Factorial Design Applied to CFD

Factorial design, a statistical method widely used for experiments, and its application to
CFD are discussed. The aim is to propose a systematic, objective, and quantitative
T. Fredrik Engstriim method for engineers to design a set of simulations in order to evaluate main and joint
effects of input parameters on the numerical solution. The input parameters may be

experimental uncertainty on boundary conditions, unknown boundary conditions, grid,
Division of Fluid Mechanics, Lule3 University of differencing schemes, and turbuler]ce model_s. The complex flow of the Turbine-99 test

) s case, a hydropower draft tube flow, is used to illustrate the method, where four factors are
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chosen to perform a®factorial design. The radial velocity at the inlet (not measured) is
shown to have an important influence on the pressure recovery (7%) and the energy loss
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1 Introduction mathematical modeling involves several approximations that dif-

The use of computer simulations to predict turbulent flows ifer from one model to another, e.g. two-equation and second-
e . oment closure turbulence models have different levels of ap-

complex geometries instead of model, or full scale, experime Poximation Large eddy simulation& ES) begin to appear in

can substantially decrease the cost of a project and still incre (?‘nmerciallcodes and represent yet another level. The boundary

thtf kr:pwl;ed?he ‘.)fdthet ﬂo‘é’ pro_k;ler_g. llt mak(;es such tart]' apﬁ;?@% nditions may be experimental data such as velocity profiles,
attractive 1o the Industry. Even It widely used, computational Tiuig,,,, rates, pressures, wall roughness, etc. However, some or all

dynamics(CFD) is not fully trusted by industry due to difficulties ,\n4ary conditions must often be estimated, due to the technical
of obtaining reliable results. Until now, most academic work hagiticities and/or financial cost to measure them. Also, even in
been directed towards the validation of particular codes and tses where experimental data are available, it has to be adapted
bulence models in simplified geometridd. Recently, more effort ¢, the computations, which often calls for further processing such
has been dedicated to compile the knowledge of all parts of CER gmqothing and extrapolation. Thamericsinvolves the grid,
and its application in order to guide the usage of CFD as gfe discretization method, the numerical sch@nethe solver,
engineering tool and thus improve the quality of the simulationgj the convergence criteria. Important issues are grid indepen-
Members from both industry and the academic world work in thigence, discretization, and iterative errors. There are methods to
direction in the QNET-CFD networkl] and the ERCOFTAC egtimate these errors. For instance, Befgstand Gebarf4] used
Special Interest Group Quality and Trust for the Industrial AppliRjchardson extrapolation with curve fitting to investigate the dis-
cation of CFD[2]. The latter recently published ttigest Practice cyetization error. Thémplementatioris concerned with the gen-
Guidelinesfor industrial CFD users, edited by Casey and Wintergsration of the CFD code. The user cannot always influence this
erste[3]. o o ] o ) issue since the code is normally developed by others. However,
The lack of reliability of CFD in industrial applications is duecomparison between different codes may be performed as done by
to the discrepancy between simulated and experimental resyf{gcarino[5], who pointed out the different implementations of
and the difficulty to identify the sources of error. Turbulence moghe same turbulence model in three commercial codes.
els and grid errors are often discussed. It is true that “simple The complexity of CFD may be compared to industrial pro-
turbulence models” often are used for industrial Sil’T‘IU'atiOl’]%esseSl such as the chemical indus’[ry’ which contain many param-
which have difficulties in reproducing complex industrial flowseters whose influence and interaction are seldom clearly under-
Also, the actual computational power makes grid-independent sood. A standard approach to analyze such complex processes is
lutions difficult to achieve. Furthermore, the fluid engineers USiﬂgctorigd desigm a statistical method that quantiﬁes the influence
CFD face a difficult task with a multitude of inputs and assumpf the parameters. The present work presents the application of
tions necessary to simulate a problem. These difficulties also cgactorial design to CFD and a complex engineering flow, the
tribute to making the results uncertain, which may force the engrurbine-99 draft tube test case, is used to illustrate the method.
neer to stop at a qualitative instead of a quantitative assessmenthé influence of four input parameters are evaluated on engineer-
the results. However, with the computational power now availng quantities such as pressure recovery and energy loss factor.
able, several test cases can be investigated, thus allowing a seTie results and a discussion are followed by the conclusions.
tivity analysis of the input parameters as recommended by the
Best Practice Guidelineg3]. Several authors have already use® Factorial Design
such an approach, but there seems not to have been a systema}i__c . L - . .
approach to plan and quantify the results. A complicating factor i actorial design is a statistical method for experimental design.

