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PREFACE

The booklet contains the summaries of research projects presented at the 6th
Biennial CFD Colloquium held at UMIST on 25-26 May 1994. The main aim of the
Colloquium is to provide a broad view of ongoing research in Computational Fluid
Dynamics undertaken in the Thermofluids Division of the Mechanical Engineering
Department. The Colloquium also provides an opportunity for our research team, often
for the first time, to present the outcome of their research themselves to an external
audience.

It is in the very nature of the Colloquium that many - indeed, the majority - of the
projects are incomplete, and so firm conclusions have often not yet emerged.
Nevertheless, it is our hope that listeners and readers will find that every presentation
contains some useful or interesting facts.

In our desire to produce a coherent yet concise, body of information for (relatively)
easy consumption, the material reported in each summary has often been pruned to a small
fraction of the total project. Since a colloquium should primarily serve as a platform for
discussion, the researchers and supervisors associated with the projects presented will
gladly give further details, both during and after the Colloquium. Likewise, readers of this
booklet not attending the Colloquium should feel free to contact the contributors of
summaries and request information in writing or in the form of referenced publications.

The large majority of projects summarised in the booklet are externally funded.
It is thus appropriate that we should express our gratitude to our sponsors for their support
and interest without which much of the work presented at the Colloquium could not have
been undertaken.
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PROCEEDINGS OF 5TH UMIST CFD COLLOQUIUM

TurbulenceModelling - A preview
Numerical Methods - A preview

« Session 1 It

Turbulence Modelling - Fundamentals

Paper

1.1 Sensitizinglinear eddy-viscositymodels to strain invariants

1.2 Development and application of a non-linear k-e model

1.3 Further development of k-co treatment includingnon-linear terms

1.4 An improved (basic) 2nd-moment closure for predicting transition

1.5 Generalised low-Re 2nd-moment closure without wall corrections

1.6 Adapting a '2D-limit'Reynolds-stress model for curved flows

1.7 Modelling of transition via 2nd-moment closure

1.8 Directions in 2nd moment closure

1.9 Direct numerical simulationof premixed turbulent combustion

« Session 2 It

Numerical Methods

2.1 Multiblock algorithm for general turbulent flows

2.2 Aspects of local mesh refinement

2.3 An unstructured-grid algorithm for incompressibleflow

2.4 Unstructured-grid flow adaption for computation of transonic aerodynamic flows

2.5 Upstream monotonic approximations for turbulent flows

2.6 Numerical aspects of a Large Eddy Simulation algorithm

2.7 Parallel computing on distributed-memorymachines

2.8 A specialnear-wallelementfor finite element computations of dense-gas dispersion over
ground of variable elevation
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« Session 3 10

Turbulence Modelling: Assessment &Validation

3.1 Sensitivityof 2D separation characteristics to turbulence modelling

3.2 Modelling non-equilibriumboundary layers with a modifiedk-o model

3.3 Reynolds-stress and PDF transport modelling for non-premixed turbulent combustion

3.4 Second-moment modelling of buoyant flows in cavities

3.5 Second-moment modelling of flow in fluted tubes

3.6 Turbulence modelling for highly-loaded cascade blade

3.7 Differential stress transport modelling of swirling i.c. engine flows

« Session 4 10

Aerodynamic Flows

4.1 Modelling flows around high-lift subsonic aerofoil

4.2 Reynolds-stress modellingusing an unstructured transonic NS solver

4.3 An embedded Cartesian Grid Approach to the computation of aerodynamic flows

4.4 Computation of aero-engine thrust-reverser flows

4.5 Second-moment-closure modelling of open separation from prolate spheroid at high
incidence4.6

4.6 Computation of compressible and incompressible impingingmultiplejets

4.7 CFD analysis of unconventional transonic aerofoil sections

. ..
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« Session 5 10

Combustion, Two-phase Interaction, Radiation

5.1 Computer modelling of fuel sprays containing electrostatic charge

5.2 Radiation absorption in dense gas clouds by the discrete transfer method

5.3 Transport and reaction rate modellingfor pre-mixed turbulent combustion

5.4 Premixed combustion modelling for IC engine applications

5.5 Particle dispersion in a plane horizontal jet

5.6 Development of a 3D non-orthogonal-grid computer code for d.i. diesel engme
applications

5.7 Computer modelling of metered dose inhalers

« Session 6 10

Internal Flows

6.1 Computation offlow and heat transfer through stationary and rotating U-bends

6.2 Computation offlow and heat transfer through ribbed passages

6.3 Modelling of flow in rotor-stator cavities

6.4 Modelling the flow in a transition duct

6.5 Computation of 3D flow in linear turbine cascade
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AN INTRODUCTION TO TURBULENCE MODELLING AT UMIST - 1994

As in previous colloquia in the series, nearly all the research projects reported at
this 6th Colloquium are concerned with turbulent flow. Papers in Sessions 1 and 3 involve
devising or assessing new or newish models of turbulence while those in later sessions
provide an assessment of more established proposals in flows very different from those for
which they were devised. The long sequence of steps in a model's development and
assessment implied above is an inevitable consequence of turbulence modelling being an
inexact science.

The aim of turbulence modelling research is to devise a general framework for
computing turbulent flows. This requires, besides generality, flexibility and accuracy of
the numerical algorithm, a mathematical representation of the turbulent motion that is also
widely applicable, as regards geometry, boundary conditions and phenomena. It is this
desire for generality that in the past, has driven us towards implementing second-moment
closures into our software - not just for thin shear flows but recirculating and three
dimensional flows too.

r

However, geometric inadequacies in the modelling of flow through or around
topographically complex surfaces, has demanded that we search for new and better
approaches to closure. At second-moment level there is considerable effort at removing
(or, at the least, greatly reducing the importance of) wall-reflection terms. Moreover, in
modelling at all levels, we have been trying to remove 'wall-reflection' effects (that
explicitly makes reference to wall distance) in the scale-determining equation. As will be
reported, there seem some advantages to replacing the energy dissipation rate, e, by (elk)
or possibly by some other variable.

- ••....•.

While the great superiority of second-moment closures over linear eddy-viscosity
schemes is now widely acknowledged, there is, inevitably, a computational penalty. Work,
both at UMIST and the University of Manchester has therefore been recently directed
towards developing an approach that captured much of the strain-sensitivity power of
second-moment closures while retaining the economy of eddy viscosity schemes. The
result is the non-linear eddy-viscosity modelling presented in the opening three talks of
Session 1. A novel feature of that work is the evaluation, by solving transport equations,
of a dimensionless parameter characterizing the state of turbulence.

Research on second-moment closure occupies most of the remainder of Session 1.
Transition from laminar to turbulent flow in the presence of a weak external turbulence
field is a problem addressed both with a variant of the Basic Model and also with a
version of the New Model that contains no wall-reflection agency. The New Model also
achieves success in predicting turbulent flow parallel to the wall, including the near-wall
sublayer, and in particular, flow in non-circular ducts. An area where success (at removing
wall reflection) has eluded us so far is in impinging flows and the penultimate presentation
reports on prospects and problems in this particularly difficult class of flows.

The fmal contribution in Session 1 involves a large change in strategy to the direct
numerical simulation of turbulent combusting flows. Research of this type can be expected
to play an increasingly important role in turbulence research not just at UMIST but
nationally over the remainder of the century.
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Session 3 provides greater variety partly because, in several cases, a range of

models - both those generated locally and those devised elsewhere - are tested for
particular cases. Models range from eddy-viscosity schemes to second-moment closures
involving cubic pressure-strain approximations. Non-linear EVM's have only just begun
to appear in these application-orientated studies. As remarked above, the elimination of
wall-reflection terms from second-moment closure becomes more difficult in impinging
and separated flows but even here progress is being made. A novelty is the use, with
second moment closure, of two transport equations for, essentially, different turbulent time
scales. The approach adds little to the cost (of a second moment calculation) and can be
expected to be taken up more extensively in our modelling work in the future.

As in previous proceedings in this series, there follows a tabulation of what we
term 'standard turbulence models': schemes that are repeatedly employed in the
presentations or, at least, used as the point of departure for modelling innovations. By so
doing we are enabled to keep presentations to the two-page format yet still have space to
discuss results. It is hoped that the inconvenience of having to refer elsewhere for the
equations is outweighed by the benefits of having a compact yet informative volume.
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Table la The Standard k"-EEddy ViscosityModel (EVM)

p[~ o··k - UiUj] [aUi auj]
3 1J Pt dx. + dx·J 1

- PUi8
Pt as
Us dxi

k2
Pt cpP -E

-

,
~~ = a~j [[v +~;~~j]]+ P + G - E

DE a [[ Vt aE]] E[ ]- = ~ P + - a- + CEl -k P + GDt OXj Uf Xj
f 2

- Cn k + [YC]

P ~ -UiUj aUi/aXj; G == -(jiui8

YC = Yap Correction = MaX(0.83[~ - 1] [~J2 f 2
0]k ,

e

Cp C E1 CE2 Us Uk uE

0.09 1.45 1.92 0.9 1.0 1.3

Table 1b The Standard low Reynolds no. form of k"-EEVM

As Table la except:

cp - 0.09 exp [-3.4/(1 + Rt/50)2)]; CE2 1.92 (1 - 0.3 exp - Ri)

and, in place of the equation for f,

~ D; = ~ [[v +~] ~] + C ~ [p + G]- C ~ + 2pPt [~:k~~Q]2+YCDt ox ; U ox ; Elk f 2 kJ e J

"- (ak~/aXj)2 "-where E = E - 2 P Pt = cp pk2/E

"-The quant ity e , which differs negligibly from E beyond the
near-wall sublayer, takes the value zero at the wall. In YC
f replaces E.



Table 2: The Basic Differential Second-Moment Closure

A: Computing the Reynolds stresses

-

where clJij 1
E [__ 1

ukuk]- c1 k UiUj - '3 Oij

clJij 2 [Pi j - Cij Fij
1

°ij (Pkk Ckk) ]- c2 + - '3 -

clJij3 [Gi j
1

Gkk]c3 - - O· •3 1J

YC = Yap correction, see Table 2

Wall Flows Only
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c1 c2 ca Cs cE cE 1 CE2 cl c/ c/ cQ1 2 3

1.8 0.6 0.5 0.22 0.18 1.44 1.92 0.5 0.3 0 2.5
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Table 2 (cont'd)

B: Computing the Scalar Flux and Variance (Free Shear Flow Form)

3.0 0.5 0.5 0.18



Table 3: The New DSM Model

(For free flows only at present)

A: Computing the Reynolds stresses

As Basic Model except:

where aij A2 = aijaij ; A3 = aijajkaki

9
A = 1 - 8 (A2 - A3)

c'2
0.0
0.6

C2
0.60
0.55

-



Table 3 (cont'd)

B: Computing the Scalar Fluxes and Variances

As Basic Model except:

~ - {c· !a. + c' ~ (~~~]2+ CEOiGkk} ss: - [CEli2 ~ / ~]
Dt - EO, EO, E Rk k + CE02 kEo J

a [Uk~Q k ~]+ CEO aXk

C,O / Ii Chi CEO,
,

C,O C,O ,0 CEO,

1.7 (1 + 1.2 (A2A)~)R~ - 0.8 1.1 0.2A~ 1.6 2.6

CE02 I CE03 CEOCE{12

0.9 2.0
2.6 0.181+1.IA2A~ 1+1 .lA2A~

. ..
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Table 4: ASM Truncation

• Stress transport is eliminated by the approximations:

D\ijli}
Dt

U·U· Dk.::p Dt

• Heat transfer studies employing an ASM approximation
for the stress field have adopted the GGDH form for
UiUj:

k ae
0.35 f uiuk aXk

-
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2 vt
= _5.. - _S ..

3 1J k 1J

-!SklSkl5;j1
+ QjkSki)

S.. -1J ax·J

au.
J+ --,ax.
1

Q.. -1J

au.
1

au.
J

ax.
J

ax.
1

- 0.1 0.1 0.26 - 1.0 - 0.1 0.1

Table 5 UMIST's Standard Cubic Eddy-Viscosity Stress-Strain Correction



-
NUMERICAL PRACTICES - A Preview

Although turbulence, in all its varied manifestations, is rightly regarded as the principal
challenge to CFD evolving towards a truly predictive aid to engineering design, no amount
of creative turbulence modelling is productive without the availability of an accurate and
efficient numerical framework into which newly formulated or improved models can be
incorporated and which allows these models to be applied to geometrically and physically
complex flows. A numerical procedure is often regarded as little more than a vehicle
'conveying' or 'driven by' mathematical closures of turbulence and other physical processes.
While this perception is not invalid, in principle, the vehicle must satisfy a range of stringent
and taxing specifications.

A numerical procedure must be based on accurate discretisation practices, for otherwise it is
apt to return the wrong message about the predictive abilities of the turbulence models it
incorporates; and a wrong or inaccurate message is, arguably, worse than no message at all.
It must be geometrically flexible, allowing complex geometries to be accommodated without
undue mesh depletion and distortion, both of which can be seriously detrimental to accuracy.
It must be economical, for if it is not, the size and difficulty of the application will be
constrained. Finally, and perhaps most importantly, the numerical procedure must retain its
stability and boundedness when combined with the ever-more elaborate and increasingly non
linear turbulence closures being formulated.

Much of the work undertaken at UMIST over the past twelve years on numerical issues has
been directed towards the implementation, validation and application of complex turbulence
models in increasingly challenging geometries and flow conditions; the majority of summaries
contained in Sections 3 to 6 are devoted to exposing the ground covered in the past two
years. Of particular interest has been the validation and improvement of Reynolds-stress and
low-Re-number models in an ever widening spectrum of external and internal two- and three
dimensional flows involving, inter alia, strong curvature, separation, swirl, rotation, density
gradients, compressibility and, increasingly, combustion. In this context, numerical accuracy,
solution economy and the retention of iterative stability in the face of increasing model non
linearity and coupling have been of principal concern. The wish (and the need) to extend the
validation range to complex geometries has motivated the development of a variety of
general-mesh schemes able to accommodate curved surfaces.

At the time of the previous Colloquium, considerable geometric flexibility was already offered
by single-block curved-orthogonal and non-orthogonal, structured-mesh procedures for two
and three-dimensional flows, as well as unstructured-mesh schemes for two-dimensional
geometries. Over the past two years, these capabilities have been enhanced in several
directions, principally through the development of general multiblock schemes for two- and
three-dimensional geometries. A summary in Section 2 highlights recent progress in this area,
and Fig. 1 conveys an impression of current capabilities in the context of flows around
aerofoils, blades and in complex ducts. Further efforts have focused on flow- and geometry
dependent grid adaptation involving grid-movement, enrichment and embedding within
structured- and unstructured-mesh schemes, particularly for external aerodynamics, and on the
formulation of an iterative, pressure-based unstructured-mesh procedure for incompressible
flow. Four summaries, three in Section 2 and the third in Section 4, deal with related issues,
while Fig. 2 gives an indication of the methodologies pursued.
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Fig. 1: Use of multiblock schemes for complex turbulent flows

Fig. 2: Local grid refinement and adaptation for unstructured-grid schemes

In the area of numerical approximation techniques, the introduction of boundedness into
second-order accurate discretisation of convection, especially of turbulence, has received
particular attention over the past two years. A new, highly economical boundedness-preserving
scheme, based on the QIDCK approximation and termed UMIST (Upstream Monotonic
Interpolation for Scalar Transport), has been devised and applied to a wide variety of
conditions to approximate both mean-flow and turbulence convection, including that of the
Reynolds stresses. Specifically in relation to LES - a new area of research at UMIST - a
general non-orthogonal co-located finite volume scheme, involving second-order
approximation in time and space and using Bi-conjugate Gradient and GMRES solvers, has
been developed and is undergoing testing. Summaries relating to the "UMIST" scheme and
LES are contained in Section 2.

. ..
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Improvements in computational efficiency have in the past been pursued principally with the
through multigrid acceleration, and several summaries dealing with MG efficiency in the
computation of compressible and incompressible turbulent flows have been included in the
proceedings of the 5th Colloquium. In the past two years, increasing efforts have gone into
parallel computing on a Transputer-based MIMD machine, particularly for turbulent transonic
flows. This work is set to expand in the direction of multi-block implementations on powerful
MPP machines, including the Intel Hypercube at the Daresbury Laboratory and the Cray T3D
at the Edinburgh Parallel Computing Centre.

Looking ahead, we anticipate that the evolving adaptive multiblock and unstructured-grid
schemes, coupled with increasing exploitation of MPP machines, will permit numerically
reliable assessments to be made of established and improved forms of second-moment and
non-linear eddy-viscosity closures to be undertaken in increasingly complex geometries - for
example, multi-element high-lift aerofoils and car bodies. In parallel, work on LES and DNS
is set gain an increasingly prominent profile in the spectrum of UMIST's CFD activities,
principally as a consequence of the installation, in July/August 1994, of the Cray T3D in
Edinburgh University. We expect this work to feed into as well derive benefits from both
fundamental and applied research based of Reynolds-averaged modelling.
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« Session 1 »

Turbulence Modelling - Fundamentals
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1.1

SENSITIZING LINEAR EDDYVISCOSITYMODELS TO STRAIN INVARIANTS

Researcher: J.O. Ismael
Supervisor : M.A. Cotton

Department of Engineering, University of Manchester
Sponsor : SERC/DRA Farnborougb

1. INTRODUCTION

The 'parent' or 'high Reynolds number' constitutive equation of k-s models applied
to flows in simple shear may be written -uv = C ac2/e)dU/dy. In the widely-used Launder
and Sharma (LS) model [1] this relation is modiffed by the introduction of a viscous damping
term, fJL(Ret). Dimensional analysis and the DNS studies of Lee et al. [21 indicate, however,
that the parent relation should be generalized to read -uv = C~ fs (S)(k le)dU/dy where, in
the present work, S is (initially) defined as S = [(kle)dU/dyy. Viscosity-dependent damping
is to be confined to regions of very low Ret.

2. MODEL DEVELOP:MENT

S is first cast in invariant form for application to general strain fields. Test cases
examined to date at the University of Manchester have, however, been restricted to parallel
or near-parallel flows and the basic linear stress-strain eddy viscosity formulation is retained
at present (cf. Craft et al. [3]):

(1)

k2where v, = C fs(S}f. (Re,) -
Il Il e (2)

In earlier work [4] it was found that the above formulation combined with k- and e
equations required the introduction of f/Ret) comparable in effect to fs(S). In the present
study S is therefore made the subject of a third transport equation :

(3)

Following Maxey [5], S determined from equation (3) may be interpreted as a
measure of effective total strain. In this manner historical influences (or 'memory') are
brought to bear in the argument of the damping function.

3. RESULTS

Fig. 1 shows the combined damping function f = fs f compared with data derived
by Patel et al. [6] and the LS model. The composition of ilie damping function is shown
in Fig. 2 which serves to demonstrate that fs(~ is the .?rincipal agency of damping in the
present model. In Figs. 3 and 4 profiles of U and k are compared with the DNS data
of Kim et al. [7].
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Full details of the model discussedhere (which is not yet fully optimized) together

with results for buoyancy-influencedflows are given in [8]. The present work proceeds in
collaborationwith Professor Launder, Dr. Craft and Mr. Suga.
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l.2

DEVELOPMENT AND APPLICATION OF A
NON-LINEAR k-s MODEL

Researchers: K. Suga and T..J. Craft
Supervisor: Prof. B.E. Launder

Sponsors: Toyota Central R&D, Rolls Royce pic, SERC

1. INTRODUCTION

It is well known that conventional EVM's give unrealistic predictions for certain flow fields such
as impinging flows, swirling flows and flows near curved surfaces. Craft et a1.[1]tried to improve
this weakness by introducing a non-linear constitutive relation with strain- and vorticity-invariant
dependencies. Although the proposed model gave very encouraging improvements in a wide range
of flow fields, its predictive accuracy near a wall needed further improvements.

2. APPROACH

DNS results [2] indicate that A2 has a large peak value and changes relatively smoothly in the
buffer region. Thus, in order to capture near wall Reynolds stress behaviour, in addition to the S,
a dependencies, it is helpful to introduce stress-invariant, A2, dependencies into the non-linear
constitutive relation. The following functions and coefficients for the non-linear EVM are emerged
through numerical experiments.

c,.. - 0.667rl'J [1 - exp { -0.145 }] ,'" = max (5, n) rl'J
1+ 1.8", exp (-1.3",5/6)

2 - exp {-(A2/0.5)3} + 5Jr-ex-p-(--fl-t/-20-)r'1

_ 1.1V1 - exp (-Rd20) _ rl'J _ r~
I,.. - 1+ 0.6A2+ 0.2A~·5 ,Iq - VI + 0.0086",2' Ie - 1+ 0.45",2.5

A2 is obtained by solving its transport equation:

dA A a" a" A2 aij
__ 2 = DA - 22Pk + 2~Pij + 2 k'3 <Pij+ 2-k C - 2-k Cij
dt 2 k k

by using the GGDH for the diffusion process, the cubic model of <Pij and the Eij model of UMISTs
new DSM. The GGDH is also employed in the k, E equations. In the k equation, an additional
modelled pressure-diffusion term, nk, is introduced while the E equation has a new modelled
gradient production term, P£3' which is similar to Rodi-Mansour's [3], and a re-tunedf2 function.

