key to understand the
nature of turbulence, the progress in the study of chaos and fractal geometry will
help us to understand turbulence, however we are expecting mathematicians to
break through the infinite dimension barrier
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