such studies is that interaction between several factors may not main areas of use are process troubleshootlng., development
detected by varying one parameter at a time. Therefore, a syst d optimization. A short descrlpno_n of the method is presented.
X pirther information may be found in the book by Box, Hunter,

atic method to evaluate the simultaneous effects of several par Hunter[6]
eters on the numerical solution is necessary for engineers to g . ‘ . . N
n this method, the factors influencing a process are varied in a

qu?ﬁgt?rtgjt %rgrl;r;geftc;rrsﬂci)r\:vggggar}é numerous. Thev mav be &@rtain pattern leading to a set of experimental runs. The influence
vided into three main groupfiow modeling numéricar?/dimpklle- of one factor(main effec} and the interaction of different factors
. ) ' . joint effec) on one or more representative quantities of the pro-
mentation The flow modelingembraces the mathematical mOdel'(Jess are e?/aluated. Such a qugntity may beqthe yield in a prgduc-
ing of the flow as well as the boundary conditions. Th‘tglon process or an objective function in an optimization. It is im-
Commibuted by the Fluids Endineering Division f biication in oA portant to note that interaction between several factors may not be
ontributed by the Fluids Engineering Division for publication in NAL ; ; ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondmected by varying onl)_/ one fa.Ctor a? a tl.me' Potentially, all Inpl’!t
August 21, 2002; revised manuscript received May 12, 2004. Associate Editﬂar{imeters may be subject fOf investigation. A successful factorial
W. W. Copenhaver. design depends on the choice of the key factors, e.g., the most
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influencing factors for an optimization. kffactors are chosen, and
each factor is tested atlevels(values, the design is called |k
factorial design, since each experimental trial h&suns. There-
fore, n* statistics can be calculated; one averagmain effects,

('g) 2-factor interactions. .., and onek-factor interaction. The
interpretation of a variable’s main effect is made individually only
if there is no evidence of interaction with other variables. Gener-
ally, for a large number of factors, the higher-order interactions
may be neglected, since they are mainly due to experimental
noise. Instead, they may be used to estimate the error level of an
effect and thereby the significance of that effect. Replicated runs
may also be performed for error analysis.

. A two-level design is generally used asa ﬁrs_t step in the analp—'l'g. 1 CAD drawing of the Ho llefors draft tube, dimensions in
sis of a process where each parameter is assigned either a “lowilimeters
or a “high” value. The main and joint effects are calculated as the
difference between the mean of the high levels and the mean of
the Ipw Ievgls. For joint eﬁegts, an even nqmber of low levels fog The Turbine-99 Benchmark
the interacting factors contribute to the high level value of the . )
effect and an odd number of low levels contribute to the low level LuleaUniversity of Technology and Vattenfall Utveckling AB,
value. Further investigation of the process may be done by tgdveden, jointly organized the two Turbine-99 IAHR/ERCOFTAC
introduction of a new factor or by the addition of new levels foMVorkshops in 19997] and 2001[8]. The aim was to determine

one or more factors to detect nonlinear effects, as they are @:6? state of the art in CFD simulations of hydropower draft tube

detected by a two-level design. Ows.

In order to avoid redundance when several factors are chosen! "€ draft tube follows immediately after the runner. The func-

fractional factorial designmay be used to reduce the number of'on of thr? draft tube is to convert the kin_e:]ic energy of tkﬁ fluid
) . : - .~ "leaving the runner into pressure energy with a minimum of losses.
;L::?isér?s)/ l?eisvcggatm?é; ?;é%?;aggiﬁé?eéniiogg l;j: ilgr?s,ildnéféd Modern draft tubes are composed from the inlet to the outlet of a

ortant. thus reducing the number of runs by two. frofre 24 I(%'nica}l diffuser, an elbow, and a straight asymmetric diffuser. .A
p ’ Y Yy o, * cone is attached below the runner to avoid a large separation