II a ( k a£ ) { (-) }O.5k = 0.15-a vA-::-a ,A = 1-exp -Rt/2
Xk e Xk

. ..
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3. RESULTS

Fig 1 shows predictions of the fully developed channel flow at Re=14000 comparing with the DNS
results. It is clear that the present model reproduces all the near-wall variables quite accurately. The
predictive accuracy in the other complex flows is the same as that of the version of Craft et a1.[I].
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Figure 1 :Predictions of the fully developed channel flow at Re=14000.
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1.3

FURTHER DEVELOPMENT OF k-co TREATMENT
INCLUDING NON-LINEAR TERMS

Researchers: D. Sofialides, T.J. Craft
Supervisor : B.E. Launder

Sponsor : SERC

1. INTRODUCTION

One of the major difficulties in computing near-wall flows is the problem of modelling the
dissipation rate of turbulent kinetic energy. The standard E equation requires Re-number dependent
damping functions and extra near-wall source terms which can lead to a less stable scheme. In
addition, it is well known that the equation gives poor predictions in separating and stagnating flows.
This latter problem can, to some extent, be overcome by including the Yap lengthscale correction,
although it is not easily applied to complex topographies, since it involves prescribing the "distance
to the wall".

A promising alternative was proposed by Wilcox (1991), who replaced the e equation by a
transport equation for what he termed the "specific dissipation rate" (l) = Elk. Although, in the later
paper cited, the model still employed Re-number damping functions, studies of boundary layers in
adverse pressure gradients and, more searchingly, explorations of the impinging jet reported at the 5th
CFD Colloquium, indicated that no equivalent of the Yap correction was needed. This has great
potential advantages for studying complex flow geometries.

In fig. 3, comparisons of Wilcox's k-co and the k-e model with and without the Yap
correction, shows that, although the k-co model does considerably overpredict the impingement
heat-transfer, the profile shape is quite promising, particularly as the model does not include a Yap
correction. The current work has, therefore, focused on combining the k-co scheme with some of the
models reported in papers 1.1 and 1.2; in particular, introducing the strain-rate invariant as a
parameter, and including a non-linear stress-strain relation.

2. MODELLING DETAILS

(1)

(2)

The forms adopted for ell' fll and UjUj are derived from [1] and [2]. After optimizing the model in
high-Re-number pipe flow and the impinging jet at Re=23000, the following forms were arrived at:

v, = c,.(S)/,.(R,)~ (3)
w

c,. 0.09[ 3.89 _ 0.089][1- exp(-0.3S - 0.015S2)] [1- (exp(-70/S»O.5] (4)
S(1- (exp(-80/S»O.6)

I,. = 1- 0.72exp(-0.0056R,) (5)

The various model coefficients, including those used in the expression for uiuj are given in table 1.

3. RESULTS

Pipe flow computations for Reynolds numbers between 104 and 105 produced skin-friction
coefficients and Nusselt numbers broadly in line with experimental values. Fig. 1 shows the predicted
log-law at Re=50000.

The impinging jet results at Re=23000, fig. 2, show that the present k-co model gives
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significantly better predictions than the original proposal, particularly in the stagnation point turbulence
levels. As a result of this, the heat-transfer (fig. 3) is also well-captured. At a higher Re number of
70000, the dynamic field remains essentially the same, although fig. 4 shows that the Nusselt number
predictions are not quite so accurate. The shape of the Nusselt number profile at the stagnation point
is, however. reasonably well captured. The heat-transfer is mainly affected by the near-wall behaviour
of the model. and thus a further refinement of the Re-number dependent terms could be expected to
bring about further improvements.

References:
1. Wilcox D.C. (1991) "Progress in hypersonic turbulence modelling" AIAA Paper 91-1785.
2. Cotton M.A. & Ismael J.O. (1993) "Development of a two-equation turbulence model with
reference to a strain parameter" Proc. 5th Int. Symp. on Refined Flow Modelling and Turbulence
Measurements. Paris.
3. Craft TJ.•Launder B.E.• Suga K. (1993) "Extending the applicability of eddy-viscosity models
through the use of deformation invariants and non-linear elements" Proc. 5th Int. Symp. on Refined
Flow Modelling and Turbulence Measurements. Paris.

Table 1. Model coefficients.
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1. BACKGROUND

This contribution presents further validation and refinement of the Savill-Launder
Younis low-Re Differential Second-Moment Closure for prediction of by-pass transition [1].

2. LOW-Re EXTENSIONSTO THE BASICDSMMODEL

The SLYRSTModel employs the following low-Re extensions:
Eij= -2130ij(1-fs) E+ [ (1+ 2.5v2/k)-1fs E{uiUj+ uiuk nknj + UjUknkni +oij ukul nknl}/k]

&DE/Dt = dE + fl CEI PIck - f2 CE2E2/k + f", CE3v (v2/k)(k2/E)(d2U/dy2)2
with: fs = (1+ RtllO)-I, fl = 1. f2 = [1 - (0.41CE2) e - MIN{(Rtl6),20}]
and: f", = e [- 3.4/{1+(Rtl50)}21 with: Rt = k2/EV
and the model constants used are the same as in the basic high-Re model except:
CE= 0.15, CEI = 1.275, CE2= 1.8 and: CE3 = 0.25 (optimised for transition [1])

3. TEST CASE COMPUTATIONS

This model has now been applied to a wider range of Simulated and experimental Test
Cases of the ERCOFTAC Special Interest Group - see [2-4] - than the zero pressure gradient,
1-6% free-stream turbulence, and variable pressure gradient cases considered previously [1].
The effects of higher intensity isotropic fst and both weak and strong fst anisotropy, in zero
pressure gradient, have been considered, together with the influence of off-design Reynolds
numbers on transition in pressure-gradients representative of an aft-loaded turbine blade. In
each case parabolic boundary layer computations have been performed; starting from specified
initial and boundary conditions within the pseudo-laminar, pre-transitional layer. These
computations were performed on the Cambridge IBM 3084Q, and required 0.03s cpu/x-step
incrementof 0.0250, on an expanding 80 point grid with 30 points below Y+=lO(Yl+=0.04)
and a further 20 points below y=O.10.

4. RESULTS & CONCLUSIONS

The results presented in Figures 1-4 show that the model continues to accurately predict
the onset of by-pass transition up to free-stream turbulence intensities of 10%, in zero pressure
gradient flow, and can to a large extent capture the effects of free-stream anisotropy, variable
pressure gradient and Reynolds number on transition location. The Transition Simulations have
provided a justification for the adopted value of CE3.However a more detailed comparison of
model predictions with the Simulated database have revealed deficiencies in the physical



modelins of the fst interaction and development of turbulence in the transitional layer. It is
suggested that these might be corrected by introducing additional non-local or cross-~if~usion
terms into what remains an essentially local one-point closure model, ~nd that. the pr~dlctton of
low fst transition could be improved by the addition of a transport equation for mtermittency.
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Figure 1:T3BDNS(5%fst, weak anisotropy) Figure 2: T3BDNSTest Case (strong anisotropy)
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GENERALIZED LOW-RE 2nd-MOMENT CLOSURE
WITHOUT WALL CORRECTIONS

Researchers: N.Z. Inee and S-P Li
Supervisor: B.E. Launder
Sponsor: SERe, FLAIR

1 BACKGROUND AND OBJECTIVE

Extending UMIST's New DSM model for free flows to the near-wall viscous sublayer has been
one of the major tasks over the past few years. The 5th Colloquium reported a low-Re number
form of second-moment closure [1] of the same general form which had been explicitly designed
to satisfy several theoretical limiting constraints of wall turbulence and to comply with the stress
profiles of direct numerical simulations. Like all the other model forms, however, that scheme also
employed wall proximity/orientation parameters to ensure that the velocity fluctuations normal to
the wall died out as the wall was approached faster than fluctuations parallel to the wall. The use
of such devices renders the model unsuitable for application to surfaces of even moderately
complex shape. The present research was therefore aimed at generalising this low-Re 2nd-moment
closure model by removing the existing wall-topography parameters.

2 THE PROBLEM AREASANDTHE PROPOSEDMODELLING

The approach followed has been to identify terms in the original proposal that contain
wall-parameters and then to remove these parameters either by simply discarding the whole term
while seeking a replacement that does not use such wall-parameters, or by replacing them with
some other scalar quantities. For brevity, only the present proposed modifications are given here.
The expressions for the original terms can be found in [1].

The Wall-Reflection Term cjlijw

The 5th Colloquium reported satisfactory results for plane channel and duct flows obtained by a
high-Re New DSM model for wall flow [2], in which the usually adopted cjlijw model had been
discarded. Instead, the wall-reflection effect was sensed via the local strain field, by suitably
modifying the pressure-strain model cjlij2' taking Ci non-zero: with ci - 0.6 with C2 •• 0.55. The
same approach has been adopted in the present study. That is to say cjlijw is not employed.

The Inhomogeneity Correction

In the original model, a correction was applied to cjlij2 for strong inhomogeneity across the buffer
layer by employing an effective velocity gradient in this process. To eliminate the use of "i, the
mean square velocity fluctuations normal to the wall, the following form has been adopted:

(
8Un) 8Un lz8f(A) 8zUn
8xm ell = 8xm + C[ t 8Xk 8xm8xk (1)

where,ftA) is taken as AO.3 (1 + 2.5A3), It = /212/£ and the coefficient cI takes the value 0.07.

The Dissipation Tensor £ij

The modified £ij takes the following form:

{
EUiU1' 8ko.s [UiUk 8ko.s U 'Uk 8kO•S]Cij = -- + {31v-- + _1 _

k 8Xk k 8Xj k 8Xi

v8ko.S 8ko.s umun} v8ko.s 8ko.S umun
+{3z6ij 8 8 -k- /(1 + 5-8--8 -k-)Xm Xn Xm Xn (2)
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. We note that the choice ~l = ~2 = 2 enables equation (2) to satisfy the limiting wall dissipation
ratios of Launder Reynolds [3].

3 RESULTS

The validity of the present low-Re 2nd-moment closure has been tested through computations of
fully-developed flows in a plane channel and a square-sectioned duct In Figures 1-3, predicted
near-wall variations of turbulent stresses and mean velocity profiles for the channel flow arc
compared with the corresponding DNS results of Kim et al [4]. Clearly, the present predictions arc
in very good agreement with the DNS data. The predicted primary velocity and turbulent kinetic
energy profiles for the duct flow are also in reasonably good accord with the experimental data,
shown in Figures 4 and S respectively.
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ADAPTING THE NEW '2D-LIMIT' REYNOLDS-STRESS MODEL FOR
CURVED FLOWS

Researchers
Sponsors
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& Senior Research Associate, Department of Engineering, University of Cambridge.

1. BACKGROUND

The ability of the New 2D-limit Differential Second-Moment Closure to predict simple
curved shear flows has been examined [1] and a comparison of results with predictions obtained
using the Basic Model [2] has allowed a small refinement to the present closure to be proposed.

2. CURVEDA...OWCOMPUTATIONS

Computations have been performed with both Basic and New RST Models for simple
plane curved shear flows in the limit where Production and Pressure-Strain effects dominate
Diffusion. Comparison has been made with experimental results obtained for approximately
homogeneous shear flows subjected to both mild and strong longitudinal convex and concave
curvature [3], the outer region of a convex curved boundary layer, and the concave side of a
curved wake - where this condition is satisfied. It has been found that in the case of the
homogeneous shear flows, the New model provides better predictions for the variation of
turbulence energy and Reynolds stress anisotropy with changes in strength and sign of
curvature than the Basic model, but still tends to over-predict the effect on the Reynolds shear
stress - see [1] & Figure 1. The same is true for the curved boundary layer and wake flows
where the Basic model produces quite respectable shear stress results. In an effort to improve
the New model the idealised case of a homogeneous shear flow responding to a sequence of
convex and concave curvature has been considered with both models - see Figure 2. The results
suggested that some modification was required to the New model.

3. PROPOSEDMODIACATION TOTHE NEW 2D-LIMIT RSTMODEL

After testing previously proposed modifications to the constants CEi & CE2 in the
Production and Dissipation of Dissipation terms, which have been shown to ensure better
predictions for a wide range of near-equilibrium free shear flows [4], it seemed likely that the
deficiencies observed (particularly for strongly curved flows) could be attributed to out-of
equilibrium effects. The solution would appear to be to re-scale the Production of Dissipation
term by a non-equilibrium parameter (Pk/ E) so that the two modified model constants become:

&

CEI = 0.35 [ 1+ Vt (dUj)] .§.

E (dx.) Pk
CE2 = 1.92

(1 + 1.65AA2 1/2)

Certainly the comparison with the Basic model shear stress predictions was very much
improved when this modification was implemented - see Figure 2.
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THE MODELLING OF DIFFUSION-CONTROLLED TRANSITION
WITH THE NEW MODEL

Researcher: J R Cho
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Sponsor: SERCfRolls Royce plc

1 INTRODUCTION

The present research can be regarded as a continuation of that reported earlier in this session by
Dr A M Savill. While even low Reynolds number EVM's can do a respectable job of modelling
transition on a flat surface at turbulence levels of 3% or more, it is expected that, for the majority
of situations arising in aeronautical practice, the surface will either not be flat or turbulence levels
will be rather lower than 3%. Then one will need a more comprehensive model than is offered by
EVM methodology. This type of test case is thus an excellent one to challenge and help refine the
closure approach of the 'New Model'.

2 MODELLING

When the original near-wall form of the New Model (Tselepidakis, [1]) was applied to transition
phenomena it was soon discovered that it was highly unstable for transitional flows. The model
has thus been recast, introducing at the same time, new developments in low-Reynolds-number
modelling. No entirely satisfactory form has yet been arrived at. However the results shown below
adopted the following specific forms of the pressure strain model.

(\ = (1 + 3.38Vmin(A230.6 )A 1/2 (1 - exp[ -R/150(1 + A3)])

with 'wall refection' and viscous contributions to <l> ij as follows

cl>~r = O.6[:~A ;:A cl>mn2cl>ij - ~ :~A ::'cl>jm2 - ~:: ::'cj>jm2]m n m I m J

3 RESULTS

An important discovery made (with a simpler eddy viscosity model) was that the rapid change in
velocity profile associated with transition itself induces local pressure gradients which themselves
can have a significant effect on where transition occurs. While not strictly a 'turbulence
modelling' effect, the discovery is important for modelling. It means that strictly one should use
an elliptic scheme for computing the flow field; boundary layer approximations that treat the
pressure as uniform across the layer are inappropriate. However for the present, all the reported
results using a full second-moment closure have been obtained with a marching parabolic treatment.

Computations with the version of the New Model noted above are shown in Fig 1 for three levels
of free stream turbulence. These capture reasonably well the dependence of the location of
transition on the level of free-stream turbulence intensity. However, the transition process itself

...
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is too abrupt. We suspected that the model of stress diffusion may have been the cause. TIUs
process is of little consequence in developed turbulence near walls and we thus conventionally
adopt the simple GGDH model. There seemed good reason to suppose that for transition provoked
by free stream turbulence diffusion could be of greater importance and we thus refined the model
to the (still overly simple) HL version.

It is seen from Fig 2 that this change has indeed smoothed out the transition towards the type of
behaviour found in the experiments.

4 CONCLUSION

There are good reasons to suppose that by-pass transition should in due course be predictable with
the same low-Reynolds-number closure used to predict turbulent flows at low Reynolds number.
Diffusive transport of stress is more influential in transitional flows than in fully developed wall
turbulence and it appears that more attention must be paid to its modelling than hitherto.

REFERENCE
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DIRECTIONS IN 2ND MOMENT MODELLING
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1. INTRODUCTION

Over the past few years, the realizable, cubic model developed at UMIST has been widely
tested over a range of free flows, buoyant flows and wall-affected flows. In these latter cases, since
viscous effects are not included in the model, it has generally been used in conjunction with a much
simpler near-wall model. Overall, the inclusion of non-linear pressure-strain terms and of stress
anisotropy invariants into the e equation have resulted in improved predictions compared to the basic
model: However, as more flows have been tested, it has become more evident that a better modelling
practice is needed in the near-wall, viscosity-affected region, particularly for flows involving heat
transfer through the wall.

A start in this direction was made by Tselepidakis [4], who modified the high-Re-number form
of the cubic model in order to compute plane and rotating channel flows. The final form he adopted
was not, however, entirely consistent with the high-Re-number form. Moreover, it still employed n,
the unit vector normal to the wall, which becomes difficult, if not impossible, to define in complex
geometries.

Our recent efforts have therefore been directed at building on Tselepidakis' experiences by
looking at a wider range of flows encompassing plane channel, shear-free wall, transition and
impinging flows.

2. MODELLING

Diffusion: In many of the shear flows studied, the turbulent diffusion process is relatively weak, and
has simply been modelled using the GGDH. However, it takes on a greater importance in transition
flows, and it seems likely that a more complex model taking explicit account of processes appearing
in the third-moment transport equations including mean strain would be more appropriate.

Pressure-Strain: Significant steps have been taken in removing the conventional "wall-reflection"
terms associated with q>ij2. In channel flows, the inclusion of the cz' terms and an inhomogeneity
correction to au/ay can be used to achieve the desired effect [1]. However, there are still problems
in applying these to the impinging jet: neither refinement significantly affects the stagnation region
(where the stress normal to the wall is considerably overpredicted), and the inhomogeneity correction
needs further refinement in order to reduce its influence in the initial wall-jet region around the
velocity maximum.

The "slow" pressure-strain term, q>ijl , includes non-linear terms, and the coefficient c1 is taken
as a function of A, A.z and R, Realizability requires that c1 ~ An where n ::;;1/2 for small A, and
experience suggests that this results in a more stable model than the variation c, ~ A used by
Tselepidakis. A further development would be the inclusion of inhomogeneity effects into q>ijl • The
shear-free boundary DNS data from Stanford [3] will undoubtedly prove very useful in the modelling
of these terms.

Dissipation: We are currently using the form

€ij =
€;j

Ie =

€ij Ie +%€Cij (1 - IE)

[

UiU· 2v a../k [a../k a../k] 2v a../k a../k ] [ 5v a../k a../k_]€T +T aXle aXi UjUIe+ ax; UiUk +T aXle ax, UkU,Cij / 1+ ck aXk ax, UkU,
exp{ -RtAl/2 /100} (1)
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which reverts to the isotropic dissipation model at high Re numbers, and also satisfies the wall limit

Fig. 1 shows that this captures the normal stress dissipation rates in channel flow reasonably well,
although the £12 component is overpredicted between y+=10 and 50.

Another encouraging feature of eq.(1) is shown by the impinging jet Nusselt number
distribution in Fig. 2. Although the stagnation heat-transfer is overpredicted (because of the absence
of wall-reflection terms to damp y2 in the fully turbulent region) the strong near-wall dissipation of
? results in a reasonable profile shape at the stagnation point without including the Yap correction in
the £ equation. Since the Yap correction contains the "distance to the wall", this is another term whose
inclusion causes severe difficulties in complex geometries, and which we would therefore like to
eliminate.

In addition to introducing the invariants A2 and A into the dissipation equation, another
possibility is the inclusion of alternative source terms such as those suggested by [2], containing
products of mean strains and dissipation anisotropies.

3. FURTHER WORK

The above ideas are currently being evaluated and tested over the range of flows mentioned.
Geometrical quantities such as!!. are not being allowed, and this restriction, combined with the widely
different flow configurations being studied, should result in a reasonably stable model that can be
applied to complex flow topographies.
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DIRECT NUMERICAL SIMULAnON OF PREMIXED
TURBULENT COMBUSTION
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1. INTRODUcrION

Direct Numerical Simulation (DNS) involves the numericalsolution of the full Navier-Stokes equations
governingturbulent fluid flow,without recourse to any formof turbulencemodelling. This is enormously
demanding of computing resources in terms of both CPU time and execution storage, due to the need to
representfaithfullya three-dimensional and time-dependentphenomenonoccurring over a very broad range
oflength andtimescales. InDNS it is essentialfirstof all to ensure adequate resolution of the smallest scales
of motion, whereupon the largest problem that can be tackled is set by the size and power of the largest
availablecomputer. In practicethismeansthat thereis a severerestriction on the attainable Reynoldsnumber
andonthe levelof geometricalcomplexity that can be represented. Thus, for the foreseeable future, DNS is
not viewedas a replacementforReynolds-averagedmodellingas a tool for the solution of industrial problems.
Rather, DNS provides a novel means to carry out fundamentalinvestigations of turbulent flow in order to
obtain physical insight and statistical data which can be used to refine and develop existing
Reynolds-averagedmodels.

The applicationofDNS to the treatment of turbulent combustionis an areawhere the unique advantagesof
DNS are particularly valuable. Turbulent flamescontainstrongmutual interactions between the effects of
turbulent motion, molecular transport of heat and mass, strong heat release and combustion chemistry.
Experimentalmeasurement of important quantities in turbulent flames remains very difficult despite recent
advances in laser diagnostic techniques, and many quantitiesof interest are simply inaccessible. In many
cases, DNSoffers the only possible route to the collectionand analysis of data necessary for modelling.

Thepresentwork continues a line of research in combustionDNSbegun at the 1990 Summer Schoolof the
CenterforTurbulenceResearchat StanfordUniversity[1). An extensive set of raw data obtained fromDNS
oftwbulent premixedflameswas analysedin thelightof the Bray-Moss-Libbymodel formalism [2] leading
to theextractionofa great dealof usefulinformation.Someof the principal results are discussed below. The
success of this activity has led to the present project, supported by EPSRC, in which DNS of turbulent
combustionis beingcarried out for the first time in theUK. The objective,as before, is to extract statistical
data in support of modelling efforts.