By choosing the reduced number of runs after a certain pattem, @ion, which gives an annular inlet. Figure 1 shows thdefars
optimum resolution for the |nteragt|0ns may bg found. Redumr@raﬁ tube model(1:11) used for the workshop; the inlet outer
the number of runs cpnfppnds disregarded .hlgher-.order interggameter is 472 mm and the inner diameter is 196 mm.
tions with assumed significant effects and interactions. For thepraft tube flows are challenging for the CFD community due to
reduced 2 design, main effects are confounded with fourth-ordefe different phenomena that appear: swirling flow in straight and
interactions, second-order interactions are confounded with thirglirved diffusers, separation, unsteadiness, impingement, and tur-
order interactions and the mean value is confounded with th@lence. It also presents an interesting engineering challenge since
fifth-order interaction. The reduced number of runs of fractionahajor hydropower installations in Sweden were built in the 1950s
factorial designs is advantageous in CFD, since complex indusad will soon be refurbishef]. In low head power plants, the
trial turbulent flow simulations may require several hours or dayiaft tube is responsible for up to 50% of the total losses at high
to converge and generally have several unknown input paratoads. Although hydropower plants are already highly efficient, up
eters. to 95%, a small increase in efficiency would correspond to a great
The application of factorial design to CFD differs from its apvalue for the hydropower companies.
plication to industrial processes since a simulation will yield ex- For the first workshop, the organizers provided the geometry of
actly the same result over and over again, if the same residuathe draft tube model, as well as an extensive set of experimental
reached and machine precision error can be neglected. Theref@gia for the inlet boundary conditions measured in a 1:11 draft
a standard error analysidased on replicated runs is not possibléube model at Vattenfall Utveckling AB7] (Fig. 1). Some data at
in CFD. Furthermore, higher-order interactions are significant fée inlet could not be measured, such as the radial velocity, some
fully converged solutions, since there is no random variation ®f the Reynolds stresses, and the turbulefuissipation length
the inputs of CFD, i.e., no noise. However, if a simulation is ndicale. The periodic fluctuations arising from the blade passages
fully converged, the quantity under evaluation may contain and the turbulent fluctuations in the measurements were chosen by
iterative error. It sets a threshold in the significance of the diffet€ organizers to contribute to the steady turbulent intensities. The
ent effects. grid and the turbulence model were not disclosed to the partici-
The identification of the key factors and their levels represenf@nts. _ _
the main task for success with factorial design applied to CFD. The results of the pressure recovery obtained by the different
The levels may be specified by experimental uncertainties in tR@rticipants at the first workshop presented a significant scatter,
case of a measured boundary condition. For unknown parametet®% (See Fig. 2 The results of the second workshop will be
values, a preliminary study may be necessary or assumptions §gmented on later in the discussion. The scatter is explained by
the appropriate upper and lower levels may be made. Compare& 8 d_|fferent assumptions for the boundary conditions as well as
a single value, two levels give both an average and an indicatibif different codes, grids, and turbulence models used by the par-
of the sensitivity. Since the factors in factorial design may also Big'Pants. Several participants undertook a sensitivity analysis for

; ; . . me boundary conditions. For instance, Page and Girouix-
categorical variables, any input in CFD such as the turbulenégStigateol the inlet radial velocity and Bergsrg7] the grid.

model, differencing scheme, and computational grid may also he> ¥~ L . 2 .
investigated with this approach. ¥%IS kind of analysis will be systemized here with factorial de-

The simulation of the complex flow encountered in a hydrosi'gn'
power draft tube is treated to illustrate the method. The case is 0f3.1 Choice of Factors. The choice of the factors focused on
great interest since two workshops on this flow have been orghe lack of information about the boundary conditions. Therefore,
nized and results are available. Therefore, comparison can the radial velocity and the turbulence length scale at the inlet and
made between the result of the workshops and the result of thigo the surface roughness on the walls were chosen. The Rey-
factorial design. nolds stress could also have been a factor. However, the difficulty
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1.6 cross section with the diffuser cone of the draft tube on the outside
and the runner cone on the inside. The assumption of attached
flow was used by Bergsto and Gebarf4] at the first workshop
and further confirmed by Nilssdi8] at the second workshop by a
numerical investigation of the corresponding runner flow. In this

case, the radial velocity is determined by the following relation:

[ I Wall pressure recovery

Uradia™ Uaxiartan 6),

@

awall - 0C0ne

0= 0Oconet (r —Rconds

Rwallf Rcone
whereu,,, is the measured axial inlet velocitgs the flow angle

in the axial-radial direction, and.,,. and 6,,,, are the angles of
the runner cone and the diffuser cone wall, respectively. the
Y radial coordinate from the runner axis aRg,,cis the runner cone
Contribution radius. Equatioril) represents the low level of the radial velocity.
The high level of the radial velocity is set to zero, an assumption
used by many participants of the first workshop:

Uradia= 0- v

to assign relevant levels is far from trivial in such a flow. The 3.1.3 Surface RoughnessThe organizers prescribed a sur-

variety of grids present at the Turbine-99 workshop and the diffiace roughnesks=10 xm (equivalent sand roughness heigtur

culty to obtain grid-independent solutions makes the grid an ithe entire draft tube. For the factorial design, a surface roughness

teresting factor. of 0 and 200um were chosen. The upper limit corresponds to the
A full factorial design at two levels was used. Thu$=216 roughness of cast irof10].

runs were performed. The different runs are presented in Table 1Since wall functions are used to model the near-wall region, the

where TLS, RV, and SR stand, respectively, for turbulence lengshirface roughness modifies the constrin the assumed loga-

scale, radial velocity, and surface roughness. The high and lsithmic velocity profile[11]:

levels are represented by and a—, respectively. U 1 [yu
3.1.1 Turbulence Length ScaleThere are no experimental —=;In( VT

data on the turbulence length scale. According to Casey and Win- ’

tergerstg 3], the turbulence length scale should be 1-10 % of thghere u,= |7,,7p, vy, and v represent, respectively, the friction

hydraulic diameter for internal flows. The hydraulic diameter afelocity, the distance from the wall, and the kinematic viscosity.

5 10 15 20 25

Fig. 2 Pressure recovery obtained at the first Turbine-99
Workshop. The line represents the experimental value 1.12.

+ Bsmooth_ AB, (3)

the inlet of the draft tube is defined as 7 1S the wall shear stress andthe density. The extra constant
4A  Am(RE,—R2 N AB is added to account for _the su_rface roughness effect. The CFD
pm =l e 5 R~ Reond code used to perform the simulationsx 4.4from AEA Technol-
P 2m(Ryait Reond el eonen 0gy, usesc=0.42, B¢ oon=5.45, and the correlation suggested by

whereA is the area of the cross section aRdhe wetted perim- hite for AB [11];

eter. The hydraulic diameter here 3;=0.28 m and the corre-

sponding turbulence length scaleanges from 2.8 to 28 mm. The AB= E In(1+0.%7),
values 5 and 100 mm have been used as test values. The value of K 4
100 mm was given by the organizers of the second Turbine-99
workshop. K = ksu-
The turbulence or dissipation length scale defines the inlet s v

boundary condition for the dissipation ra¢eof the turbulent ki- ) . )
netic energyk. The inlet boundary condition fok is estimated '€ curve fit of Eq.(4) represents experimental data approxi-

from the measured rms velocities. The dissipation rate is set tgnately for the smooth, transitional and fully rough regimes. In the
imit of fully rough conditions, where viscous effects are negli-

~ Kiniet gible, Eq.(3) becomes
! u 1 [y
whereki, et IS the turbulent kinetic energy at the inlet. A low value U In K. +8.3, ©)
of the turbulence length scale corresponds to a high level of dis- 7 S
sipation and vice versa. where Eq.(4) has been used.

3.1.2 Radial Velocity Profile. The radial velocity profile at 3.1.4 Grid. The two grids used in the calculations have been
the inlet was not measured. For the second workshop, the orgasduced by Bergstro [7] using the programcem crp. The
nizers assigned a velocity profile based on the assumption that tioarse grid, shown in Fig. 3, is composed of 326,536 cells. It has
flow is attached to the walls at the inlet. The inlet has an annularminimum angle of 37.6 deg and 284 cells have an angle lower

Table 1 Factorial design of the Turbine-99 test case

Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
TLS - + - + - + - + - + - + - + - +
RV - - + + - - + + - - + + - - + +
SR - - - - + + + + - - - - + + + +
Grid - - - - - - - - + + + + + + + +
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Table 3 Differencing schemes [HUW, higher-order upwind dif-
ferencing (2nd order ); CENTRAL, central differencing (2nd or-
der); HYBRID, hybrid differencing  (1st order )], under-relaxation
factors and solvers (BLST, Block Stone’s method; ICCG, pre-
conditioned conjugate gradients ) used in the simulations

Differencing Under-relaxation

Equation scheme factor Linear solver
Fig. 3 Inlet and XZ midplane of the draft tube with the coarse U velocity HOW 0.65 BLST
grid v velocity HUW 0.65 BLST

w velocity HUW 0.65 BLST

pressure CENTRAL 1 ICCG
than 40 deg. The fine grid, shown in Fig. 4, has 668,166 cells. TEe mgs:g 8:;8 LINEBEgIT‘VER
minimum angle is 37.9 deg and 16 cells have an angle lower than

40 deg.

The grids have the same topology, and the refinement is gen-
eral. The region below the cone is dense in order to resolve the
separation zone. The near-wall cell size is determined by the re-

) + . de e——dU; e 9 de
quirement for they™ value at the cell center to be valid for the Uj-—=-CapUU——Cor+— | (v+vrlo) —|,
wall function method. The large and complex computational do- *9X; k IX; k  ax IX;
main makes the requirement for tiy¢ value at the cell center 9)

difficult to reach. The average value pf for the 16 runs is 254 where the summation convention is assumed and the model con-
and the average standard deviation 231. A summary of the levetgnts are:C,=0.09, C,;=1.44, C,=1.92, o=1, and o,
used for the different factors is presented in Table 2. =1.3.

The differencing schemes, under-relaxation factors, and solver
methods for the linearized equations used for the computations are
reported in Table 3. The choice of a first-order accurate scheme

3.2.1 Numerics. The codecrx 4.4 from AEA Technology for the k and e equations is motivated by the industrial nature of
was used for the simulations. The code is based on the finite flow.

volume method and uses a colocated multiblock grid. More details . .
concerning the code may be found in RE2]. 3.2.2 Boundary Conditions.The experimental boundary

The standarck-e model with the standard wall function Wasconditions at the inlet of the draft tube provided by the organizers

chosen to perform the isothermal, incompressible, and steady égf__tTe TdTOde' |.t¢_9.|the|topt of the propeller CL{’I;VE' were used. The
culations. The choice of the turbulence model is motivated by tﬁé('adanl angen '3. \llel_om yTrr?eandqolmpolne_ s\) were m]?a('j

results of the first workshop, which showed no significant differ2Ured along a radial fine. The radial velocity was specified as
ence between different models. The standard model uses the described above. The periodic fluctuations arising from the blade

vi itv h hesis for the Revnol r which rel sages and the turbulent fluctuations in the measurements were
fhdg% Iir?ggfl;yto )t/ﬁgtmeesai \(/)elt)c?ty g?’a(;gnst?t €ss€s, which relagsin chosen by the organizers to contribute to the steady turbulent

) quantities (', v'? andu’v"). The following assumptions at the
—uiju;=2v7S; — 3K , (6) inlet of the draft tube were made to perform the calculations as
where vy is the eddy viscosity and; is the mean strain rate

3.2 Other Computational Input. Several other input pa-
rameters were also required for the simulations.

specified by the organizers:

tensor. The turbulent kinetic energy and its dissipation rate are v2=w'2
used to get the velocity and length scales for the eddy viscosity, ’
which is uv' =ov'w=u'w’
2
v=C L @) whereu’, v’, andw’ represent the axial, radial, and tangential
T e velocity fluctuations, respectively. The inlet conditions are as-

sumed to be axisymmetric. At the outlet, the Neumann boundary
conditions are imposed on all transport variables. Their gradient is
set to zero except for the velocity gradient, which is modified to
(v+vrlog |, (8)  ensure mass conservation. Such an assumption is disputable, since

! the outlet is close to the straight diffuser where the flow still
develops. Such a geometry was provided by the organizers of the
first workshop. The pressure is extrapolated from upstream.