2. PREVIOUS RESULTS

The impact of the early Stanford DNS on the modellingof turbulent premixed combustion has been
considerable. The computations were carried out by Rutland [3] on a grid of 128 nodes in each direction,
using a pseudo-spectral discretisation with periodicboundaryconditions and a third-order Runge-Kutta
algorithm for time advancement. The full Navier-Stokesequations were solved together with transport
equationsfor two scalarvariablesrepresentinga normalisedtemperatureand species mass fraction. One-step
Arrhenius reaction kinetics were employed, and heat releasewas not coupled back to the flow fieldwhich
remainedincompressible. Each run was initialisedfroma prescribedspectrum of turbulence and a settling
period was allowed to elapse before the introductionof combustion. In order to preserve periodicity, two
planar flames were initialised back-to-beck near to the central plane of the domain and were allowed to
propagate outwards. After a short initial accelerationthe flames adjusted to the ambient field of decaying
turbulence and propagated with decreasing speed to the endsof the domain. Each run of about 1500 time
stepsrequiredabout 15 hours ofCPU time on a CrayY-MP. Results in the form of full-field datasets were
collected every 100 time-steps, and the results of four such runs made with different initial values of
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turbulence intensitywere availablefor analysis.

Extensivepost-processingwascarriedout on selected datasets. The flame surfaceswere l~ated ~ sp~ by
a root-finding technique and quantities of interest were interpolated onto the surface usmg cubic splmes.
Gradients of velocity and scalar quantities were evaluated in spectral space for best accuracy. Surface
distributions were obtained having a sample size of at least 128 by 128 for each flame surface. Principal
results includedsurfacepdfsof thetangential strain rate on the flame, and surfacejoint pdfs of the tangential
strainrate andthe localflamecurvature[4]. Estimates of the integral length scale of flame surfacewrinkling
were obtained using a surface autocorrelationtechnique and several geometricalfeatures of the flame were
identifiedandquantified.Onthebasisof the resultsa revisedmodel for mean turbulent reaction rate has been
proposed [5] and is currentlyunder test.

3. NEW APPROACH TO COMBUSTION DNS

The pseudo-spectral approach to DNS has some serious limitations whichrestrict its applicability to more
generalcombustionsimulations.Inorderto introduce realistic heat release rates it is necessary to replace the
periodic boundary conditions in at least one spatial directionwith an appropriate inflow/outflow condition.
Much of the computational efficiencyof the pseudo-spectral method is lost in this case, and this has led to
the use of high-order finite differencesinstead. Recent DNS of non-reactingchannel flow [6] has been
carried out using low-order finitedifferences and has demonstratedminimalloss of resolution with respect
to thehigher-ordermethods whicharemuch more complex and expensive. Thus, the new combustion DNS
work now in progress at UMISTmakes use of second-order central spatial differencing combined with a
modifiedsecond-orderAdams-Bashforthalgorithm for time-stepping. A newcode, known as ANGUS, has
beendevelopedlocallyand is currentlyundergoing validation tests against previous data. A parallel version
of the code has been developed in conjunction with Daresbury Laboratory and is running on the Intel
Hypercube.The standardcombustiontest probleminvolves a premixed turbulent flame located near a central
plane of the computational domain,propagating in a statistically stationarymarmer against an oncoming
turbulent stream of fresh reactants. A primary objective is to collect long-durationtime-averaged statistics
relating to the interaction of thepressure, velocity and density fields.

REFERENCES
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MULTI-BLOCK ALGORITM FOR GENERAL TURBULENT FLOWS

Researchers: W.L. Chen and F.S. Lien
Supervisor: M.A. Leschziner

1. INTRODUCTION

Geometric flexibility is one of the key ingredients in the mix of capabilities allowing CFD to
be used as a practical aid to engineering design. It is also of increasing importance in the context of
validation efforts focusing on complex flows, particularly in high-lift aerodynamics and highly-loaded
turbomachine blades in which turbulence transport contributes significantly to primary operational
characteristics.

Although a considerable level of flexibility can be attained with single-block structured grids -
provided non-orthogonality is admissible - there are many applications, notably such involving
multiply-connected domains, which cannot be meshed with a single structured grid Alternative routes
to increasing geometric flexibility are based on unstructured and block-structured grids. Both have
strengths and weaknesses. With the latter option, local flow-driven adaptation is more difficult, but this
option is well-disposed towards an accurate near-wall resolution, allows the use of well-established
structured-grid solvers (e.g. ADI, ICCG, SIP, multigrid), is well-suited to parallel computing based on
domain-<iecompositionmethods and allows the retention of simple index connectivity which enhances
transparency and eases programming. Adaptation can be implemented by the type of the grid
refinement technique introduced in a companion summary in this section.

This summary introduced a multi-block implementation of the general-flow code STREAM
(Lien & Leschziner [1]). The block topology is essentially unstructured, with a block connectivity
matrix generated to allow efficient inter-block communication. Within each block the grid is fully
structured, however. One notable feature of the method is that the coordinate systems, governing
equations and physical models need not be (indeed, are not) identical across the entire block family,
which is particularly beneficial in external aerodynamics applications.

2. APPROACH

The base algorithm is STREAM - a general non-orthogonal co-located finite volume scheme
incorporating higher-order discretisation, second-moment closure and applicable to incompressible as
well as compressible conditions. The multi-block extension involves the foUowing major steps:
(i) The flow domain is sub-divided into non-overlapping blocks and associated grids are generated

for each block separately, by using either algebraic or differential grid generation;
(ii) A connectivity matrix is constructed which is used to communicate information across block

boundaries with the aid of 'halo' data regions at boundaries. The connectivity matrix is in the
form of 2D array MATRIX(IBLOCK,IFACE), where IBLOCK is the block number, and
IFACE identifies a block face (out of 6). A typical example is given in Fig. I, where for
IBLOCK=I,

MATRIX(I.1)=O,
MATRIX(1,2)=O,
MATRIX(1,3)=2,
MATRIX(I,4)=O,
MATRIX(1,5)=7,
MATRIX(I,6)=O,

Fig. 1: Example of a 8-block arrangement

where '0' means that the neighbouring block is a physical boundary, while any other integer
identifies the neighbouring block.
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(ill) One 'inner iteration' consists of the solution in individual blocks, with block boundary conditions

temporarily 'frozen', and an update of boundary conditions via the connectivity matrix. The
outer iteration is, in effect. a 'Block Jacobi' method.

3. EXAMPLES

Fig. 2 shows the use of a multi-block system in the computation of a compressor blade
considered in greater detail in a related summary in Section 5. The figure includes enlarged views
of the grid arrangements at the rounded leading and trailing edges and a comparison between single
grid and multi-block solutions for the pressure coefficient using the Launder-Sharma low-Re k-s
model. Fig. 3 shows the IS-block grid and the predicted flow around a three-element high-lift aerofoil.
Finally, Fig. 4 shows the transverse-velocity field downstream of a round-to-square transition in a duct
obtained with a 8-block arrangement and a low-Re k-e model.
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Fig 3: Multi-block grid and velocity field around a three-element aerofoil

Fig. 4: Transverse velocity in a transition duct computed with 8 blocks
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ASPECTS OF LOCAL MESH REFINEMENT

Researcher: W.L. Chen
Supervisor: F.S. Lien and M.A. Leschziner

Sponsor: Rolls-Royce pic.

1. INTRODUCTION

In most flows, large gradients of flow properties are generally confined to some local portions
of the whole spatial domain. In these regions, particularly fine grids are required to achieve a
sufficiently accurate solution. In general, it is impractical to adopt a uniformly fine mesh over the
entire spatial domain in an effort to meet accuracy constraints, for such a practice tends to give rise
to serious resource problems, not only in terms of memory but also because CPU times tend to rise
quadratically or even cubicly with mesh size.

The unstructured-grid approach, coupled with flow-sensor adaptation or enrichment is one
possible route to local resolution control, but this technology is still at an embryonic stage, particularly
in the context of complex turbulent flow. The other route, applicable to the structured-grid
environment is local-grid refmement - the method considered here. This involves the selective insertion
of additional grid nodes or ceUs in sub-domain. TIle insertion process may be pre-defined, but the true
potential of mesh refinement can only be realised in combination with flow-related sensors which
dictate the position and refinement level on the basis of solution error or local rates of change. Basic
aspects of this approach are considered here in the context of the finite-volume framework. Parameters
of the coarse grid solution are used to identify regions where finer grids need to be introduced. Of
particular interest are the type of sensor, its critical value, at which refinement is initiated, and the role
of the interpolation practices at coarse-meshlfine-mesh boundaries in maintaining uniform accuracy.
A more extensive account of the present work may be found in ref [I].

2. APPROACH

The present local mesh-refinement method consists of the following key elements:
(i) Grid generation: A property of the coarse-grid solution (or "sensor") is used to guide the grid

refinement The grid system generated consists of the background coarse grid and refined
levels with the latter being irregular and confined to regions of high values of the refinement
criterion.

(ii) Treatment of interface between coarse and fine grids: As there is no overlapping mesh portions
at any coarse-grid/fine-grid interface, the values of near-interface cells must be obtained by
interpolation. Three interpolation methods have been examined. The first uses area-average
interpolation using the interface-cell locations shown in Fig. I(a). The second and the third
operates with the same interface-ceUlocations shown in Fig. 1(b). The second method employs
linear interpolation, while the third implements Lagrange interpolation polynomials. Test
computations show that the choice of the interpolation method has profound effects on the
accuracy of solution.
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Fig. I: Locations of near-interface nodes for intergrid interpolations
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(iii) The selections of refinement criterion: The selections of the refinement criterion and its critical
value used to flag the cell to be refined are very influential on the accuracy of refinement
method. In calculations presented below, the sensor is based on the solution gradient and its
critical value 'Cr' is chosen as:

Cr=Gradientmm +j{Gradientmax-Gradientmm)

where f is a value to be specified, and Gradient is the solution gradient of the coarse-grid
solution. This type of sensor is, of course, based on the assumption that there is only one
important gradient to which adaptation may be geared. In general flow, the choice of
adaptation sensor is a non-trivial issue.

3. APPLICATION

The present technique has been applied to the Poisson equation proposed by Phillips et al
(1984), which contains a source resulting in a steep increase in property around the region (1,0). Fig.
2(a) show the errors of full fine-grid simulation (20x20) which is used as a 'benchmark' against which
to compare the accuracy of a one-level local mesh-refinement within a 10xlO grid (multi-level
refinement is also possible). The results obtained with the three aforementioned interface-interpolation
methods with the same fine grid pattern are given in Fig. 2(b,c,d). As seen, the interpolation practice
has a crucial influence on the accuracy of this technique. With the sufficiently small value of f
specified, the technique predicts the solution with as small a peak error as that of the full flne-grid
solution, Fig. 3.
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Fig.2: Solution error fields f=O.05 - (a) full 20x20 grid; (b),(c),(d) different intergrid
interpolations
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Fig. 3: Solution error field f=O.03
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AN UNSTRUCTURED-GRID ALGORITHM FOR INCOMPRESSIBLE FLOW

Researcher: M.P. Thomadakis
Supervisor: M.A. Leschziner

Sponsor: European Community (Human Capital and Mobility Programme)

1. INTRODUCTION

Unstructured-grid schemes are becoming increasingly popular in the computation of very
complex geometries, especially in aerodynamics. Although not without challenges and drawbacks, the
method offers, in contrast to block-structured approaches, total flexibility in respect of local grid
density control and flow-sensitised adaptation. With few exceptions, efforts made over the past few
years have focused on compressible flow in which the conservation laws governing mass and
momentum are solved with a time-marching scheme to yield density and velocity. For incompressible
conditions, this is, at best, inefficient and, at worst, unstable. Indeed, it is only tenable in conjunction
with an artificial compressibility linking density to pressure via a fictitious relationship. The widely
used alternative in the structured-grid environment is the solution of the pressure or pressure-correction
equation, which replaces the describing mass continuity.

The present summary reports on initial efforts towards the formulation of an unstructured
finite-volume scheme for incompressible flow involving a pressure-correction algorithm. Major
elements of work concern the manner in which pressure is determined, the discretisation of the
convective and diffusive terms in an unstructured grid environment, and the implicit solution approach
arising from the elliptic pressure field.

2. METHODOLOGY

The governing equations are integral forms of the steady 20
continuity and momentum equations for incompressible viscous fluid:

fpCiidE=O

fEpuclldE=-f InjiE+flr;JI~ +"JI)dE

fEpvCildE=-f In,dE+fE("JI~ +"YI')dE

V3

Fig.1: Control volume for the
momentum equation (C1...CJ

Discretisation involves the transformation of the integrals into flux summations over the edges of the
polygonal control volume which represents the numerical form of the closed surface E.

A SIMPLE-like, pressure-correction procedure is used to accommodate the coupling between
pressure and velocity. Both velocity components are stored at the vertices of the triangular grid, while
pressure is stored at the centres of the triangular cells. The momentum equations are discretised using
the centroid duals of the primary triangular cells as control volumes (here called macro-volumes, Fig.
1). A provisional pressure field is given as input, and the corresponding provisional velocity field is
obtained from the solution of the momentum equations. At this stage, a procedure similar to SOR for
structured grids is used to solve the algebraic systems, with successive sweeps being performed over
the central vertices in all the macro-volumes of the domain.

The continuity equation with the provisional velocity field is then discretised over the primary
triangular cells. Replacement of corrections to the provisional velocities by pressure perturbations
derived from the momentum equations, results in the system of the continuity equations being
transformed into a system of equations for the pressure corrections. The solution of this system is also
obtained in a SOR-like manner at this stage, although the implementation of a locally implicit solver
is being investigated. The pressure correction field is then used to correct the pressure and velocity
fields, which closes one iteration. The procedure is repeated until convergence.
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To discretise the convective terms, approximations to products of the form u/*flux. are

required all the edges forming a macro-volume (centroid dual), where" one of the velocity
components and the subscript 'e' denotes value on the edge. A first-order upwind approximation is
then implemented for the velocities, in which the mean edge value of velocity is set to the appropriate
upstream vertex value. More accurate TVD-type schemes will eventually replace this simple practice.
For example, u, on the edge C1-C2 (Fig. 1) is set equal to UV7 if the direction of the edge-normal
velocity is from V7 to V2. In contrast, the mass-velocity values for the approximation of the fluxes
on the edges are obtained as arithmetic averages of the corresponding values on the end-points of the

edge (i.e, u, on CCC2 is set equal to .!.(Uc +urJ in Fig. 1).2 1 -z

When descretising diffusion fluxes on macro-volume edges, we follow Stolcis [1]who suggests
an approximation for the velocity derivatives on the edges which prevents odd-even point decoupling.

The present method, whilst involving staggering, deviates from a standard practice in that both
velocity components are defined on the same points. Therefore, spurious oscillations can appear in
the solution due to the poor coupling between velocity and pressure. This has motivated the
introduction of artificial dissipation terms into the pressure-correction equation. Following Rhie and
Chow [2], face velocity corrections forming the basis of the pressure-correction equation are sensitised
to the pressure corrections at nodes straddling the respective faces by adding - say, for the x-velocity
term on the edge Cc~ of Fig. 1 - a pressure-gradient term of the form:

1 1 1 • • 1 1 Op. 1 Op.
DP=a,·-[(-+-)](pc-Pc)+-(---I +---1 )

2 LJ17 LYl 1 2 L.~l at n Ln at Y].
(3)

where « is a user defined coefficient and the L's are the coefficients of the velocities on the
corresponding vertex as they occur from the momentum equations.

3.RESULTS

Test cases computed so far include inviscid flow in a comer and over a channel bump, and
viscous flow in a lid-driven cavity at Reynolds numbers of up to 3200. In all cases, a triangular-cell
grid was created dy diagonalising a algebraically-generated structured body-fitted mesh. Fig. 2 presents
a comparison between computed and the exact streamlines for the comer flow. Fig. 3 compares
computed u-velocity profiles through the vertical centre-line of the cavity, at Re=l00. The present
3121 vertex calculation is seen to agree well with other numerical solutions.
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Fig. 2: Inviscid comer flow
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Fig. 3:Mid-cavity velocity profiles at Re= 100
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UNSTRUCTURED - GRID FLOW ADAPTION FOR COMPUTATION OF
TRANSONIC AERODYNAMIC FLOWS

Researcher : A.R. Jahangirian
Supervisor Dr. L.J. Johnston
Sponsor : MCHEI

1. BACKGROUND

Mechanical high lift devices, such as trailing-edge flaps and leading-edge slats provide
the additional lift necessary to fulfil the low-speed performance requirements associated with
take off and landing. These devices can also be used to enhance the manoeuvrability of
combat aircraft at transonic conditions. Deployment of flap and slat elements results in a
multi-section aerofoil, the flow about which is much more complex than that of a single
aerofoil. Additional complications are associated with the generation of a suitable
computational grid for such a complex flow domain, which also contains sufficient points to
resolve all relevant flow features. These requirements can be satisfied by using unstructured
grid flow adaption.

2. APPROACH

There are essentially three techniques that can be used to alter the computational grid:
grid movement, grid enrichment and grid regeneration. In the present work a grid enrichment
method is used in conjunction with grid movement to both generate new points in the regions
where they are needed and improve the results near the flow features. The method is based
upon the equi-distribution principle which intends to produce a grid in which the error is
uniformly distributed in space. The pressure gradient along each edge is chosen as an error
indicator to decide which edges (or cells) need to be subdivided. The information required for
grid adaption is provided by a matrix which connects each cell to its forming edges, so that
it is not necessary to search through the list of edges. A new point is then added in the middle
of the longest edge of the cell which has been detected for refinement. The adaption cycle
starts from a fully-converged flow solution on an initial coarse grid. The grid is adapted to
the solution which is then re-converged. This procedure is repeated for a specific number of
adaptions.

3. RESULTS

The time-dependent integral form of the equations are solved by means of a cell-centred,
finite-volume spatial discretisation. The steady-state solution is achieved by using an explicit
multi-stage scheme [1]. The preliminary work to date has concerned flow adaption for
inviscid transonic flow around single aerofoils, but the ultimate objective is to develop a
method for viscous transonic flow. The standard transonic AGARD case 1 (Mach 0.8,
incidence 1.25) for NACA 0012 aerofoil was used to assess the validity and efficiency of the
method. Fig. 1a shows the initial coarse grid generated around the aerofoil from a C-type
structured grid having 1986 points and 3780 cells. The grid after five levels of adaption (7575
cells) is shown in Fig. 1b. The pressure contours obtained from these two grids indicates that
the upper and lower surface shock waves have been suitably refined (Fig 2). The efficiency
of the present method is demonstrated by the good comparison with the surface pressure
distribution obtained from a globally fine mesh (with 12600 cells) in Figure 3.
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UPSTREAM MONOTONIC APPROXIMATIONS FOR TURBULENT FLOWS

Researchers: F.S. Lien and M.A. Leschziner
Sponsor: BAe (RAL, SRC), DRA

1. INTRODUCTION

The order of accuracy of the scheme approximating the convective fluxes in a general flow
in which conditions vary at a high rate is of central importance to the overall accuracy of the
numerical solution. First-order convection schemes tend to misrepresent the transport process through
the addition of numerical viscosity to the physical level. Manifestations of this type of error include
the smearing of shock waves in transonic flow and the underestimation of the size of recirculation
zones in separated flow. Higher-order schemes offer, in principle, a route to improved accuracy, but
tend to introduce spurious oscillations in regions of steep gradients due to the dominance of dispersion
errors arising from odd-order truncation error terms. To avoid such oscillations and thus ensure
unconditional boundedness, a non-linear limiter must be introduced which 'senses' oscillations and
introduces, locally, a strictly controlled amount of dissipation, just sufficient to avoid the oscillation.
This is referred to as a Total Variation Diminishing (TVD) constraint.

In the present study, the third-order QUICK scheme of Leonard [1] has been chosen to form
the basis of a TVD scheme. To achieve boundedness, a new limiter, termed UMIST - Upstream
Monotonic Interpolation for Scalar Transport (Lien & Leschziner [2]) - has been developed. Unlike
other schemes, such as SMART (Gaskell & Lau [3]) and SHARP (Leonard [4]), this variant is
computationally inexpensive, with the typical overhead being of order 15% relative to the unbounded
QUICK approximation. The main purpose of the scheme is to permit uniformly high accuracy, iterative
stability and efficiency to be achieved across the entire set of equations solved within a
Reynolds-averaged procedure which incorporates the most general turbulence closures available.