The steady and incompressible equationskfand e are

LA
ia%;

=—uu——€+—
1 ax; X

4 Results and Discussion

The engineering quantities used at the Turbine-99 workshops
were used to evaluate the influence of the four input parameters:

Fig. 4 Inlet and XZ midplane of the draft tube with the fine grid * Wall pressure recovery:
Table 2 High and low levels of the factors CpW=p°“‘1'EtLp""m2""a”
Factor/Level _ n 7 P(Q/Ainier)
Dissipation length scalénm) 5 100 * Mean pressure recovery:
FSzSSfi:(I:eY ?(I)?chi%/nes(sum) E%(l) E%O(OZ) c _(l/AOU"eT)f Aoutel? dA— (LAinie) f ApelP dA
Grid Coarse Fine pm™— (1/Ainlet)fAin|et %p(u2+ u2+w?)dA '
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Fig. 5 Normalized engineering quantity function of the ratio of Run number
the mass source residual of the second iteration and the last
iteration for run 2 Fig. 6 Ratio of the mass source residual of the second itera-
tion and the last iteration for the different runs
« Energy loss factor: 4.1 Convergence Criteria and Iterative Error. In order to

reduce the computational time without losing accuracy, an inves-
tigation of the iterative error as a function of the mass source
7J‘A [%p(u2+v2+wz)]l]- RdA residual' Was_undertak_e'n on runs 2, 4 and 8. Figu_re 5 represents

inet the engineering quantities as a function of the ratio of the mass
source residual obtained at the second and the last iteration for run
2. The values are normalized with the value obtained at the high-
est ratio of the mass source residual, i.e.x710%. The solution is

Ja EU-NdA+ [,  Ed-ndA

whereE represents the mechanical energy:
E=p+3p(u+0v2+w?).

- Kinetic energy correction factor: assumed fully converged for this residual. The iterative error for
1 the engineering quantities becomes lower than 2% for a mass
aaxia|=7J u3dA. source residual of 0 The result is similar for runs 4 and(8ee
AW Ja Table 4. Therefore, the convergence criterium was set to
N . all runs, assuming the iterative error is independent of the run.
* Kinetic energy correction factor: Convergence was easily achieved independently of the levels of
1 ) the input parameters. The ratio of the mass source residual of the
aswirlzﬁ JAW udA second to the last iteration for the different runs is represented in

Fig. 6. The average residual reduction for thev, andw equa-
tions was above four decades, while for tkend e equations

* Momentum correction factor: c
above five decades.

B= i fusz The convergence criterion induces an iterative error on the sta-
AL Ja tistics. A confidence interval for each statistic is necessary to de-
termine whether an effect is significant. The iterative errors evalu-
¢ Swirl intensity: ated for runs 2, 4, and 8 are used to calculate the dimensionless
sample standard deviatiafor each engineering quantity:
S 1 Jaruw dA ) s
R [ uZdA g2 (10)

whered is the velocity vector with the axial, radial, and tangential . . . .
components, v, andw, respectivelyQ is the volume flow rate, Whgreei is the iterative error of théh run. The standard normal
p is the static pressure,is the density, and\ is the cross-section deviate

area with the outward normal vectar a,yia, @swin, B and Sw Yo— 7

are evaluated at cross section Ill, which is midway between the t= (112)
end of the elbow and the outlet of the draft tulsee Fig. 1L The
center of the cross section is used as the origin for the calculatisnconsidered, wherg, is the dimensionless limit of the confi-
of ag,, Sw, andr. dence interval and; the dimensionless mean value of the differ-

Table 4 lterative error in percent for runs 2, 4, and 8 with a mass source residual of 10 5,

Sample standard deviations and limits for a 95% confidence interval.

pr Cpm ¢ Qax Qs B Sw
Run 2 0.01 0.06 0.15 0.34 1.32 0.57 0.30
Run 4 0.04 0.05 0.11 0.58 0.29 0.23 0.16
Run 8 0.22 0.32 1.08 0.44 1.86 0.35 0.60
s 0.02 0.06 0.60 0.32 2.65 0.25 0.24
Yo 0.68 1.01 3.35 2.45 7.00 2.17 2.10
Journal of Fluids Engineering SEPTEMBER 2004, Vol. 126 / 795

Downloaded From: http://fluidsengineering.asmedigital collection.asme.or g/ on 01/23/2016 Ter ms of Use: http://www.asme.or g/about-asme/ter ms-of-use



Table 5 Mean value of the engineering quantities for runs 1 to 16

Run 1 2 3 4 5 6 7 8
Cow 1.084 1.089 0.994 1.013 1.047 1.058 0.965 0.985
Cpm 0.948 0.943 0.810 0.828 0.916 0.920 0.782 0.799
0.054 0.050 0.190 0.163 0.080 0.072 0.215 0.195
o 1.144 1.219 0.876 1.352 1.186 1.232 1.044 1.408
Aoy 0.234 0.090 0.057 0.062 0.206 0.086 0.070 0.066
1.372 1.215 0.987 1.240 1.331 1.207 1.111 1.281
Sw 0.268 0.160 0.149 0.082 0.240 0.157 0.152 0.081
Run 9 10 11 12 13 14 15 16
Cow 1.089 1.088 0.991 1.016 1.032 1.062 0.969 0.983
Com 0.950 0.945 0.809 0.828 0.903 0.917 0.786 0.799
l 0.046 0.050 0.189 0.165 0.096 0.071 0.218 0.194
o 1.170 1.160 0.968 1.380 1.081 1.371 1.071 1.350
gy 0.194 0.083 0.058 0.065 0.246 0.103 0.093 0.062
1.324 1.170 1.051 1.257 1.323 1.300 1.157 1.248
Sw 0.239 0.159 0.133 0.082 0.270 0.163 0.174 0.083

ences between the fully converged solution and the solution with029 and this should be compared with the experimental value of
a mass source residual of>Lfor the different runs. The differ- 1.12. Pressure recover{f,) based on the mean values of the
ences between the fully converged and partially converged sofuressure over the inlet and outlet areas may be, however, more
tion are expected to be normally distributed around zero; thuglevant when evaluating the performance of the draft tube, since
7=0. The quantityt is assumed to have a Studertdistribution it is less sensible to local variations. Both pressure recovery fac-
[6]. For a confidence interval of 95% with two degrees of freedoiers are mostly influenced by the radial velocity, a parameter not
t=2.920. The limits are reported in Table 4. measured for the workshop. A small separation zone is present
. . ) ) . below the runner cone at the low level of the radial velocity. The
4.2 Results of Factorial Design. The engineering quantities pigh |evel of the radial velocity induces a large separation zone
were calculated for the _16 runs. _The results are reporte'd in Talgm the runner cone to the elbow. It strongly alters the flow
5. The results of the main and joint effects are reported in percefify,cryre and increases the energy loss factor. Both pressure re-
of the mean value in Table 6. For instance, the main effect of thgyery factors decrease with a zero radial velocity. This result is
turbulence length scale on the energy loss fagtsrcalculated as gnfirmed with the approximate analytical relation betwesp,

Lot Lot Lot Lot Lagt Laot Caat Lis and ¢ found using the energy equation:
s 8 ( Cpm) aoutlet( Ainlet) 2
(= 1- 22— ,
Dinlet @intet | Aoutle

1+ 83+ {5t {7t Lot Lt Laat {us
B 38 ) wherea et aNd ajer Fepresent the total kinetic energy correction
factors. Both terms in parentheses are of the same order, around
B1. AsC,,~1, a small variation in the pressure recovery induces

The joint effect of the turbulence length scale and the radial v,

locity on ¢'is a large variation of the loss factor. It explains the effect of 49% on
O P o (R S AR S T S P { as the radial velocity profile moves from its low level, attached
{TisxrRv= 8 flow, to its high level, zero radial velocity.
The surface roughness has a lower influence on the loss factor
Lo+ L+ Lot Lt Laot Lint Laat s than expected, 11%. From pipe flow, it is known that an increase