2. APPROACH

In the context of an iterative solution for statistically steady flows within the fmite-volume
framework, the essential task is to approximate the volume-face variable ejlf.With the 3-node QUICK
stencil (ejlu,ejle,ejlD)shown in Fig. 1, a general bounded approximation scheme may be written:

where
(1)

- <P- <Pu <Pc
<P= <PD- <Pu' rl = 1- ~c'

If a symmetric limiter, satisfying ejI(r)=rcjl(1/r)is chosen, then (1) becomes

- - <p(rl) -
<PI= <Pc+ -2-(1- <Pc),

A monotonic version of QUICK, satisfying the TVD constraint,

~I ~ 1, ~I s 2~c, ~/?:: ~c, for 0 < ~c < 1

¢I = fe, for ~c ~ 0 or ~c?::1
can be achieved through the symmetric limiter:

(2)

(3)

(4)

<p(r) =max[O,min(2r, 0.25 + O.75r, 0.75 + O.25r, 2)]....______...
QUICK

(5)

which is termed here the UMIST limiter. The corresponding Normalised Variable Diagram (NVD) is
shown in Fig. 2.
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Fig. 1: QUICK/UMIST 1D stencil Fig. 2: NVD diagram for UMIST limiter

3. APPLICATION

In ref [2], the UMIST limiter is applied to a wide range of flows, spanning laminar, transonic and
turbulent conditions. Here, two simple tests are included: a transonic Laval nozzle flow, illustrating
shock-capturing capabilities, and the transport of a scalar near-discontinuity across a 2D Cartesian
mesh by a prescribed rotational velocity field at Pe=106• In addition, Table 1 compares, for the latter
case, the CPU resource requirements of the first-order upwind scheme UDS, QUICK.and UMIST, all
normalised by the UDS time.
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Fig. 3: Transonic Laval nozzle Flow Fig. 4: Scalar transport by rotational velocity field

Pe=106
convection
scheme iterations CPU (see) see/per iteration CPU ratio

UDS 95 13.997 0.1473 1.000

QUICK 89 15.010 0.1687 1.072

UMIST 89 17.364 0.1950 1.241

Table 1: Relative resource requirements of unbounded QUICK. and UMIST schemes
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NUMERICAL ASPECTS OF A LARGE EDDYSIMULATIONALGORITHM

Researcher: F. Archambeau
Supervisor: M.A. Leschziner
Sponsor: Electrlcite de France

1. INTRODUCTION

Large Eddy Simulation has been used extensively for fundamental research on turbulence and
transition, but it also being applied with increasing frequency to high Reynolds-number flows allied
to practical engineering problems in which influential large-scale organised motion co-exists with
'random' turbulence. In such cases the Reynolds-averaged Navier-Stokes framework often fails to
return the periodic behaviour, because of excessive damping, and tends to misrepresent the time
averaged flow field due to its inability to distinguish between dispersion arising from the organised
motion and diffusion.

In Large Eddy Simulation, the larger scales of the turbulent flow are resolved directly on a
mesh whose size determines the smallest scales which can be captured, while unresolved small-scale
processes are represented by a model returning the diffusive subgrid stresses. Because the small-scale
motions tend to be more isotropic and less organised than large-scale ones, the task of modelling
diffusive transport within an LES scheme tends to be less challenging than that of the full Reynolds
stresses. Moreover, the time-averaged behaviour is considerably less sensitive to the realism of the
modelling practice.

This summary reports on initial efforts directed towards the development of a general
coordinate, co-located finite volume algorithm for Large Eddy Simulation, able to compute transient
flows in complex geometries with high accuracy and efficiency.

2. RATIONALE OF LARGE EDDY SIMULATION

The Navier-Stokes equations are first 'filtered' with a Gaussian function G so as to derive
equations for the largest scales of the flow. The filter width 11is, typically, twice the mesh size:

. (/61)3 -61x12
WIth G(.~) = V;. /1 exp /12u= u+u'

-00

Uj(~) = J G(~ -l)Uj(~') dl
+00

The filtered equations then read :

The set of equations still needs to be closed as the tensor Lij does not depend only on the
filtered variables. The widely used Smagorinsky's model is a closure example:

3. COMPUTATIONAL APPROACH

The starting point has been the 3D general-coordinate code STREAM (Lien & Leschziner [1D.
For LES, discretization is based on energy-conserving central differencing on a collocated grid, with
Rhie & Chow interpolation for face velocities being used to circumvent pressure chequerboarding. The
second-order accurate Adams-Bashforth scheme is used to advance convection, diffusion and subgrid
stresses in time. The Crank-Nicolson scheme had initially been chosen to approximate the pressure
gradient terms to ensure second-order overall accuracy in time. However, a fully implicit
approximation has been preferred in some cases for its much greater stability.
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ThepressurePoisson equationis discretisedwith a 27-points operator. The Bi-Conjugate Squared

Gradientmethod, coupled to a line-Jacobi pre-conditioner performs well on a regular grid, but has been
found to break down for non-symmetric matrices. Hence, the well known GMRES method has been
preferred here, although it consumes twice as much CPU time.

4. RESULTS

At this stage, test calculations have been performed for various simple time-dependent flows to
ensure that the numerical approach is correct Results obtained with 322 and 642 grids and Courant
numbers in the range 0.125 to 0.5 for a square-cavity flow driven by an oscillating lid, Fig. 1, compare
well to computations by Nasser & Leschziner [2] with a time-space characteristics-based scheme. They
also match results obtained with a staggered fmite-volume LES code of Murakami et al [3].

Re= 200 Um*hfT= 1.

Utop= Um*cos(2*PI*tIT)

32x32(x2)mesh

Fig. 1: Flow in cavity with sinusoidally-driven lid motion
tIT. 0.375

Results for vortex shedding behind a square cylinder are contained in Fig. 2. The computed
Strouhalnumber of 0.17 atRe=300 is in fair agreementwith experiments(Okajima [4] and Davis &Moore
[5] reports 0.14 and 0.17, respectively).

11.0 20.0 I ..:onGI 24.0

Fig. 2: Vortex shedding behind square cylinder

Re-300

CFLmax-O.4

The major issue remains the large amount of CPU time needed. Half of the computing time is
spent on solving the pressurePoisson equation. Hence, finding a fast and reliable iterative solver for non
symmetric, non-positive and non-definite matrices would be a major achievement
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PARALLEL COMPUTING ON DISTRIBUTEDMEMORY MACHINES

Researcher: D. Golby
Supervisor: M.A. Leschziner

Sponsor: SERC

1. INTRODUCTION

Parallel computing is increasingly seen as the only promising route to securing the computing
resources needed for large-scale 3D Navier Stokes computations, whether in the context of aircraft
aerodynamics or direct numerical simulations. Given a MIMD (Multiple Instructions / Multiple Data)
configuration of communicating processors with distributed, processor-specific memory caches, the
usual approach to program execution is to decompose the solution domain into patches and assign
these in some (usually predetermined) order to associated processors. Coupling is achieved by a
controlled interchange of data between the processors. The principal challenges of this approach,
particularly with large numbers of processors (MPP configurations) are, first, to account properly for
data dependencies across processors/sub-domain boundaries; second, to minimise the amount of data
exchanged between processors and optimise the manner of this exchange; and third, to avoid latency
and thus achieve good load balancing. The better these objectives are met, the closer the
correspondence between speed-up factors and the number of processors - an issue referred to as
"scalability".

Parallel computing has been pursued at UMIST on a variety of architectures and with different
numerical algorithms. One developing area of interest is the implementation of the multi-block
scheme reported in Summary 2.4 on an Intel Hypercube and Cray T3D computers. The effort reported
here involved the implementation of a time-marching NS scheme on a Transputer machine. The
scheme, formulated principally in order to resolve shock/boundary-layer interaction in turbulent
aerofoil flows, combines cell-vertex storage, Lax-Wendroff temporal discretisation, multigrid
acceleration and various transport models of turbulence, including low-Re two-equation models and
algebraic second-moment closure. The scheme is documented in detail in ref [1], while various
aspects of parallel implementation and performance are reported in refs [2,3].
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2. IMPLEMENTATION

Arising from the cell-vertex storage arrangement
shown in Fig. 1 and the turbulence models implemented in
the code, is the data-dependency stencil shown in the same
figure. While this is not atypical of CFD codes based on
regular structured meshes, the present data dependency is
somewhat more extensive than in cell-centred schemes, and
this has an adverse impact on inter-processor
communication. This communication involves periodic
exchanges of updated grid-node data shared between
neighbouring sub-domains and the circulation of residual
values over the processor array for global residual
summations. The former step is responsible for a substantial
proportion of the total communication overhead, while the
latter, although using smaller packets of data, requires
particular attention if the code is to run efficiently. Systolic Fig. 1: Cell-vertex storage and data-
loops running in parallel over each row of the processor dependency stencil
array have enabled global communications to become a
small overhead in the execution time, typically less than 1-2%. Particular difficulties arise in C- or
O-type mesh topologies for aerofoils due to an unavoidable grid-index discontinuity across one 'radial'
grid-line - typically a 'wake cut'. The logical connection between processors associated with sub-
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domains abutting this cut required careful attention. Problems are also posed by non-unity strides in
the multigrid implementation, with grid-coarsening causing non-standard data dependencies and small
numbers of nodes per processor, the latter decreasing parallel efficiency. In the present
implementation, a minimum of one grid-node per processor has been imposed.

Most of the capabilities of the original code have been realised on the Transputer machine (a
Meiko Computing Surface), with its ability to compute various aerodynamic flows with both low-Re
two-equation models and the ASM being left intact.

3. RESULTS

Fig. 3 shows the performance of the code using three turbulence models for a flow around the
RAE 2822 aerofoil using a 137x21 C-grid. Here, the measured program speed-up is compared with
the maximum value estimated by eliminating the total measured communication time from the
execution time value. For this particular flow problem, it is clear that the code runs efficiently only
up to approximately 10 processors due to the coarseness of the grid being used. Further decomposition
of the flow domain would serve to drive up the communications overhead to levels greater than 10%,
which is generally unacceptable. The fact that the maximum execution time is less than the ideal value
is an indication of the effect of load imbalance effects due to an uneven grid distribution over the
processors as the mesh is further distributed. An improvement in performance would result if larger
meshes were to be used here.
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Fig.3: Speed-up profiles for RAE 2822 aerofoil
No Processors

Fig. 4: Execution speeds for transonic bump

A comparison between the Meiko and a number of other machines is shown in Fig.4 for
shock-induced separation over a channel bump using a 97x33 mesh. These results emphasize the rather
low performance of the transputer when compared to more advanced microprocessors or vector
systems. They indicate that approximately 50 transputers are required to attain even the speed of the
four i860-processor cluster of the Alliant FX2808, while 500-600 nodes would be needed to reach the
performance level of a Cray-YMP.

The study has indicated that the cell-vertex code is well suited to distributed memory systems,
although communication overheads and load-imbalance problems do occur if the grid is rather coarse.
While the Meiko is clearly outpaced by the Cray-YMP, the present parallel code can be run directly
on the more advanced Meiko CS-2, and can be quickly adapted to other distributed memory systems
using faster processing nodes.
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A SPECIAL NEAR-WALL ELEMENT FOR FINITE ELEMENT COMPUTATIONS
OF DENSE-GAS DISPERSION OVER GROUND OF VARIABLE ELEVATION

Researcher: A.I. Sayma
Supervisor: P.L. Betts

Sponsors: Palestinian Students Fund, Arab-British Chamber, ORS

1. BACKGROUND AND OBJECTIVES

The Finite Element model, FEMSET [1], had earlier been developed to simulate environmentally
hazardous dense gas dispersion in the atmosphere associated with accidental release of toxic or flammable
gases. The model is based on the solution of the mean flow equations and a species concentration
equation for the contaminant gas. A buoyancy extended anisotropic k-e model is used to calculate eddy
viscosity and turbulent diffusivities in the Reynolds averaged transport equations while standard wall
functions were used to bridge the gap between the solution domain and the rough solid boundary, where
variables vary steeply in logarithmic manner. The Galerkin finite element method is used to discretize the
system of equations in space while the forward Euler method is used to advance the resulting system of
ordinary differential equations in time.

Initial simulations with the code were successful in reproducing the major features of large scale
dense gas releases over flat ground. However, simulation over an irregular topography diverged, even
before injection of the heavy gas. Tests showed that the main cause of the problem, for the coarse mesh
required in the 3D simulations and the resulting high grid Peclet number, was interaction of an oscillatory
pressure mode near the ground with the velocity field through the wall function traction boundary
condition. In the present study, this difficulty was eliminated by extending the solution domain up to the
real boundary, where no slip boundary conditions can be applied with only minor increase in the
computational costs.

2. APPROACH

The gap between the solid wall and the solution domain of all variables, except k and E, is
spanned by a one element thick layer of special elements which employ a logarithmic shape function. The
special shape function is derived from the rough wall boundary layer profIles and resolves accurately the
sharply varying quantities in the near wall region. The shape function in the direction normal to the wall
takes the form [2]:

[~l,~J =[I-A(n),A(n)] (I)

A(n)=ln]A{n+l) +1]JIn[~ +1]
2zo z,

(2)

where n the is the element local coordinate in the direction normal to the Wall,Iiis the average thickness
of the element and z is the roughness height. The special shape function of the element is assembled by
tensor multiplication of the special shape function in the n direction with the linear shape functions in the
mutually perpendicular directions. The special shape function is used to represent the variables within the
Galerkin formulation of the momentum and energy equations while the mother (linear) shape function is
used to weight these equations and to represent velocities in the continuity equation, to retain symmetry
of the pressure matrix.

Eddy viscosity is modelled by assuming that shear stress is constant across the special element
with its value provided from the turbulent kinetic energy at the interface of the domain and the special
element layer, where k and E are treated in the usual wall law manner.



3. RESULTS

-

This approach was used successfully to simulate atmospheric boundary layers in two and three dimensions
over flat and irregular grounds. Simulations of dense gas dispersion over flat ground were improved,
owing to the better accounting for the dense gas cloud in the near ground region. Full three dimensional
simulation of the Burro-8 [3] test over irregular topography shown in Figure (1) was successful in
reproducing the trial qualitatively and quantitatively. Figure (2) shows a vertical section of the
concentration contours at different times. Comparison with experimental results of maximum distance
travelled by the lower flammability level is shown in the article about radiation in these proceedings and
shows satisfactory agreement with the experiment
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Fig 1 Topography of Burro Trials site.
Note vertical scale exaggeration.
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3.1

SENSITIVITY OF 2D SEPARATION CHARACTERISTICS TO TURBULENCE
MODELLING

F .S. Lien and M.A. Leschziner

1. INTRODUCTION

Separation, recirculation and reattachment are features encountered in numerous practical
situations, and usually have profound consequences to pressure recovery, pressure drag, wall friction
and heat-transfer characteristics. Recirculation is also a powerful generator of turbulence and hence
mixing and losses. Separated flows have thus been the subjects of many studies, both experimental
and computational.

By far the most popular separated-flow configuration for turbulence-model validation is the
backward-facing step. Several high-quality experimental data sets exist for this flow, among them those
of Driver & Seegmiller [1]. With the separation point being fixed, this case allows attention to be
focused, principally, on the ability of turbulence models to predict the curved shear layer bordering
the separation bubble, the reattachment process and the subsequent recovery of momentum in the
wake.

The investigation summarised herein has arisen from the 1991/1992 Stanford validation
initiative, coordinated by P. Bradshaw as a follow-up to the 1980/81 Stanford Conference on Complex
Turbulent Flows. In this, the Driver & Seegmiller case featured as one of the central separated flows.
The writers contributed solutions arising from five turbulence models, among them second-moment
closure. Subsequently, two further models have been added to this range. A detailed exposition of the
study may be found in ref. [2]

2. TURBULENCEMODELS and COMPUTATIONALSCHEME

A total of seven turbulence model variants have been examined; these are listed below, each preceded
by the identifIer used in plots and the related discussion:
o SID k-e - Jones & Launder's k-e model [3];
o RNG k-e - Yakhot et al's 'RNG' k-e model [4];
o LL k-e - Lien & Leschziner's low-Re k-e model [5];
o N-L RNG k-e - combining Speziale's non-linear [6] and Yakhot et al's 'RNG' models;
o RSTM-DHlcjlijwGL - standard Gibson & Launder's Reynolds-stress model [7];
o RSTM-DHlcjljjwCL - Gibson & Launder's model combined with Craft & Launder's

wall-reflection term [8];
o RSTM-ED/cjljjwGL - Gibson & Launder's model combined with eddy-viscosity diffusion in the

stress and dissipation equations, which replaces the usual Daly & Harlow GGDH form.
In the last variant, the Prantl numbers at and a& have been derived on the basis of constraints on the
ratio of ~/uv implied by the standard second-moment closure applied to local equilibrium conditions,
alongside the usual compatibility condition between Prantl numbers, the von Karman constant and the
constants C1 and C2 in the z-equation.

Numerical solutions with grids of up to 110x80 lines have been obtained with the general non
orthogonal co-located finite volume scheme STREAM of Lien & Leschziner [9], with the quadratic
scheme QUICK used to approximate convection.

3. RESULTS

Solutions for streamfunction and skin friction on the lower step wall are presented in Figs. 1
and 2, respectively, for the case of a 60 channel expansion downstream of the step. Particularly
noteworthy are (i) the importance of the wall-reflection term to the reattachment process; (ii) the
considerable elongation of the recirculation zone arising from the isotropic diffusion of stresses and
dissipation in the second-moment closure; (ill) the good representation returned by the non-linear
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model when combined with the RNG modifications': (iv) the elongation of the recirculation zone
resulting from the low-Re form. apparently due to an improved representation of the near-wall length
scale.
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Fig. 1: Streamfunction contours in recirculation zone
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MODELLING NON-EQUILmRIUM BOUNDARY LAYERS WITH A MODIFIED
k-eo MODEL

Researcher : T. Rung
Supervisor : M.A. Leschziner

Sponsor: European Community (Human Capital and Mobility Programme)

1. BACKGROUND and OBJECTIVES

The accurate prediction of non-equilibrium boundary layers which are close to incipient
separation whilst developing on a continuous surface is important in many fluids engineering devices
operating at high-load conditions where maximum performance (e.g. pressure recovery) is obtained.
In such circumstances, separation may either be provoked or suppressed in response to even slight
variations in the computational representation. Hence, the predictive quality of the flow's gross
characteristics may hinge on seemingly subtle modelling details in apparently innocuous flow portions.

The simultaneous presence of shear and severe adverse pressure gradient in the near-wall
region leads to a complex, highly anisotropic structure, where the assumption that all turbulence
quantities scale with the friction velocity fails, because the near-wall flow is no longer universally
controlled by the wall shear stress. Although a general approach to a satisfactory resolution of such
complex near-wall phenomena would, arguably, be based on full second moment closure, which might
include a tensorial representation of dissipation, a simpler, computationally cheaper approach involving
scalar turbulence quantities is defensible, provided this approach returns the correct boundary-layer
structure and its response to adverse pressure gradient.

The knowledge that the e-equation is a major contributor to the misrepresentation of
turbulence transport in adverse pressure gradients has motivated the adoption of a modified variant of
Wilcox's ro-equation in the first stage of the present research effort which is directed towards
incipiently separated ducted flows. The nature and rationale of the model modifications are outlined
and results are reported for an attached boundary-layer in comparison to low-Re number k-e solutions.

2. TURBULENCE MODELLING and COMPUTATIONAL APPROACH

Wilcox [1] has argued that the specific dissipation rate cois more appropriate for predicting
a proper wake strength and the near-wall length scale. Additionally, the transport equation for cohas
the advantage of being less stiff in the near-wall region and is, at least in its classical form, able to
return the correct structure inside the semi-viscous sublayer without any damping functions. However,
this equation, as well as a low-Re version recently proposed by Wilcox [2] have been found to perform
poorly when applied to non-equilibrium boundary-layers. Both variants significantly underpredict the
turbulent length scale in the near-wall region and also seem to underestimate near-wall diffusion of
turbulence energy.

In an effort to improve the performance of the equation, low-Re modifications have been
incorporated into the classical model along a route suggested by Lien & Leschziner [3] in the context
of k-e modelling. This has involved four main elements:
(i) the coefficient p. of the k-destruction term has been sensitised to the turbulent Reynolds

number (based on k) so as to achieve the desired asymptotic near-wall behaviour of k (this
is in line with Wilcox's approach in ref [2]);

(ii) the coefficient a in the co-generation term has been similarly modified to ensure that the
turbulent length scale declines in conformity with Wolfshtein's one-equation model [4] as the
wall is approached;

(ill) the turbulent Prandtl numbers for k and (I) have been sensitised to the turbulent Reynolds
number in accord with recommendations by Nagano and Shimada [5];

(iv) a damping term, involving the turbulent Reynolds number, has been introduced into the eddy
viscosity relation to ensure consistency with the one-equation model close to the wall.

Finally, minor modifications have been applied to the one-equation-model terms in order to secure the
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correct asymptotic behaviour of (I) as the wall is approached.

Results reported below have been obtained with a 2D version of the general finite-volume code
STREAM of Lien and Leschziner [6]. Although the algorithm does not require orthogonal meshes. a
boundary-orthogonal grid was generated. for improved accuracy. by a consecutive application of
transfInite-hermitian and differential techniques.

3. RESULTS and CONCLUSIONS

The modified k-(I)model and the Lien-Leschziner (IL) k-e model have been applied to a non
equilibrium boundary layer developing over a circular centre-body in an annular passage. Fig. l(a).
which is being investigated experimentally at the University of Berlin [7]. The k-(I) variant performs
consistently better. has slightly better stability properties and is relatively insensitive to the grid
distribution inside the viscous sublayer. The model has also been validated for simple channel flow
and a free jet.
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Fig. 1: Application oflL k-E and present k-(I)models to boundary layer developing on circular ducted
centre-body and channel flow - (a) flow geometry; (b).(c) velocity profiles; (d) validation for
channel flow
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REYNOLDS-STRESS AND PDF TRANSPORT MODELLING
FOR NON-PREMIXED TURBULENT COMBUSTION

Researcher: A.R. Soltani
Supervisor: R.S. Cant

1. INTRODUCTION

In the vast majority of practical devices for combustion, the turbulent diffusion (or non
premixed) flames are of central concern. Generally, the combustion in gas turbines and furnaces is
idealized as a turbulent diffusion flame. Confident numerical predictions of such flames are desirable
for design of equipment, diagnosis of malfunction problems and development of modifications for
improvement of performance. As a consequence, models of turbulent reacting flows are needed that
are able not only to predict the flow field, but allow equally well for an accurate prediction of
temperature and the species concentrations throughout the flame. As a result, calculation methods for
practical combustion have been developed to incorporate the conservation equations, numerical
solution methods, turbulence models, and combustion models. This approach is the focus of the present
work.

2. COMPUTATIONAL APPROACH

In this study a time and direction correlated model for fluid particle dispersion is employed to
uncouple the turbulent flow field from the highly non-linear chemistry of combustion which is
described by the composition joint pdf- that is, the joint pdf of a set of scalars that describes the
thermochemical state of the fluid. The dispersion of fluid particles, tracked by Lagrangian method
within a continuous flow field modelled by an Eulerian scheme, is effected by imposing on the fluid
particle turbulent velocity perturbations of the flow field. The approach to modelling dispersion is to
extract the turbulent velocity fluctuation from the predicted flow field, taking both correlation in time
between successive perturbations and directional correlation in space arising from the normal and shear
components of the Reynolds stresses into account. From statistical information provided by the
turbulence closure, these perturbations must be extracted by a sampling method. This sampling scheme
is a modelling framework for calculating the turbulent velocity fluctuations of the particles from the
statistical correlations of the flow field. The remaining task is to model the chemistry of combustion
to complete the statistical description of the fluid state. In this study the Direct Closure approach is
adopted. This implies that, in addition to equations describing the conservation of overall mass and
momentum and the equations of turbulence model, the conservation equations for the species mass
fractions are solved. The solutions of these equations are Lagrangian and no further modelling is
required. As a consequence, the mean rate of production of species may be obtained as a solution of
a modelled joint pdf equation. A major difficulty appeared to be that pdf equation was prohibitively
difficult to specify and solve, due to its large dimensionality, therefore, the Monte Carlo method has
been used. In the Monte Carlo method, the reaction processes are simulated on each particle as it
advances from the previous time to the current time, leading to a discrete representation from which
the pdf is constructed.

The present model is applied to the dispersion of fuel and air fluid particles in a free shear layer
with turbulent mixing of a fuel jet in air. The flow field calculations were first performed for solutions
of governing flow equations incorporating conventional second-moment closure. Each fluid particle
at the initial plane was identified by its position, mass fraction of fuel, mass fraction of oxygen, mass
fraction of products, and temperature at the inlet boundary. For each fluid particle at each location in
the flow field the rate of production of fuel, oxygen, and products are then calculated. To account for
the effect of temperature fluctuations on the reaction rates, the standardized enthalpy equation for a
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gas mixture is solved assuming constant specific heat for all species. The ideal gas equation of state
is then used to evaluate the mixture density which is fed to the solution of the flow field to complete
the closure.

3. RESULTS

The validity of the present sampling method may be verified by constructing a discrete joint pdf
representation of the fluctuating velocities of the field obtained from 1000 fluid particles discharged
into the field and tracked over 80 time steps. On the basis of the joint Gaussian distribution which
governs the nature of the velocity fluctuation pdf, one would expect the sampling method, if accurate,
to reproduce a joint Guassian pdf with zero mean and the specified variances. The result shown below
is a 2D contour plot of the sampled joint pdf of the fluctuating velocities (u,v) with normal and shear
components of the field Reynolds stresses set to (0.05,0.04,0.0). The mean and variances are well
reproduced, as is the anisotropy of the turbulence, revealed by the elliptic shape of the graph. The lack
of correlation between the stresses is demonstrated by the alignment between the axes of the ellipse
and the axes of the co-ordinate system.

Fig. 1 A turbulent diffusion flame.

Fig. 2 2D contours of density-weighted joint pdf
for fluctuating velocities (u,v) with normal and shear
components of Reynolds stresses (0.05,0.04,0.0).
(No. of particles: 1000, No. of samples: 80000).
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SECOND-MOMENT MODELLING OF BUOYANT FLOWS IN CAVITIES

Researcher: N.Z. Ince
Supervisor : B.E. Launder
Sponsor : FLAIR

1. BACKGROUND

Over the last few years at UMIST extensive research has been carried out on the computation
of turbulent buoyant flows in cavities. Significant improvements have been achieved using Generalised
Gradient Diffusion Hypothesis (GGDH) in the modelling of heat fluxes. In the present re-consideration
two issues relating to experimental boundary conditions have been addressed and a set of results using
a closure based on transport equations of the turbulent stresses, in place of the eddy-viscosity
hypothesis, have been obtained. The questions of boundary conditions addressed were the adequacy
of the adiabatic conditions applied to the horizontal (and side) insulated surfaces and the three
dimensionality of the flow field.

2. APPROACH

3-D computations were made for 5:1 and 28:1 aspect ratio cavities, using the eddy-viscosity
model described in ref.[1] An important refinement to the original predictions[ 1] were that now the
heat losses from the top, bottom and side walls were now included in this calculations.

The second moment closure used is an extension of the basic Gibson-Launder model to the
low-Reynolds-number regions by simple adaptations entailing the use of turbulent Reynolds number
and the stress anisotropy invariants. The model coefficients were tuned by reference to the direct
numerical-simulation data for channel flow at Re=5600. The following form was employed.

DE:
Dt

1.92 k IIT = max{( -, 5( _ )O.5}
E: E:C~2= 1. + O.6Ag·5A

E:ij =
E:~. =IJ

Ie =

E:;j/~+ 2/3E:~ij(1- Ie}

[
UiUj 211 o.jk [O.jk O.jk] 211 o.jk o.jk 1 [ 511 o.jk o.jk 1E:-- + - -- -- UjU" + -- UiU" + - -- -- u"U,~'j / 1+ - -- -- u"U,k k OX" Ox. OXj k Ox" Ox, ek OX" Ox,

exp{ -RtA1/2 /225}

C2 = min(O.75Ao.5,O.6} C3 = min(1.0, Rt/lOO.O)

The usual algebraic model (GGDH) was used for the calculation of heat fluxes .
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3. RESULTS

Fig (1) shows the variation of the velocity and temperature profiles at the mid-height of the 5: 1 aspect
ratio cavity. With the inclusion of the heat losses in the calculations, the core region temperature,
(which is lower than the average of the hot and cold wall temperatures) and the asymmetry in the
velocity field are correctly predicted.

The results obtained with the low-Re number version of the DSM model for the tall cavity,
fig(2),illustrates the ability of this model to capture the high level of anisotropy of the stress field.Good
agreement with the experimental data was also obtained for 5:1 aspect ratio cavity, fig(3).
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SECOND-MOMENT MODELLING OF FLOW IN FLUTED TUBFS

Researcher : T.J. Craft
Supervisors : B.E. Launder, M.A. Leschziner

Sponsor: SERC

1. INTRODUCTION

The geometry of Yampolsky's spirally-fluted tubing[3] is shown in fig. 1. What is remarkable
about it is that experimental studies show it to increase heat-transfer coefficients by up to 200% over
smooth tube values, whilst not increasing (and sometimes decreasing) friction factors[2]. This makes
it extremely useful in heat exchanger equipment. From a model validation point of view, it is a very
interesting case, combining near-wall effects, swirl, and impingement; all of which affect the
heat-transfer through the wall.

2. APPROACH

The flow has been computed using an extended version of the STREAM code. The solution
domain consists of a segment containing one flute, and the fully-developed flow is computed by
applying a periodic boundary condition between the edges of the segment, and setting gradients of
dependent variables to zero in the direction aligned with the flutes. A portion of a typicall00x60 grid
is shown in fig. 2. To improve convergence rates, the inner region (r/R < 0.4) was treated as a purely
I-dimensional (radial) region.

Over most of the domain a full RSM has been used. However, this has been interfaced to the
simpler low-Re-number k-e model used in the near-wall region. In applying wall-reflection models,
it is necessary to define the unit vector normal to the wall, n. This has been prescribed so as to vary
from the radial vector in the core region, away from the flutes, to a vector that follows the "radial"
grid-lines as the wall is approached. For heat-transfer calculations, a constant heat-flux has been
applied through the wall.

3. RESULTS

Fig. 3 is a typical plot of the secondary velocity relative to the flute, showing the recirculation
pattern that is set up within the flute. Profiles of mean streamwise and swirl velocity, together with
normal stress components at Re=26400 are shown in fig. 4. In addition to the Basic and Cubic models,
results are also shown using the Cubic model without any wall-reflection terms, but including the c/
terms (see paper 1.5). These give further encouragement to the development of a model which does
not use geometrical quantities such as n. All the models give reasonable agreement with the
experiments of [1], although they tend to underpredict turbulence levels within the flute Valley. The
anisotropy in the normal stresses enables the models to capture the non-linear swirl velocity profile
in the core region.

Nusselt number profiles around the flute using the Cubic model are shown in fig. 5, and
friction factors and mean Nusselt numbers are summarised in table 1. The general trend of increased
heat-transfer without an associated friction factor rise is predicted (particularly at higher Prandtl
numbers). However, experimental data suggests that the increase should be even greater than it is. To
capture this, a better near-wall modelling would be required, probably involving a low-Re-number
second-moment closure or, possibly, a non-linear EVM.

References:
1. Cheah S.c., Cheng L., Cooper D., Launder B.E (1993) "On the structure of tubulent flow in
spirally fluted tubes" Proc. 5th Int. Symp on Refined Flow Modelling and Turbulence
Measurements, Paris.
2. Perera KKC.K. (1993) "Local heat-transfer measurements in spirally fluted tubes" PhD Thesis,
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Figure 1. Geometry of spirally fluted tube.

Figure 3. Secondary velocity
relative to flute.
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TURBULENCE MODELLING FOR mGHLY-LOADED CASCADE BLADE

Researcher: W.L. Chen
Supervisors: F.S. Lien & M.A. Leschziner

Sponsor: Rolls-Royce pic.

1. INTRODUCTION

Although the flow through a turbine-blade passage is driven, principally, by inviscid process,
some important operational characteristics and parameters are strongly influenced by turbulence
transport and its manifestations. Even in design conditions, the boundary layer developing on the blade
can grow rapidly as a consequence of adverse pressure gradients, and this will have a considerable
influence on the pressure field in the passage. In the presence of shock waves and in off-design or
high-load conditions, the boundary layer may separate, in which case pressure recovery may collapse.
The response of the boundary layer to geometry- or shock-induced pressure gradient depends
sensitively on the position of transition which may be provoked by laminar leading-edge separation
or the diffusion of free-stream turbulence into the boundary layer triggering turbulence (by-pass
transition). The key message is, therefore, that a realistic representation of turbulence effects is an
important contributor to the predictive capabilities of any numerical procedure for turbomachinery
flows. The quality of this representation in the computation of compressor-cascade passages is the
focus of the this summary.

The present study is part of a wider research programme involving flow in turbine-blade
passages, the modelling of transition and the computation of stagnation flows of the type encountered
around blade leading edges. Various aspects of this broad study are documented in other summaries
contained in this book. A broader exposition of the present research is given in ref. [1].

2. COMPUTA TIONAL APPROACH

The ultimate objective of the study is to investigate and to identify the predictive capabilities
oflow-Re non-linear eddy-viscosity and full second-moment closure proposals for turbomachine flows
arising in operation close to or beyond the upper end of the design range. At the present early stage
of the programme, various low-Re linear eddy-viscosity models have been investigated. These include
a new two-equation low-Re-number variant recently formulated by Lien & Leschziner [2]. The
rationale of this model is rooted in the experimental observation that the turbulence length scale
associated with the energetic eddies is fairly insensitive to adverse pressure gradient, whereas
traditionallow-Re k-e models predict a steep rise in length scale in boundary layers subjected to such
gradient The model has thus been formulated so as to adhere, close to the wall, to length-scale
constraints implied either by Wolfshtein's or Norris and Reynolds' one-equation models.

Calculations reported below have been performed with the general non-orthogonal fully co
located fmite-volume scheme STREAM of Lien & Leschziner [3]. In this, convection is represented
by bounded (monotonic) variants of second-order or third-order schemes. The solution is iterated to
convergence using a pressure-correction approach which is applicable to both incompressible and
compressible conditions, the latter including shocks. Versions of the code apply to 2D and 3D
conditions and embody a variety of turbulence closures including Reynolds-stress-transport and RNG
models. The algorithm used herein is a single-block variant using a single H-type mesh to cover the
solution domain. A multi-block version allowing much greater flexibility in terms of controlling grid
resolution and skewness, particularly at the rounded leading and trailing edges, is summarised in
Section 2 of this book.

3. APPLICATION

The principal geometry considered is shown in Fig. 1 in terms of the 154x82 passage mesh
and the mesh portions around the leading and trailing edges of the blade. Experimental data for flows
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at 40°, 43.4° and 46° incidence at inlet have been obtained by Elazar and Shreeve [4]. As shown in
Fig. 2, the computed C distributions are in good agreement with the experimental data at the lowest
inlet angle (~O). HJwever, at high incidence, significant discrepancies arise between co~puted
and measured C distributions, Fig. 3, as well as velocity profiles, Fig. 4. 'This is due to a failure of
all models to caPture the leading-edge separation bubble, which is of considerable influence to the
suction-side flow at high inlet angle, and a failure to simulate transition correctly on the pressure side.
The real flow around the leading edge is laminar and a thin separation bubble ensues, which then
provokes transition on reattachment. No part of this process is resolved by any of the present models
because of the large generation of turbulence energy returned ahead of the leading edge in response
to the high irrotational strain associated with stagnation. Hence, although the Lien-Leschziner model
appears to perform considerably better than the other variants, this does not reflect a fundamental
superiority in the sense identified above. Multi-block computations with finer leading-edge grids have
contirmed that numerical issues do not contribute to this deficiency. To achieve improved performance,
it is imperative to introduce a mechanism which drastically reduces the generation of turbulence energy
by irrotational strain. One route is the model by Kato & Launder [5] which replaces the strain by
vorticity in the turbulence production term. A fundamentally sounder route is second-moment closure
which tends to respond more realistically to irrotational straining. Both routes are being persued.

Fig. 1: Computational Mesh
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DIFFERENTIAL STRESS TRANSPORT MODELLING OF
SWIRLING I.C. ENGINE FLOWS

Researcher: T. Bo
Supervisor: A. P. Watkins

Sponsor: SERC

1. BACKGROUNDANDOBJECTIVES

The two time scales k-e-r and differential stress(OSM) models have been used in IC engine in-cylinder
flow simulations[l,2]. The former model takes the compression effects on turbulence into account through
the introduction of the turbulence time scale t[3]. The latter model offered greater benefits for accurate
calculation of such flows. However, the above researches are basically on 2D non-swirl engine flows. The
objectives of this work are to extend the application of OSM to 20 swirling engine flows, incorporate the
t transport equation into the OSM model and explore its capabilities in engine flows.

2. APPROACH

A 20 transient code was used which allows for piston and valve motion. Computations were carried out
based on a four-stroke model engine whose valve is centrally located and whose piston can be specified to
incorporate a bowl(Figure 1). All transport equations, discretised in a polar cylindrical translating grid, are
solved using the finite volume method. First order fully implicit and second order CRANK-NICOLSON
temporal schemes, and HYBRID, QUICK and MUSCL spatial schemes have been adopted for the
discretization of convection. A 45x45 grid arrangement(Figure 2) and time steps of 1{2°, 1/4°, 1/8° and
1/16° crank angle intervals were used. At each time step the SIMPLE algorithm was employed. DSM and
DSM-t turbulence models were used. Before the OSM-t was adopted for the in-cylinder flows, the
transport equations for the turbulence time scale t, and for E, were tuned in parabolic free shear flows and
elliptic impinging flows. Computations have been performed with three ressure-strain models: (1) Basic
model without wall reflection terms; (2) Basic model with the Craft/Launder wall reflection term[4]; and
(3) Cubic <l>ij2without wall reflection terms. Wall functions were used in the wall boundary treatment.

3. RESULTS

High order spatial schemes were found to be necessary for non-swirling engine in-cylinder flow
simulations[2]. It was shown that a high order temporal scheme is also important in the numerical
simulation of swirling in-cylinder flow employing second moment closure: first order fully implicit scheme
returns an over-estimated swirl level. Compared with measurements, the main error appears in the intake
stroke while in subsequent strokes predictions are general satisfactory. The Basic DSM model with or
without wall reflection terms returns a lower turbulence level than measurements in the intake stroke(Figure
3). Inclusion of the 't equation into the OSM may improve its performance in free shear flows and
impinging flows. In in-cylinder flows, the refinement of two-time scales modelling brings a small
improvement (Figure 3). In the intake stroke, Figure 4, different pressure-strain models give different
turbulence levels in the valve-flow impinging area whose position shown in Figure 5. The Basic model
returns higher turbulence in the stagnating region while the Craft/Launder wall reflection term and the Cubic
<l>ij2brought lower turbulence. The turbulence field in this region strongly affects the developments of
velocity and turbulence profiles close to the upper cylinder wall. This in turn affects the flow in the core
region after the fluid impinging on the piston. The predicted distribution of swirl velocity component is
shown in Figure 6.

, ..



4. REFERENCES

-

1. M. Z. Gul, PhD Thesis, UMIST, 1994.
2. C. J. Lea, PhD Thesis, UMIST, 1994. . .
3. C. T. Wu, 1. H. Ferziger and D. R. Chapman, Technical Report TF-21 , Thennosclence mv., Dept. of
Mech. Eng., Stanford Univ., Stanford, California, 1985.
4. T. J. Craft and B. E. Launder, AIAA 1., Vol. 30, No 12: Technical Notes, Dec. 1992.

40-
VAlV~ __

Figure 1. Diagram of Piston-Cylinder Assembly

AXIAL MEAN VELOCITY U
40

30
RIMM)

20

10

0

'-- 0 20 Z IMM)40 60,
,\X! AL RMS YELOC ITX U

40 [A • 90 0

30
R IMM)

20

-1 '(v
I •

1: J
, I vI I I'I v

~.1~_,
TOC-

30
RII1t1)

::!'W•• -t
7 ~ ~

o 20 ZI.,.,) 40 100BO60

Figure 2. Grid Arrangement (45x45)

40

••••.~_Jj/~
3D

RII1I1)
20

10

0

BO 100 Z 0 20 Z 111M)40

Figure 3. DSM and DSM-T model predictions
at 900 ATDC, intake stroke

DSM - - - DSM-T - experiment v

VELOCITY VECTORS

30

R':II'J
2D

10

o
TOC

20 ZIPtII 40 60 eo

Figure 5. Velocity vectors of U ....V components

~
30

RIMM)
20

o o

z
100

AXIAL RMS yEIDCITY

40 [6 • 90 0

60 BO 100 Z,
U

y~.l. 57
,'. 0 4 u/~\ \0
I'".Ig
//~o
'I
0

It-

10

o
TOC

Figure 4. Predictions with different pressure-strain
models at 900 ATDC, intake stroke

Basic no wall ref. -- Basic-l-Cl, wall ref.- - -
Cubic no wall ref. - . - experiment v o 0

<0

10

R IMrt)

;10 ..... ,

]
:::~~
: :::~.. .. .. ..•..... - .•..
:::::~...•.•.•.... ....•.•..- .;~*"

~,:...••....~~ •.. '~:: I
~ t-:~... ..-t.,.10

o
TOCwLOu

Figure 6. Velocity vectors of U ....W components

20 Zl1li) 100 Z40 60 eo

...



-

-
« Session 4 »-

Aerodynamic Flows

...



---
4.1

MODELLING FLOWS AROUND HIGH·LIFT SUBSONIC AEROFOIL

Researchers: F.S. Lien and M.A. Leschziner
Sponsor: BAe (RAL and SRC), DRA, CEC

1. INTRODUCTION

Separated flow region, even if small, can have profound consequences to the overall behaviour
of the flow containing these regions, and thus to the performance characteristics of the associated
fluid-engineering device. One typical example is the loss of lift of an aerofoil at high incidence due
to suction-side separation. Modelling separation at a such a gently curved surface is a particularly
challenging task. The key issue is to represent the curved and decelerating boundary layer approaching
the separation point faithfully, and it may be expected that effects of curvature-induced attenuation,
anisotropy, streamwise momentum diffusion and turbulence enhancement due to normal-stress /
normal-strain production all need to be accounted for properly.

In order to capture these processes in separated flow around a high-lift aerofoil, we resort to
second moment closure and a particular form of non-linear eddy-viscosity model. As will be shown,
the two models in their original form fail to capture the separation process at the correct incidence
angle because of a slight overestimation of near-wall anisotropy and shear stress. To overcome this
weakness, tentative modifications have been introduced to both models, which lead 'to a slight
reduction in shear stress and hence to separation at the correct position. To demonstrate that the
modifications do not adversely affect the predictions of attached conditions, calculation have also been
performed at low incidence. . '

2. TURBULENCE MODELS

Three turbulence models feature in computations presented below, the linear low-Re k-s model
of Lien & Leschziner [1], the non-linear high-Re k-e model of Shih et al [2] and the high-Re second
moment model of Gibson & Launder [3], the last two combined with the one-equation k-l model of
Wolfshtein [4]. The novel feature of Shih et al's model, comparing to an earlier non-linear form of
Speziale [5], is that C.u and coefficients in the stress-strain constitutive relation are sensitized to strain
and vorticity invariants. Moreover, the former also adheres to 'realizability' constraints.

It is informative to express the Reynolds-stress components predicted by Shih et ai's model
for local equilibrium condition and contrast this to the stresses arising from the second-moment
closure. Thus,

For Shih et al's model:

U'2 2 9.33
T = 3+ C,,(1000+ 1./C!,"')

V'2 2 5.67
T = 3- C,,(lOOO + LICkS)

-u'v' r;;-
-k- = VC"

(1)

where C.u is given, implicitly, by c,.. 21'vc:. If A1=1.25, as suggested in the original model, then
AI+I,'1 CIA

U'2T =0.770,
V'2T = 0.604,

-u'v'
-k-=O.294.

(2)

For Gibson & Launder's model (with Craft and Launder's model for tPw ij2 [6]):

U'2 _ 4C1 + 2Cl- 4C1C2+ 3C1Q + 6C~+ 6C1Q - 6C2Q - 4Qq -
k - 3C1(C1+ 2CO = 1.071

v'22(-1+C1+C2-3Q-2q)
k = 3(C1+ 2C1) = 0.229

(3)
-u'v' = 2(1- C2 -1.5Q)(-1 + C1 + C2 - 3Q - 2Q) Q = 0248

k 3(C1 + 1.5CO(C1 + 2CO + C1+ 1.5Q .
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Two modifications are tested here to reduced the shear stress. In the case of Shih et al' s model,
the coefficient Ai in C" is increased to 4.0, in which case,

U'2T = 0.824,
'2vT = 0.571,

-u'v'-k- = 0.235.
(4)

while for Gibson & Launder's model, the 'rapid' part of the pressure-strain model is truncated, in
which case,- '2UT = 1.055,

'2vT = 0.333,
-U'v'
-k- = 0.228.

3. APPLICATION

(5)

The above models have been applied to the ONERA-A high-lift aerofoil of Piccin & Cassoudesalle
[7], the geometry of which is shown in the inset of Fig. 1. Lift polars are given in Fig. 1, and Fig.
2 shows velocity profiles on the suction side at 96% of chord. Clearly, the modifications, while not
argued to be fundamentally profound, return a much better representation than the original forms.
The low-Re k-e model is seen to fail badly (like other forms) due to a serious over-estimation of
turbulence transport. " [).v
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Fig. 2: Velocity profiles on suction side
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4.2

REYNOLDS·STRESS MODELLING USING AN UNSTRUCTURED
TRANSONIC NAVIER·STOKES SOLVER

Researcher: Mr F. Cantariti
Supervisor: Dr L.J. Johnston

Sponsor : EEC

1. BACKGROUND AND OBJECTIVES

In Computational Fluid Dynamics, the accurate prediction of the viscous flow development
around two-dimensional single- and multi-element aerofoils at transonic conditions remains an
important goal. Indeed, such flows are dominated by viscous effects with thick turbulent boundary
layers, shock-wave/boundary layer and wake/boundary layer interactions. The flow development is
further complicated by the presence of large pressure gradients, flow curvature and separated flow
regions. Therefore, it is generally acknowledged that such flowfields are only likely to be accurately
predicted by solving the Reynolds-averaged Navier-Stokes equations, in conjunction with a turbulence
model to close the set of governing flow equations. Eddy viscosity turbulence models have been
successfully used in the past for fully-attached flows, but are deficient for flows close to and beyond
separation. With the above as background, and following the work of Stolcis'", the present work is
aimed at the development of a computational method solving the Reynolds-averaged Navier-Stokes
equations, together with a Differential Reynolds Stress turbulence Model (DRSM). It is expected that
solving modelled transport equations for the Reynolds stress components themselves will improve the
modelling of the complex flow physics and so improve the accuracy of the predictions, especially
around maximum lift conditions.

2. COMPUTATIONAL APPROACH

The Reynolds-averaged Navier-Stokes equations applicable to compressible, two-dimensional
turbulent flows are solved using a cell-centred, finite volume spatial discretisation. A multi-stage,
explicit, time-marching scheme is used to advance the unsteady flow equations in time to a steady-state
solution. Additional numerical dissipative terms are added explicitly to the discretised equations in
order to obtain a smooth solution. Also, the geometric complexity of multi-element configurations is
addressed by adopting unstructured computational grids. The DRSM used here follows the work of
Launder et al.[II and two turbulence model closures are available in the molecular viscosity-dominated
near-wall region: the so-called wall function approach and a low-Reynolds number formulation!" using
an algebraic length scale for the e-equation. The discretisation of the turbulence transport equations
follows the same approach as for the mean-flow equations, except for the convective transport terms
where a first-order upwind scheme is used for numerical stability reasons.

3. RESULTS

Results are presented for two single-element aerofoils, comparing calculations using the present
DRSM and a two-equation k-e turbulence model (using either wall functions or a one-equation near
wall formulation) with experiments. Firstly, the predicted surface pressure distributions and upper
surface velocity profiles for the RAE 2822 aerofoil - Case 9 - are shown in figure 1. There is good
agreement between the computations using the DRSM with both near-wall treatment and with
experiment, which was expected for such a fully-attached flow. The method was then applied to the
MBB A3 aerofoil. Figure 2 shows the surface pressure distributions for Run 113, indicating improved
predictions from the DRSM compared to the k-e model. Also, the use of wall function boundary
conditions seems to over-constrain both turbulence models to fully-attached equilibrium flow
conditions (figure 2a) whereas the low-Reynolds number closures further improve the calculations,
(figure 2b). In particular, use of the low-Reynolds number DRSM results in a substantially-improved
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prediction of shock-wave position and of pressure levels in the extensive downstream shock-separated
flow region. Future work will include applications to multi-element aerofoil configurations and further
improvements to the low-Reynolds number DRSM.
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4.3

AN EMBEDDED CARTESIAN GRID APPROACH TO THE
COMPUTATION OF AERODYNAMIC FLOWS

Researcher
Supervisor
Sponsors

: Richard J. Smith
: Leslie J. Johnston
: EPSRCIBrltish Aerospace Defence

1 Background and Objectives

Computational Fluid Dynamics (CFD) analysis is finding increasingly widespread use within
the aerospace industry. However, the application of CFD to complex configurations is still
a long way from being a routine process. The main limiting factor is the unacceptable turn
around time of most current methods. More specifically the problem centres on the elapsed
time taken to generate a computational grid of adequate quality, starting with the initial CAD
geometry. This problem becomes more acute with the increase in complexity of the
configuration. The accepted methodology of most existing grid generation techniques is to
first explicitly generate a surface grid and then generate the field grid. It is in the area of
surface grid generation where excessive user interaction is generally required.

The aim of the present method is to provide the capability to quickly analyse complex
geometries within the engineering design environment, by identifying and providing an
alternative to existing grid generation techniques.

2 Approach

The basic requirement of any grid generation method is to provide a discretised flow domain
upon which to implement the physical flow model and associated boundary conditions. The
final accuracy of the flow solution is greatly influenced by the surface and the field definition
of the flow domain provided by the grid generation method. The resolution of the surface
within the grid generation method is essential for accurate loads predictions and to this aim
there are two important aspects to consider. Firstly an adequate number of points is required
to implement accurately the surface boundary conditions. Secondly clustering points on the
surface, especially in regions of high curvature and shock waves, is required to resolve the
large flow gradients that exist there. The field grid resolution is a compromise between
having a globally fine grid to resolve all flow field gradients sufficiently accurately and a
coarse grid to allow an acceptable computation time.

The majority of existing grid generation techniques, be they unstructured or block-structured,
have two distinct stages. Firstly a surface grid is generated and then the field grid is
generated. By the use of a Cartesian cell embedding technique in the present work, a method
has been developed that reduces grid generation to a single automatic stage, The technique
starts with an initial single outer boundary cell. This cell and subsequent cells are then
subdivided if they contain or intersect the geometry. Following this procedure, cells are
clustered around the geometry surface, thus satisfying surface definition requirements. To
ensure adequate field definition, a constraint is imposed that prevents any two neighbouring
cells differing by more than one level of subdivision. This also has the benefit of preventing
abrupt changes in cell area which is deemed to be desirable in the interests of flow solution
accuracy. Upon finishing the subdivision process, grid points that lie within the geometry are
moved onto the geometry surface as shown in Figure 1. The Cartesian grid is then
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reconnected to form the dual grid shown
in Figure 2, this then avoids special
treatment within the flow solver of the
hanging nodes present in the Cartesian
grid. Finally the grid is smoothed to
improve the accuracy of the flow solution,
as shown in Figure 3.

3 Results

Initial results from a 2D compressible,
inviscid feasibility study are presented in
ref.'. The method employs a typical cell
centred Jameson type finite volume
approxirnatiorr' to the governing Euler
flow equations. To demonstrate the ability
of the method to produce a flow solution
on the grids shown earlier a test case for
the 4 element, high lift aerofoil
configuration, of Mach number 0.2 and
angle of incidence 160 was chosen and the
resulting pressure contours are shown in
Figure 4. Based upon the 2D success,
further work will be focused on a 3D
feasibility study.

Figure 4 Pressure Contours, M=0.2, a= 16°

1 SMITH, R.J. & JOHNSTON, LJ. - A Novel Approach to Engineering Computations
for Complex Aerodynamic Flows, Proc. 4th International Conference on Numerical
Grid Generation in Computational Fluid Dynamics and Related Fields, Ed.
Weatherill, N.P., Eiseman, P.R., Hauser & Thompson, J.F., pp271-285, April 1994.

2 JAMESON, A., BAKER, TJ. & WEATHERILL, N.P. - Calculation of Inviscid
Transonic Flow Over a Complete Aircraft, AIAA Paper 86-0103, Jan 1986.
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COMPUTATION OF AERO-ENGINE THRUST-REVERSER FLOWS

Researcher: Mr P Lardy
Supervisor: Dr L J Johnston

Sponsor: Hispano-Suiza, France

1 BACKGROUND

Engine thrust-reversing systems are commonly used on transport aircraft to augment the braking
action of the wheel brakes after landing. This reduces the reliance on the wheel brakes which can
increase safety in iced runway conditions, and also minimises the length of runway required. Fig
1 shows a door-type thrust reverser of the type developed by Hispano-Suiza for application to
Airbus aircraft After touchdown, doors forming part of the outer nacelle structure rotate open to
block the fan flow, deflecting it forward to provide a retarding force. The objective of the present
project is the development of computational methods to predict the aerodynamic performance of
door-type thrust-reversing systems. An important consideration in the project development has
been that the resulting methods must be applicable within an industrial design environment.

2 COMPUTATIONAL APPROACH

Work to date has indicated that a combination of two-dimensional and three-dimensional methods
provides the most cost-effective approach to the analysis of thrust-reversing flows. A two
dimensional, inviscid, compressible flow method has been developed, based on a solution of the
Euler equations in time-dependent integral form; see Lardy and Johnston [1]. The Euler equations
are solved by an implicit time-marching procedure with a finite-volume spatial discretisation.
Convective fluxes are computed using either the flux-difference splitter of Roe, or the polynomial
flux-vector splitter of Lardy and Deconinck [2]. The latter approach is computationally much more
efficient than the approximate Riemann solver of Roe. Computational girds are of block-structured
form and are generated by algebraic procedures.

3 RESULTS

Typical results are presented for the flat fan-ramp configuration of Fig 2, which includes a kicker
plate and flow leakage under the door. The velocity vectors for a nozzle pressure ratio of 1.5
indicate the main features of the thrust-reversing flow, Fig 3. Predicted mass flow rates agree with
experiment within 7.6% (Roe first-order scheme), 3.8% (Roe second-order scheme), 6.7% (Lardy
first-order scheme) and 4.8% (Lardy second-order scheme). Such levels of accuracy are within
industrial design requirements and, in fact, the first-order schemes results are sufficient for
preliminary design purposes. Finally, Fig 4 shows an adequate level of agreement with experiment
for surface pressure distributions, required to compute the aerodynamic loads used for the structural
design.

REFERENCES

[1] Lardy P and Johnston L J, "Two-Dimensional Subsonic Thrust-Reversing Flow
Computations with an Upwind Scheme", AIAA Paper 94-1811, June 1994.

[2] Lardy P and Deconinck H, "A Polynomial Flux Vector Splitting Applied to Viscous
Hypersonic Flow Computation", Lecture Notes in Physics, Vol 371, pub Springer-Verlag.



-
FORWARD MODE

-
Fig 1

r.REVERSE MODE

Door-type Thrust Reverser

r..••.•
... "_: : ,,,II&"

~
.. ._- _ ........-- ....

! /
fmJJam •......--

iT~
.. n

...l,
!

...•..

.-

Fig 2 II-Block Computational Grid

0.15 0.16 0.17 0.20.18 0.19

Fig 3 Velocity Vectors

......aa.,_ .' CDQf ~

0.6 :-: -=".-;:_~-.::: L• ., H---+---t----t---f---+--i
_ ..,:.- .,-1 ,.. •.••.• ".. .". '--.,

0.55 -- ..••.uf.•• - ..~....... t+---+--...._--+----+--~-_,_ o..r •••.••..• 2M..., •••
_ l •••.. ..-4.•..• - 2.., .,.. ft_

0.5-+--=--'--=-""T"-=---.---"t--t---!--f--t--"__---1
o 20 40 60 60 100 120 140 160 180 200

(mTI)
ClrviWwl<r coordnote

Fig 4 Surface Pressure Distributions

...



--
4.5

SECOND-MOMENT-CLOSURE MODELLING OF OPEN SEPARATION FROM
PROLATE SPHEROID AT IDGH INCIDENCE

Researchers: F.S. Lien and M.A. Leschziner
Sponsor: BAe (RAL, SRC) and DRA, CEC

1. INTRODUCTION

The lift of and the drag on streamlined bodies operating at high incidence - for example, an
aircraft fuselage in climb - are strongly affected by the relatively thick boundary layers developing on
the body. H incidence is sufficiently large, the boundary layer will separate from the leeward upper
surface. At moderate incidence angles, this separation will be "open", Le. of the vortex-type, in which
the magnitude of the skin friction does not change sign. As incidence increases, the open separation
patterns becomes increasingly complex, with several vortices separating from the surface. Eventually,
at very high incidence, a closed recirculation zone will form.

The successful prediction of any of the above types of separation hinges on a faithful
representation of the structure of the curved and decelerating boundary layer approaching the
separation line, for this will have a strong effect on the location of separation and hence on any
ensuing recirculation pattern. In the rapidly varying boundary layer, turbulence transport, curvature
induced turbulence attenuation, streamwise momentum diffusion and turbulence enhancement due to
normal-stresslnormal-strain production are all influential. Moreover, processes very close to the wall
may be important, due to the strongly non-planar (skewed) nature of the flow, and need to be resolved
in detail. Finally, high numerical accuracy must be maintained, which clearly poses serious problems
here as a result of the disparities of the boundary-layer and geometric scales.

This summary reports on a numerical study of open separation from a prolate spheroid using
a low-Re k-e model and second-moment closure. Two incidence angles have been investigated at
DLR by Kreplin et al [1], namely l(f and 30°, the former involving fixed transition and the latter free
transition. Both have been computed.

2. COMPUTATIONAL APPROACH

Calculations have been performed with the single-block version of the algorithm STREAM
(lien & Leschziner [2]) over a 170'OOO-nodeconformal grid generated with the aid of the closed
potential-flow solution for the spheroid, Fig. 1. The scheme employs a fully co-located storage
arrangement for all transported properties, including the Reynolds-stress components, and marches the
solution towards a steady state by way of a pressure-correction scheme applicable to incompressible
and compressible conditions. Advective volume-face fluxes are approximated using either the QUICK
scheme or a TVD MUSCL scheme, the last applied in scalar form (rather than in a form applicable
to the coupled set of conservation laws), principally to the turbulence-model equations.

Turbulence effects are represented by the low-Re k-e model of Lien & Leschziner or by
Gibson and Launder's high-Re second-moment closure, applied in conjunction with the the former
model in the semi-viscous sublayer. The low-Re model has been formulated, subject to length-scale
constraints implied by Wolfshtein's low-Re one-equation form, to be less sensitive than other models
to adverse pressure gradient and to require fewer grid lines in the sublayer in support of a grid
independent solution.

4. RESULTS

For 1(f incidence, Fig. 1 shows a representative nose-to-tail distribution of pressure coefficient
at one azimuthal angle, azimuthal variations of skin friction and its direction at one axial position, and
profiles of azimuthal velocity components in the leeward region of the spheroid in which the flow is
most complex. While it is evident that the Reynolds-stress model does not return an entirely
satisfactory representation of the separation process, the predicted behaviour may be said to be
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encouraging and is certainly superior to that achieved with the low-Re k-e model. Variations of
pressure, skin friction and its direction at 300 incidence are shown in Fig. 2. These demonstrate that
the calculations, while returning a fair representation in the separated region, not unexpectedly fail to
resolve the transition process. This is a serious obstacle which remains to be addressed.
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COMPUTA TION of COMPRESSmLE and INCOMPRESSmLE IMPINGING
MULTIPLE JETS

Researcher : N.Z.Ince
Supervisor: M.A.Leschziner

Sponsor: BAe (MAL).

1. INTRODUCTION

Near-ground operation of vertical take-off and landing aircraft entails a downwards-directed
ejection of two or more high-speed hot jets, followed by ground impingement, the formation of wall
jets, the collision of these jets and, finally, the generation of upward-directed fountains. If the aircraft
is, additionally, in forward flight, the combination of cross-flow and impingement gives rise to a C
shaped ground vortex 'wrapped around' the impingement zone. The intensity, structure and
temperature of the jet system, in general, and the upwash, in particular, are of considerable importance
to the operational stability and safety of the aircraft. Of special concern is hot-gas reingestion into the
jet engines in near-ground hover, which can cause loss of power and even total engine failure.

The computation of three-dimensional jet systems, principally in the above context, has been the
subject of a wide-ranging research effort at UMIST over the past 5 years, and some aspects of this
work have already been reported in the previous Colloquium. Of particular interest has been the
performance of second-moment closure in the highly complex flow conditions prevailing in multiple
jet-injection combined with impingement and cross-flow. A wide range of jet configurations have
been investigated, as shown in Fig. I, including single jets in free cross flow; incompressible twin
impinging jets without cross-flow; single, twin and triple impinging jets in cross-flow; and transonic
impinging twin jets. Recent publications arising from these studies are given as refs [1-3].

Fig. I: Range of 3D jet flows computed with second-moment closure

Most recently, attention has focused on incompressible impinging twin- and triple-jets injected into
cross-flow (Barata et al [4]) and on impinging under-expanded twin jets without cross-flow (Abbot
and White [5]). This summary reports second-moment-model computations performed for the above
configurations.

2. COMPUTATIONALFRAMEWORK

Calculations with up to 370'000 nodes have been performed using a general curved-orthogonal
fmite-volume code, originally developed by Lin & Leschziner [7] for swirl combustors. Convection
is approximated by a bounded variant of the quadratic QUICK scheme. The code incorporates the
high-Re k-e version of the eddy-viscosity model, the Reynolds-stress closure of Gibson & Launder
and a variant of the latter in which the equation describing the dissipation rate of turbulence energy
has been sensitised to anisotropy via its second and third anisotropy invariants. For transonic
conditions, the conventional pressure-correction method used above for incompressible conditions was
extended along lines suggested by McGuirk and Page [8]. This entails the use of conservation (flux)
variables, which reduces discretization error in regions of high gradients and is beneficial in providing
a direct linkage between mass flux and pressure gradient (so avoiding the need to linearize the mass
flux terms when deriving the pressure-correction equation). To provide stability in supersonic zones,
a retarded-pressure transformation is introduced. This is a directional transformation dependent upon
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local Mach number, which removes the elliptic nature of the pressure-correction equation in supersonic
regions. It should be noted that the algorithm degenerates to the basic incompressible method at low
Mach number, and so retains all the favourable properties of the SIMPLE algorithm.

3.RESULTS

Results are given in Fig. 2 for an impinging transonic twin jet discharged at NPR = 3.3
(NPR=Nozzle Pressure Ratio=Ptot,jetlPambi..,J. Mach-number contours computed with the k-e and
Reynolds-stress models are compared to an abstraction of a Schlieren photograph. These highlight the
typical shock-cell structure and stand-off shock wave. The comparison between computed and
experimental distributions for impingement-pressure reveal only a modest sensitivity to turbulence
modelling. However, predicted variations of pressure along the jet centreline show a strong model
dependence, which arises from drastic differences in predicted turbulence levels: the k-s model
responds sensitively, in contrast to the stress model, to the compressive strain in the shock cells by
generating inappropriately high levels of turbulence. As a consequence, there are significant differences
in the impingement-shock structure.
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Fig. 2: Transonic twin-impinging jet at NPR=3.3 - (a)Mach contours; (b) impinging-plate pressure; (c)
pressure along jet centre-line
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CFD ANALYSIS OF UNCONVENTIONAL
TRANSONIC AEROFOIL SECTIONS

Researcher: Mr F. Cantariti
Supervisor: Dr L.J. Johnston

1. BACKGROUND AND OBJECTIVES

In recent years, aerofoil profiles have been dramatically changed to improve their aerodynamic
characteristics. These changes include the development of laminar flow aerofoils, supercritical aerofoils
and the use of blunt trailing edges. Although trailing edge bluntness is ignored in many numerical
computations, it may affect significantly the pressure distribution near the trailing edge, especially on
the upper surface. Blunt base aerofoils are used for several reasons. Firstly, experiments show that
increasing the trailing edge thickness results in a significant decrease in wave drag at transonic Mach
numbers with no apparent penalty at subcritical Mach numbers, for trailing edge thickness up to 0.7%
of chord. Secondly, trailing edge bluntness is needed from a structural point of view because
supercritical aerofoil sections have nearly parallel upper and lower surfaces near the trailing edge. The
aim of the present work was to modify an existing method to enable the computation of viscous
transonic flows around aerofoils with blunt base.

2. COMPUTATIONAL APPROACH

An existing computational method, described by Johnston!", which solves the Reynolds
averaged Navier-Stokes equations in conjunction with a one-equation eddy viscosity turbulence model,
has been modified'", This involved modifications to the grid generation program and to the one
equation turbulence model in the wake region where a rather crude model was adopted: the upper and
lower surface trailing-edge eddy viscosity and turbulent kinetic dissipation-rate distributions were
simply imposed at all stations downstream in the wake for any points either above the trailing edge
upper surface or below the trailing edge lower surface. These quantities were calculated by linear
interpolation between the upper and lower surface values for any points situated directly downstream
of the aerofoil base. Although this model is very simple, it is still a reasonable approximation of the
near-wake region, and the discrepancies which appear in the intermediate and far wakes, where the
flow relaxes away from its boundary layer formulation, are expected to have little influence on the
flow development surrounding the aerofoil.

3. RESULTS

The performance of the resulting modified method was evaluated by computing the flow
development around a blunt-base RAE 2822 aerofoil section at transonic conditions. Figure 1 shows
the surface pressure distribution and the upper surface and wake velocity profiles. There is good
agreement with experiment, apart for the velocity profile in the intermediate wake region which
remains too boundary layer like. However, this expected deficiency does not affect sensibly the flow
around the aerofoil. The method was then applied to the Boeing A153W Integrated Technology
aerofoil, which is one of a family of transonic sections designed to have reduced detection
characteristics. The inner region of the computational grid for this aerofoil is shown in Figure 2.
Calculations were made over a wide range of Mach number and results were generally in good
agreement with experimental data (Figures 3 and 4). The predicted variation of drag coefficient with
freestream Mach number, shown in Figure 5, also agreed reasonably well with experiment, although
the wave drag contribution was overpredicted at the higher Mach numbers. This behaviour was also
found in the case of sharp trailing edge calculations and was attributed to an underprediction of the
shock wave!boundary layer interaction by the numerical method when using the one-equation
turbulence model.
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COMPUTER MODELLING OF FUEL SPRAYS CONTAINING

ELECTROSTATIC CHARGE

Researcher: J.S. Shrimpton
Supervisors :A.P.Watkins, A.J.Yule

Sponsor : SERC
i.INTRODUCTION

The use of electric charge to promote liquid atomization and control drop deposition
is common in many industrial applications such as paint and crop spraying, pollution
abatement and metallic powder production. The present work seeks to model the effect of
charge on drop diameter, trajectory and breakup with a view to optimising charged spray
combustion. Published work is limited, being confined to one and quasi one dimensional
expansion in a quiescent gas phase with no breakup.

2. THE EXISTING MODEL

The existing model [1] has previously been used to predict diesel spray breakup,
dispersal and evaporation. The gas phase transport equations of mass, momentum, energy and
k-s are discretised using a finite volume grid and are solved by a non iterative implicit
method. The liquid phase .is represented by drop 'parcels', each containing many non
interacting spherical droplets implicitly possessing identical diameter, velocity and
temperature. The Lagrangian drop equations are discretised in time, using the Euler method,
to give implicit solutions for drop position, mass, velocity and temperature.

3. CHARGED SPRAY INITIAL CONDITIONS

Kelly [2] has developed a stochastic theory to predict the droplet charge, size and
frequency distributions within a charged
spray. The theory requires that only the
physical properties of the liquid and the mean
volumetric specific charge (C/m3) of the spray
need to be defined beforehand. The theory has
shown to be accurate for octoil, woods metal
and glycerine. Experimental work at UMIST
[3] has shown that these predictions also hold
for commercial grade kerosine and diesel oil.
By incorporating the work of Kelly into the
existing code to define the size and charge
distributions the applicability of the model is
extended further than the fuel oils considered
in the present work to include any liquid
properties that the theory can predict. Figure
1 correlates prediction and experiment for kerosine at 0.6 C/m3. In view of the fact that the
experimental result is an end state and as such includes breakup, the case for using the theory
of Kelly is strongly supported.

Figure 1: Theory versus Experiment
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4. CHARGED DROP TRAJECTORY CALCULATION

To calculate the contribution to momentum
change from charged drop-drop interactions the
drops are treated as point charges. Dipole
interactions are thus ignored here but they are
important in charged droplet deformation and
breakup. below. The assumption allows the force on
two droplets to be defined as shown in Fig.2. It is
assumed the all the charges in the spray are of like sign. in consequence all drops are repelled
from each other and the solution for n drops is highly coupled.

5. CHARGED DROP DEFORMATION, EVAPORATION AND BREAKUP.

There exists a maximum charge that a spherical drop may possess that is a function
of diameter and surface tension. For Q>~ax the electrostatic charge repulsion exceeds the
restoring force of surface tension and drop disruption occurs. In effect the charge acts to
reduce the restorative effect of surface tension. This has major implications for drop breakup.
as defined by a maximum deformation ratio. Also a non stationary drop will be deformed
from spherical and ~ax is further reduced.
Clearly for fast moving. highly charged drops
the ratio will be significantly reduced.
Previous studies have shown that there is no

.2charge leakage from evaporating charged ••..
drops to the surrounding gas phase for drops "".1

.2with Q<~ax so for volatile or heated liquids ••
there is an additional factor contributing to ~
enhanced drop disruption.This behaviour has ~.01

been modelled as shown by Fig.3 and is to be ::
incorporated. The breakup of the parent ::e
charged drop is different to the uncharged
case, and the non-charged bag and strip
modes do not occur. Breakup is more
discrete, with a number (==20or less) of
daughter drops being produced. It has been found that the daughter drops possess a
disproportionate amount of the charge with respect to their mass. This leads to end state size
distributions that are at least bimodal and the spray becomes radially stratified, with a core
of large lesser charged drops surrounded by a sheath of smaller, more highly charged ones.

Figure 3: Charged breakup
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RADIATION ABSORPTION IN DENSE GAS CLOUDS BY THE DISCRETE
TRANSFER METHOD

Researcher: A.I. Sayma
Supervisor: P.L. Betts

Sponsors: Palestinian Students Fund, Arab-British Chamber, ORS

1. INTRODUCTION

The Discrete Transfer Method was developed by Lockwood and Shah [1] for calculating
radiative transfer in combustion chambers. This method is known to combine accuracy with economy
of computer storage and CPU time. In the present study, the method is adapted for predicting radiation
absorption in dense gas dispersion simulations in the finite element model FEMSET. The method was
programmed and validated against standard analytic solutions. It was then used in the simulation of
a dense gas dispersion scenario over flat ground and led to improvements in the predictions.

2. APPROACH

For a gas of several absorption bands, the equation of radiative transfer can be written as:

= -11 + JB(7) dv
",

(1)

where I and k are the average intensity and absorption coefficient over a band and B(T) is the Planck
function, which gives and monochromatic emissive power over the band (VI - vJ). Scattering is
neglected in equation (1).

In the Discrete Transfer Method, a number of rays of predetermined orientation are fired from
each wall of the domain boundary. These rays are traced until they reach another boundary or leave
the domain. For each band, the equation of transfer is integrated over each element to give the
recursive relation:

1"+1= 7 B(7) dv (1 - e-k) + l,.e-k
",

(2)

where the index n refers to element numbers that the ray crosses. Knowing boundary conditions at the
walls, equation (2) can be solved to give the difference in the intensity of a ray crossing each element
The radiation sources are then calculated by performing an energy balance along the ray in each
element. The total energy absorbed in each element is the sum over all the bands from all the rays
passing through it.

3. VALIDATION TESTS

The method was validated against analytic solutions of radiative transfer between two flat plates with
isothermal gas between them. Computed fluxes at the walls agreed with the analytic solution for a
reasonable number of rays. The method was then compared to the analytic solution of radiative transfer
between two parallel plates at steady state where the computed energy sources were used indirectly
to calculate temperature distribution in the gas. Results are compared with the analytic solution of
Heasalt and Warming [2] in Figure(I).

The method was then used, with two Methane absorption bands, in the simulation of the
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Burro-S [3] dense gas dispersion field trial modelled over flat ground. TIle maximum radial distance
travelled by the lower flammability level contour at 1m height is compared in Figure (2) with the
solution with no radiation modelling and with the experimental results. Improvements in the
prediction are noticed. A sensitivity test of the method for gases with wide absorption bands indicated
that modelling radiation is necessary in many dense gas dispersion scenarios.
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TRANSPORT AND REACTION RATE MODELLING FOR PREMIXED
TURBULENTCOMBUSTION

Researchers: Dr. S-P.Li, Dr. R. S. Cant
Sponsors: EPSRC, ShellResearchLtd., British Gas pic.

1. INTRODUCTION

Premixed turbulent combustion is important in many practical situations, most notably in the
spark-ignition engine but also in jet-engine reheat systems, certain types of industrial burner
and in accidental explosions resulting from leakage of combustible gases and vapours. For
engineering design purposes it is essential to quantify the behaviour of such systems.
Depending on the end in view it may be necessary to address questions of operating
performance, fuel economy, hazard assessment, safety limits and/or pollutant formation. All of
these require some means of modelling the properties and response of turbulent premixed
flames, and this presents a difficult problem due to the strong interactions between turbulence,
combustion chemistry, molecular transport and densitychange due to heat release.

2. LAMINARFLAMELET MODELLING

Fortunately, for most fuels in common use the rate of reaction is sufficiently rapid that the
timescale for chemical reaction is small compared to the smallest timescales associated with the
turbulent flow field. This implies that the reaction zones within the flame are thin, and leads to
the laminar flamelet formalism due to Bray, Moss andLibby [1]. In this approach the turbulent
flame is considered as a collection of thin, highlywrinkled interfaces called laminar flamelets,
which separate volumes of unburned reactants from corresponding volumes of fully-burned
products. All chemical changes and molecular transport take place within the laminar
flamelets, which have local structure similar to that of a laminar flame subjected to straining
and curvature by the surrounding turbulence. The modelling consequences of this physical
observation are twofold. First, the problem of modellingturbulent transport in the presence of
variable composition and density is reduced to the much simpler problem of modelling
turbulent transport in two separate constant-density streams, with occasional transitions
between them as a flamelet passes by. Second, the problem of modelling the mean turbulent
reactionrate is simplifiedby taking advantage of the sheet-likenature of the reaction zone. The
reactionrate per unit surfacearea is known fromlaminarflametheory leaving only the surface area
per unit volume to be modelled.

3. TURBULENTTRANSPORTMODELLING

Turbulenttransport in the reactingflow is treated using a standard second-moment closure model
based on Favre density-weighted averaging. A second-moment treatment is considered to be
necessarydue to the severe local anisotropy of the Reynolds stresses encountered in flames, and
to the occurrence of counter-gradient diffusion resulting from preferential acceleration of
low-density burned gas in the presence of the self-inducedpressure gradient within the flame.
Neither of these effects can be represented by a simplegradient- transport model. Within the
flame, the flamelet assumption leads to a simpleformalismfor the decomposition of unknown
higher moments in terms of conditional moments of lower statistical order. Closure at
second-momentlevel is achievedbymodellingtheunknown conditional second moments in terms
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of the known unconditional moments. A unified stress-flux closure model is formulated which
reduces properly to the constant-density case at each side of the !urbulent flame. ,Some
modification is necessary in order to deal with the effects of externally-imposed compression as
in the I.C. engine case [2].

4. REACTION RATE MODELLING

The chemical composition of the reacting mixture is represented by a reaction progress variable
taking the valuezero inunburnedreactants and unity in fully-burnedproducts. As a consequence
the mean turbulent reactionrate is represented as the volumetricrate of production of the progress
variable. Since the flame is locally sheet-like this volumetric rate may be expressed as the mean
rate of reactionper unit surfacearea multiplied by the mean surface area of the flame sheet found
in unit volumeof space. The reaction rate per unit surface area maybe computed to any desired
levelof accuracygivensufficientknowledge of the relevant chemistry. A major advantage of the
flameletapproach is that thismaybe done separately from any turbulent flame calculation and the
results stored in a "flamelet library" for subsequent interpolation. Modelling activity is then
confinedto representingthe surface-averagedeffectof the turbulence on the reaction rate [3], and
to representing the generation and destruction of flame surface area by the mean flow, the
turbulence,curvature andpropagation effects [4]. The former is tackled with the help of data on
surfacepdfs ofstrain rate andflamecurvature obtained by Direct Numerical Simulation [5], while
the latter is based on the derivationandmodellingof a balanceequation for the mean flame surface
area per unit volume [6].

5. IMPLEMENTATION AND RESULTS

The modelhas been implementedin a 2D Cartesian and axisymmetriccode known as TARTAN.
The datailsof the numericalmethod employed and some of the results obtained to date are given
, .
in a comparuon paper.
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PREMIXED COMBUSTIONMODELLING FOR LC. ENGINEAPPLICATIONS

Researcher: Dr. S-P. Li
Supervisors: Dr A. P. Watkins, Dr. R. S. Cant

Sponsor: EPSRC

1. INTRODUCTION

A model for premixed turbulent combustion described in a companion paper has been
implemented in a two-dimensional Cartesian or axisymmetric geometry for use in the further
development of combustion models suitable for I.C engine applications. A code known as
TARTAN has been developed and several validation tests have been carried out. The
numerical method is based on a modified PISO algorithm incorporating second-order bounded
spatial differencing together with second- order implicit time differencing. Results are most
encouraging and further development is proceeding.

2. NUMERICALAPPROACH
The application of second-order differencing to combustion problems is complicated by the
need to keep bounded scalar variables such as the reaction progress variable strictly within
their physical limits. Schemes such as QUICK, while nominally third-order accurate, fail to
meet this requirement in the presence of moderate gradients of the dependent variable. In the
present work the bounded second-order CCCT scheme [1] is employed and is found to give
entirely satisfactory results, even when gradients (in the vicinity of the flame) are very strong.
For I.C. engine applications it is necessary to consider time-dependent reacting flows, and
second-order time accuracyis desirable. This is achievedhere usingCrank-Nicholson implicit time
differencing in conjunction with a modified semi-implicitPISO algorithm. Spatial solutions are
obtainedusing a pentadiagonallinerelaxationsolvertogether with a tridiagonal conjugate-gradient
pressure solver.

3. TEST CASESANDRESULTS

Validationof the code and the initial version of the model has been carried out with reference to
the experimental data of Cheng and Shepherd [2] obtained in an axisymmetric impinging- jet
flame. A stoichiometric ethylene-air mixture was supplied at 5m1swith 8% turbulence through
a nozzle of diameter50mmsurroundedby an air coflowat the same velocity. This flow was made
to impinge on a thermally insulating flat plate placed 100mm above the nozzle exit. A
statistically-stationary planar turbulent flamewas formed at a well-defined location between the
nozzle and the plate. Two components of mean and fluctuating velocity were measured using
LDA, while the scalar field was determined using Mie scattering from seed particles in the
unburned gas. Comparisons between measured and computed values of velocity and progress
variable are shown in Figure 1.

Further validation tests have been carried out for the time- dependent case of one-dimensional
flamepropagation. An analytical solution for the turbulent flame speed is available for this case
using the theory ofKolmogorov, Petrovski and Piskunov (KPP) [3]. The numerical results are
shown in Figure 2 and yield a flame speed within 3% of the analytical value, thus demonstrating
the efficacy of the second-order time-stepping scheme.
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4. CONCLUSIONS AND FUTURE WORK

Work carriedout to date has verified that the TARTAN code is accurate, stable and robust. The
initial version of the BML flamelet model for this study has been validated for a simple
impinging-jet burner test case. Work now in progress will extend the modelling to confined and
time-dependenttest casesmore representative of engine combustion. The end in view is a model
for combustion that will be widely applicable in a range of spark-ignition engine codes.
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5.5

PARTICLE DISPERSION IN A PLANE HORIZONTAL JET

Researcher: J. Rosas
Supervisor: M.A.Leschziner

Sponsor: University of Aalborg

1. INTRODUCfION

The Lagrangian description of particle motion within an Eulerian framework for the fluid
carrier requires information on the carrier's instantaneous turbulent fluctuations which, when imparted
to the particles, give rise to particle dispersion. Most commonly used stochastic Lagrangian method
for particle dispersions (e.g. Gosman & Ionnides [1]) extract an isotropic turbulent velocity fluctuation
u( from the predicted carrier turbulence energy and a Gaussian PDF having a standard deviation of
(2/3k)0.$. The time over which ", acts on a particle is the minimum of the eddy-life time and the
eddy-transit time (here called "eddy-lifetime model"). The principal drawbacks of this methodology
are, first, the ambiguity associated with the choice of time scales, and second, that no account is taken
of the fact that turbulent fluctuations are correlated in time and direction.

Zhou and Leschziner [2,3] have developed a model in which time correlation and anisotropy
are taken into account without any explicit time scales being prescribed. In this, the vectorial velocity
fluctuation V; at time t is correlated to the fluctuation at the previous time step by v1-61'. In addition
the components of V, are correlated so as to comply, statistically, with prescribed Reynolds-stress
components. This model has been shown by Zhou and Leschziner to return considerably higher levels
of spread than traditional models, in better agreement with experimental data for highly anisotropic
shear layers (Lazaro & Lasheras [4], Ishima et al [5]).

This summary reports the application of the Zhou & Leschziner's anisotropic model an
experiment by Perkins and Hunt [6] in which a stream of particles is falling normally through a plane
jet, as shown in Fig. 1, onto a plate. Modelling is performed with an appropriately modified and
extended version of the code STREAM (Lien & Leschziner [7]).

2. THE DISPERSION MODEL

Fig. 1 shows a single discrete particle at time t-bt, located at -;:",& relative to an origin '0'.
At time t, a fluid (i.e. carrier) particle originating at ;:;'1-61=7",.& will have moved to ~, while the
discrete particle will, in general, be located at ;:,. The task is to determine the carrier fluctuation at
r;".The velocity fluctuation of the carrier phase at time t at location ~, may be related to the velocity
fluctuation at t-bt by:

(2)

where {~}accounts for effects arising from previous time
levels, while if;represents effects arising from randomness
during the time interval [)t. Similarly, the carrier velocity
fluctuation at location ;:;" can be related to the fluctuation
at location ~, by: 0 1oIII!!::::~_

(3) Fig. 1: Motion of particle and
carrier-fluid packet in bt

For relatively small or light particles and relatively short time step [)t, the departure of r;" from ~, is
small, in which case, the velocity fluctuation at the particle's position at time level t is simPlr
represented by equation (2). The task is thus reduced to determining the matrix {~}and the vector a;.
An analogous path may be adopted if correlation (3) is to be included.

A sampling process may be constructed which 'retrieves' Vi in such a way that a sufficiently
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large set of sampling events satisfies the statistical constraints imposed by the available time-averaged
correlations of the velocity. fluctuations u,,uj.Furthermore, given time-correlatio~ functions of the f~rm
R.(()t)= (u..•. u.)IJu·I'~/ frI:!, temporal correlation may be accounted for Without the use of tune

IJ ., •••••• },., ),. •• herei dh der i ~ dscales. The derivation process is too involved for It to be included erem, an t e rea er IS reterre
to references [2,3] for details.

3. APPLICATION

The experimental arrangement, shown in Fig. 2 consists of a horizontal nozzle of 150 mm
width and 10 mm in height placed 235 mm above the floor. Air is blown into a otherwise unconfined
space. Particles are released from a vibrating hopper, 289 mm above the jet, and collected in trays on
the floor. The experiment consisted of several test combinations, and the test run chosen here was for
a jet exit velocity of 25 mis, a particle diameter of 244 pm and a hopper downstream position of 200
mm. This configuration was also investigated by others and presented at the 6th Workshop on
Two-phase Flow Predictions at the University of Erlangen [8].

In Fig. 2, the experimental particle-concentration distribution is compared with computed
solutions arising from the eddy-lifetime model and the present anisotropic particle dispersion model.
Both numerical distributions are shifted downstream, apparently as a result a somewhat excessive level
entrainment in the aerodynamic calculation and hence excessive forward motion between the jet and
the confining walls. Significantly, the widths of the predicted distributions differ drastically, with the
eddy-lifetime model returning a much too narrow profile - a general weakness of solutions arising
from isotropic eddy-lifetime models and contributed to the 6th Workshop on Two Phase Flow
Predictions [8]. Qualitatively similar differences in predicted concentration distributions have also been
observed by Zhou & Leschziner for other shear flows transporting particles along the flow with
dispersion occurring across the flow.
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Fig. I. Horizontal jet test facility Fig.2. Normalized particle mass collected on
the floor
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5.6

DEVELOPMENT OF A 3D NON-ORTHOGONAL GRID COMPUTER CODE FOR
D.I. DIESEL ENGINE APPLICATIONS

Researcher: K. Park
Supervisor: Dr. A.P. Watkins
Sponsor: ORSA and ODF

1. OBJECTIVE

Engine codes for Diesel engine applications have mainly used curvilinear orthogonal grids for the
simple piston bowl boundary shapes; cylindrical or omega shaped.

However a number of combustion systems have been developed recently with a much more
complicated boundary shape in order to use spray wall impaction as a means of breaking up the fuel
spray and/or directing it in a desired direction[l]. This project is considering the use of a number of
cut off pips to achieve these objectives. Some early results have been published[2].

In case of a complicated boundary with cut-off pips, it is difficult or impossible to generate an
orthogonal grid. Thus a non-orthogonal grid computer code has been developed.

2. APPROACH

The mathematical model by Watkins [3] is used. The gas phase is described by Eulerian
conservation equations and the liquid phase by Lagrangian equations for position and momentum. Also
the effects between the phases, e.g. mass and momentum transfers, are given as sources or sinks.

The equations are transformed into general non-orthogonal curvilinear coordinates, and discretised.
The discretised formulation is solved with the spray non-iterative implicit solution algorithm Spray
EPISO.

3. ASSESSMENT

A number of different non-orthogonal grids numerically generated and the results are compared
with that from an orthogonal grid. As shown in Fig. 1, the spray shapes do not show any significant
differences, only the wall spray developments are reduced slightly, but this seems to be due to the
effect of grid spacing rather than grid distortion.

The code is also tested for a wide range of conditions and its results are compared with
experiments (Fig. 2). The variation of the wall spray radius and height match well with these
experiments.

4. APPLICATION

The code is applied in order to optirmse the shape of diesel engine piston bowl with fuel
impingement, and the results are compared with these for the conventional shape.

As shown in Fig. 3, the droplet distribution in the impingement shape show good mixing with the
gas, whereas for the conventional shape the spray does not reach to the centre area, without squish
effects the airflow.
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5. CONCLUSION

The simulation results using the non-orthogonal grid computer code are in good agreement with
a wide range of experiments, and it has the major benefit that it can be applied for a complicated
boundary shape, even though a small loss of accuracy for high velocity regions with high distorted
grids is expected.
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Fig. 3. Application to the impingement shape of piston bowl
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5.7

COMPUTER MODELLING OF METERED-DOSE INHALERS

Researcher: Craig A. Dunbar
Supervison: A.P. Watkins (UMIST), and P. Burt (GRD)

Sponson: EPSRC (formerly SERC) and Glaxo Research and Development (GRD)

l. BACKGROUND

The metered-dose inhaler (MDI), shown in Fig. 1, is a compact pressurised spray dispenser designed
for oral inhalation of multiple doses of finely dispersed drug in the treatment of various pulmonary
diseases, the most common being asthma. The spray is generated by flash evaporation of CFC-based
propellants which disperse the formulation issued from the metering valve. However, since the
introduction of the Montreal Protocol [1], which aims to eliminate the production of all chlorine
based chemicals by the year 1995, there has been an urgent need to find "ozone-friendly"
replacements to CFC propellants.

The introduction of a CFD code to model the spray characteristics of an MDI offers a new and
relatively inexpensive addition to the costly and extensive development of non-CFC based MDI
formulations. The code will be able to yield valuable information on the physical processes of the
spray formation which could lead to practical design improvements of the MDI.

2. APPROACH

The MDI spray code is being developed from an existing 2-D axisymmetric diesel spray code. The
spray issued from an MDI is an unsteady, transient, multi-phase flow and is described in terms of
Eulerian continuum conservation equations for the continuous gas phase and Lagrangian transport
equations for the dispersed liquid phase. The finite-volume technique, along with the hybrid
differencing scheme, is used to transform the non-linear, partial differential gas phase transport
equations for spatial discretization and the Euler implicit method is used for temporal discretization.
The turbulence transport is represented by the k-e turbulence model and the coupled equations for
pressure and velocity are calculated using the predictor-corrector method. The discrete droplet model
(DDM) is used to describe the droplet histories with the addition of droplet collision and breakup
models.

3. PRELIMINARY RESULTS

The spray produced from an MDI must contain particles with sizes less than 5JLm for the drug to
reach the target area for treatment, i.e., bronchioles. Therefore, drop size information, as shown in
Fig. 2, is central in the characterisation of the MDI spray. Figs. 3-4 show gas field properties which
influence the spray history via momentum transfer. The gas field contours of vapour mass fraction
and temperature, which are influential in the evaporation history of the spray, are shown in Fig. 5,
and is an example of the codes ability to provide information which is very difficult to obtain
experimentally.

4. FUTURE WORK

Experimental work is currently being undertaken at GRD to characterise the MDI spray using phase
Doppler anemometry (PDA). The preliminary results of this work have shown the spray to be
considerably asymmetric and it will therefore be necessary to extend the code to three dimensions.

REFERENCES

1. Council Regulation (EEC) No 3952/92, OJ No L 405, 31.12.92

...



1

0.8

o 0.6::J
~ 0.4

0.2
o

-0.2 0

Aerosol can

Inhaled air entry

Drug suspension

'. S~~aycone

Actuator body Droplets
generatedby Mouthpiece
flash breakup

DlO =6.2J.L1ll
1)30 =8.7~
1)32 =17.2~

Fig. 1: Metered-dose inhaler

l.2
1

o 0.8o- 0.6u
0.4
0.2
0
0 0.005 0.01 0.015 0.02

Radial Distance 1m

Fig. 2: Drop mass concentration
radial profile (x=O.04m)

>. 0.05.~

0.005
I

0.01 0.015 0.020.005 0.01 0.015 0.02
Radial Distance 1m

Fig. 3: Dimensionless axial gas velocity
radial profile (x=O.04m)

Radial Distance 1m
Fig. 4: Gas turbulence intensity

radial proflle (x=O.04m)

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0.026
0.084
0.142
0.200
0.258
0.316

Vapour mass
fraction

Temperature

0.02

0.015

0.01

0.005

o
O~~~~-----~~~------:-----~------:-----'------------r

-0.005
-0.01

-0.015

-0.02 0

· . 292K

~~~~~~
• <, .'-C. 262K
• ~ 250K
• • 238K

I

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Axial Distance 1m

Fig. 5 : Gas field proflles of vapour mass fraction (above) and temperature (below)

. .•.



-

« Session 6 »

Internal Flows

. .•



6.1

COMPUTATION OF FLOW AND HEAT TRANSFER
THROUGH STATIONARY AND ROTATING U-BENDS

Researcher: Ms H-Y Li
Supervisors: Dr H lacovides and Prof B E Launder

1 OBJECTIVES

The high operating temperatures of modern gas-turbines necessitate the development of
cooling systems, in which relatively cool air is circulated inside the turbine blades through
internal cooling passages. The cooling flow within these passages is greatly influenced by
the presence of U-bends of strong curvature and also by the rotation of the blades. The
objective of this study is the assessment of the effectiveness of eddy-viscosity and also of
relatively simple second-moment models when used for the computation of such flows.

2 APPROACH

The computations presented concern flow and heat transfer through a U-bend of square
cross-section which has a curvature ratio RJD = 0.65 and which, as shown in Figure 1, can
rotate about an axis parallel to the axis of curvature. A three-dimensional finite volume
solver was employed and following our earlier work in this field [1] a bounded version of
the QUICK scheme, LODA, was used for the convective discretization of all transport
equations. Four different turbulence modelling arrangements have been tested: (a) A high
Re k-emodel with a one-equation k transport model in the near-wall regions, (b) A high-Re
ASM model with the one-equation model in the near-wall regions, (c) A 10w~ReASM model
in which the near-wall dissipation rate is obtained from a prescribed length scale [2], ASM1,
(d) A low-Re ASM model in which the dissipation rate equation is solved across the wall
sub-layer [3] ASM2.

3 RESULTS

For the stationary case, the velocity profile comparisons of Figure 2 indicate that as the
turbulence model is successively refined, the onset of flow separation along the inner wall
of the U-bend is more realistically predicted. Even when the full low-Re ASM model is
employed there is still however further room for improvement. For the rotating cases, the
vector plot comparisons of Figure 3 show that the low-Re ASM computations are more
successful for the case of positive rotation, where the Coriolis force reinforces the curvature
force. The heat transfer comparisons, however, that the low-Re ASM models employed
are unable to return realistic heat transfer predictions over the outer wall of the stationary
U-bend.

4 CONCLUSIONS

In computations of flow through U-bends of strong curvature it becomes necessary to
employ a second-moment closure in order to correctly reproduce the flow separation within
the U-bend. The low-Re second-moment models employed are however in need for further
improvement.

. .•
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6.2

COMPUTATION OF FLOW AND HEAT TRANSFER
THROUGH RIBBED PASSAGES

Researcher: Mr M Raisee
Supervisor: Dr H lacovides

1 OBJECTIVES

In blade cooling passages and also in other cooling applications, heat transfer enhancing
ribs are often employed. In the case of blade cooling passages, due to the effects of
rotation and curvature, secondary motion is also present. In such circumstances, the use
of low-Re turbulence models becomes necessary. The overall objective of this
investigation is to determine low-Re models that are suitable for the prediction of three
dimensional flow and heat transfer through rib-roughened passages. In this initial stage
only two-dimensional cases are considered.

2 APPROACH

For the initial part of this investigation a two-dimensional axisymmetric code is employed,
based on the finite volume methodology and which uses a semi-staggered grid
arrangement. Three different turbulence models have been tested; a high-Re k-Emodel
with a one equation model within the near-wall regions, the Launder and Sharma low-Re
k-s model and a low-Re differential stress model. The first case investigated concerns flow
and heat transfer through a rib-roughened pipe for which measurements of the local
Nusselt number are available [1]. Only one interval between successive ribs is computed
and repeating boundary conditions are applied.

3 RESULTS

Figure 1 shows the predicted flow fields using the k-E/1-eqn model and the low-Re k-E
model. The flow behaviour returned by the two models appears to be similar. The
corresponding Nusselt number comparisons are shown in Figure 2. While the k-E/1-
equation model predicts a thermal behaviour that is very close to the measured one, the
low-Re k-s, even with the Yap term computes Nusselt number levels that are unrealistically
high.

4 CONCLUSIONS

Initial tests indicate that in flows through stationary ribbed tubes the k-c/t-eqn model
produces reliable heat transfer predictions while the Launder and Sharma low-Re k-Eover
predicts wall heat transfer. A low-Re differential stress model is now being tested.
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6.3

MODELLING OF FLOW IN ROTOR-STATOR CAVITIES

Researchers: Mr P Toumpanakis and Mr M Te-Braak
Supervisor: Dr H lacovides

1 OBJECTIVES

Flow in axisymmetric cavities formed between discs, one or both of which may be rotating
occur in cooling systems of gas-turbines. As shown in Figure 1, in such systems fluid is
pumped radially outwards along the rotating disc and returns to the cavity centre along the
stationary disc. Flow in the centre of rotor stator cavities is usually laminar and due to the
convective effects of radial motion the rotor boundary layer can remain laminar over a
significant proportion of the rotor surface. The objective here is to employ low-Reynolds
number models of turbulence transport in the computation of these flows.

2 APPROACH

Four turbulence models have been tested: (a) A high-Re k-s with the t-equaticn model in
the near-wall regions, (b) The Launder and Sharma low-Re k-£ model, (c) A low-Re
differential stress model and (d) The High-Re version of the Wilcox k-co model. Three rotor
stator cases have been computed for which measurements are available ([1] and [2]). The
first case involves a cavity of aspect ratio of 0.08 for a rotational Reynolds number (Re =
Qb2/v) of 106. The other two cases concern a cavity of aspect ratio of 0.127 at Reavalues
of 1.6 x 106 and 0.3 x 106.

3 RESULTS

The k-E/1-eqn and the k-ro model failed to predict the laminar flow region at the cavity
centre. As shown in Figure 2, with the inclusion of the Yap term, both low-Re models
predict the correct behaviour at the outer region of the cavity but also predict unrealistically
large laminar regions along the rotor. In order to overcome these predictive deficiencies
a modification related to solid body rotation is introduced to the £ transport equation. The
constant c£1is divided by (1 + 5A), where

.ro = k [2. [au; _ aujJ1/2
E 2 aXj ax;

and s = k [2. [aUj + aUjJ ]/2
E 2 OXj ex,

As shown in Figures 3 and 4, by making the dissipation rate sensitive to the presence of
solid body rotation flow predictions are greatly improved over a range of rotational speeds.



4 CONCLUSIONS

-

In the prediction of rotor-stator flows it is necessary to use low-Re models of turbulence
transport. Use of the Vap term improves flow predictions near the outer shroud while
transition is better predicted when £ is made sensitive to the effects of solid body rotation.
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-
MODELLING THE FLOW IN A TRANSITION DUCT

Researchers: F.S. Lien and M.A. Leschziner

1. INTRODUCTION

Transition ducts - so called because they consist of stretches having different cross-sectional
shapes connected by a gradually changing 'transition' portion - are encountered in a variety of
engineering applications, include rectangular-to-circular air-intake ducts preceding aero-engine intakes,
hydraulic shaft tubes used to diffuse water exiting from vertically-oriented turbines at hydro-electric
power plants, and channels for cooling fluid embedded in turbine blades. In an industrial environment,
major issues of interest include the minimisation of losses, the provision of the shortest possible duct
for given cross-sectional shapes at inlet and outlet, the avoidance of separation and the minimisation
of flow distortion at the duct exit

From a fundamental, fluid mechanic point of view, the process of primary significance is the
generation of transverse motion by lateral pressure differences arising from cross-sectional changes.
The mechanism may be explained by reference to the geometry in Fig. 1. A dimensional reduction in
one lateral direction combined with an increase in another provokes a pressure gradient which
'squeezes' boundary layer fluid from the reducing axis towards the elongating one, a process which
renders the boundary layer highly three-dimensional. The lateral redistribution of boundary-layer
vorticity and the distortion of the vortex lines that goes with it give rise to pairs of counter-rotating
vortices which transport low-momentum boundary-layer fluids into inner duct regions, creating strong
distortions in the streamwise velocity field. The severity of this distortion is crucially affected by the
rate of decay of the vortical motion beyond transition. If this field is subject to an adverse streamwise
pressure gradient, due to increase in area or curvature, separation can easily ensue, resulting in a
dramatic increase in losses and very severe
flow non-uniformities.

This summary reports a computational
study of the flow in a round-to-rectangular
transition duct examined experimentally by
Davis & Gessner [1]. The emphasis of the
study is on the performance of different
turbulence models, in particular their ability to
resolve correctly the streamwise vortices
which, through transverse convective transport,
provoke large flow distortions downstream of
the transition section.

2. COMPUTATIONAL APPROACH
Fig. 1: CR duct and grid

Computational solutions have been derived from a non-orthogonal, co-located finite-volume
algorithm incorporating third-order QUICK and second-order TVDIMUSCL discretisation for
convection. A total of five turbulence models have been investigated:
o the low-Re model of Lam & Bremhorst [2];
o the low-Re model of Lien & Leschziner [3];
o a zonal model combining Wolfshtein's [4] low-Re k-l model with the high-Re k-e model of Jones

& Launder [5];
o the above zonal approach, but with Yakhot et al's "RNG" k-e model [6] replacing Jones &

Launder's form.
These models are applied over a single grid of 80x50x45 nodes covering one quarter of the duct (Fig.
1). Multiblock solutions have also been obtained to investigate sensitivity to grid disposition.

At the time of writing, preliminary second-moment-closure calculations have been obtained, and
these are superior to the eddy-viscosity results, although it is the accurate resolution of the near-wall
flow which is the decisive issue.
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3. RESULTS

The flow feature displaying the highest sensitivity to turbulence modelling is the transverse
circulation downstream of the transition section. As seen from Fig. 5, the low-Re models return a
transverse circulation which agrees well, in terms of both location and intensity, with the experimental
variations. In contrast, the high-Re variant gives rise to a high level of diffusive transport in inner
duct regions which then rapidly erodes the vortex. Associated with the differences in transverse
motion are strong variations in near-wall turbulence energy and distortions of streamwise momentum.
A complete set of results, including turbulence energy and shear-stress fields, may be found in ref. [3].
All results suggest that the resolution of the near-wall region is of crucial importance.
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Fig. 2: Fields of transverse motion at two duct cross-sections downstream of transition
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6.5

COMPUTA TION OF 3D FLOW IN LINEAR TURBINE CASCADE

Researchers: F.S. Lien and M.A. Leschziner
Sponsor: Rolls Royce pic

1. INTRODUCTION

The flow in turbomachine passages, especially in high-load conditions, is among the most
complex encountered in fluids engineering, principally because of the range of physical mechanisms
contributing to important operational parameters and loss characteristics. In the case of a 'linear'
turbine cascade, which is the main focus of present summary, the boundary layer originating at the
stagnation line is initially laminar. On the suction side, close to the leading edge, a favourable pressure
gradient tends to delay the onset of transition. The exact location of transition and its streamwise
establishment length depend strongly on the values of the turbulence intensity and dissipation length
scale in the main passage stream outside the boundary layer. Towards the trailing edge, the adverse
pressure gradient associated with pressure recovery in the passage may lead to separation. On the
pressure side, on which surface curvature is concave, Taylor-Gortler vortices are generated, enhancing
turbulence and favouring the onset of transition. Further downstream the favourable pressure gradient
accelerates the flow and re-laminarisation may occur. Inside the passage, strong transverse motions
are induced by horse-shoe vortices convected into the passage and by the interaction between pressure
gradients and the boundary layers developing on the spanwise walls. This transverse circulation
convects high levels of turbulence energy from the end walls to the mid-span, giving rise to a
complex transitional pattern on the blade surfaces. Behind the trailing edge, the passage vortices have
profound effects on the wake structure and associated losses.

The above processes pose serious challenges to any turbulence modelling strategy, yet the
majority of turbomachine computations are still being undertaken with algebraic formulations or none
at all. In this study, undertaken as a contribution towards a recent ERCOFTAC workshop on
turbomachine CFD, a low-Re k-e model has been used to compute a 3D turbine cascade.

2. TURBULENCE MODELS

The most serious difficulty encountered in the turbomachinery calculations is the accurate
prediction of transition. Even for a two-dimensional flat-plate boundary layer this is no mean task.
When using alow-Re k-e model, the near-wall turbulence level in the initial portion of the developing
boundary layer is increased through diffusion from the free stream. As the boundary layer becomes
thicker, CI" k and J.It start rising, and this initiates and feeds the turbulence generation process leading
rapidly to fully established turbulence. Recent LES results by Yoke and Yang [1] suggests, however,
that transition is provoked by pressure fluctuations in the free stream, l.e. by a mechanism entirely
unrelated to that predicted by traditional low-Re models. Whether this can be captured within the
framework of a Reynolds-averaged approach remains to be seen.

Here, the traditional route has been explored by using the low-Re k-e model of Lien &
Leschziner [2] (denoted by LL). This particular variant has been constructed subject to the constraint
that it should return, as the wall is approached, the turbulent length scale prescribed either in
Wolfshtein's or Norris & Reynolds' one-equation models [3,4]. This approach has been motivated by
the wish to counteract the inherent tendency of the £-equation to return excessive length-scale values
in adverse pressure gradient, to improve computational stability and to reduce the grid-density required
to support a grid-independent solution. The predictive capability of this model for a transitional flat
plate boundary layer at Tu=3 %, with computation starting ahead the leading edge, is indicated in Fig.
1. The same figure also shows the sensitivity of free-stream dissipation length scale to the onset of
transition.

The above flat-plate computation and those presented below for the cascade have been
performed with the general non-orthogonal co-located finite-volume code STREAM of Lien &
Leschziner [5] in which convection is approximated by the QUICK scheme or a TVD variant thereof.
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Fig. 1: Response of LL low-Re k-e model to free-stream turbulence and length scale for a flat
plate boundary layer

3. APPLICATION TO CASCADE

Calculations have been performed in the passage shown in Fig. 2, experimental data for which
have been obtained by Cleak & Gregory-Smith [6]. Fig. 3 show mass-averaged distributions of loss,
secondary kinetic energy and turbulence energy along the passage. While these results appear
encouraging, it is evident from Table 1 that, far downstream, the losses are far too high and the
secondary kinetic energy too, due to much too early transition on the blade suction side following
leading-edge impingement In reality, major portions of the suction side flow appear to be transitional.
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Fig. 2: Passage geometry and mesh
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Fig. 3 Mass-averaged loss and energy
characteristics

Mass-Averaged Values at Slot 10 Mixed-Out Values at Slot 10

Experiment Calculation Experiment Calculation

Total Loss 0.179 0.400 Total Loss 0.208 0.422

Midspan Loss 0.095 0.324 Midspan Loss 0.098 0.328

Secondary Kinetic energy 0.026 0.016 Yaw Angle -66.7° -66.3°

Table 1: Mass-averaged losses and secondary kinetic energy at slot to
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