8 in surface roughness from 0 to 2(@®n corresponds to an increase
of the friction factor by 56% at the inlet and 16% at the outlet, at
Some effects are disregarded due to the iterative error. Thesetbe corresponding Reynolds numbers. The effects of surface
fects are outside the confidence interval of 95%. Significant eBughness do not influence the flow as it does in fully developed
fects deviate from the normal distribution on a normal probabilitpipe flow. More surprising is the small influence of the turbulence
plot. See Fig. 7 for the effects on the energy loss factor. length scale org, around 6% despite a factor 20 between the high
The function of a draft tube is to recover the kinetic energgnd low levels.
leaving the runner into pressure with a minimum of losses. There-The difference between the two grids does not have a striking
fore, the pressure recovery coefficients are of major interest. Prggluence on the engineering quantities relative to the other fac-
sure recovery €,,,) based on wall pressure is used for compartors. This shows that the present grid refinement is not significant
son with the experimental value. The mean value of the 16 runsesough to improve the accuracy of the engineering quantities.

Table 6 Mean value of the engineering quantities for the 16 runs. Main and joint effects (E=ABC, F=ABD, G=BCD and H=ABCD)
in percent of the factors (A=TLS, B=RV, C=SR and D=grid) on the engineering quantities, significant values are in bold. Joint
effects BCD and ABCD are negligible and not presented.

Mean A B C D AB AC AD BC BD CD E F G
Cpw 1.029 1 -4 -2 0 0 0 0 0 0 0 0 0 0 0
Copm 0.868 1 -7 -2 0 0 0 0 0 0 0 0 0 0 0
g 0.128 -6 49 11 1 -3 -1 -1 0 -2 0 2 1 -1 0
Qax 1.188 10 -1 2 -2 6 0 -1 1 2 -2 -3 0 0 0
oy 0.111 -30 —40 5 2 28 -3 -5 1 -5 -2 -2 7 -1 2
B 1.223 1 -5 2 -1 6 0 -1 1 0 -1 -2 1 0 0
Sw 0.162 -25 —-28 2 1 4 -2 -1 2 -3 0 -2 4 0 1
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Fig. 7 Normal probability plot for the effects on £. Significant
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Fig. 8 Horizontal velocity profiles at the center of cross sec-
tion Il for runs 1 and 9
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(contours ) and secondary motion

Such a result does not mean that the solution is grid independent
as seen in Fig. 8, where the axial velocity profiles of runs 1 and 9
at cross section |l show some differences. The weak sensitivity of
the engineering quantities to the grid is due to their integral form,
which suppresses local deviations. A Richardson extrapolation
may be performed to estimate the error due to the space discreti-
zation. Bergstrm and Gebarfi4] estimated the grid error to 3—7%

for the wall pressure recovery and a grid with 3.80° to 222

X 10° cells to lower the grid error to 1% faC,y, Using a Rey-
nolds stress model. Such a topology extends beyond our compu-
tational power and had to be disregarded. Thus, future efforts
should focus on a better estimate of the radial velocity rather than
a further grid refinement, because the radial velocity has a much
stronger influence on the engineering quantities.

Several joint effects appear, for instance, the interaction be-
tween the turbulence length scale and the radial velocity for
agwin» Which is the contribution to the kinetic energy flux from
the tangential velocity. The flow field in cross section Il is shown
in Fig. 9 for runs 1-4. These are the runs calculated with the
coarse grid and represent the four different combinations of the
turbulence length scale and radial velocity levels. The streamwise
velocity field is indicated with contours and the secondary motion
is described by vectors. It is obvious that both parameters have a
significant influence on the flow. The large vortex to the left
moves further to the left when the turbulence length scale is in-
creased from 5 to 100 mittop row to bottom row. Less energy
is dissipated with a high turbulence length scale between the inlet
and the beginning of the elbow than with a low turbulence length
scale. Thus, the swirl intensity is higher, and the gyroscopic effect
displaces the vortex further to the left. When the radial velocity is
changed from the low levelEqg. (1)] to the high level (U agia
=0), a new counterrotating vortex appears to the riggft col-
umn to right column For the high level of the radial velocity, a
large separation zone from the runner cone to the elbow appears.
The separation zone splits into two vortices, one due to the gyro-
scopic effect and one due to the fluid impinging on the bottom of
the draft tube. These effects are confirmed in Table 6, whgig
decreases when either the turbulence length scale or the radial
velocity changes from low to high level. However, there is also a
strong interaction effed28%). The interpretation is that the effect

L .
=i

(@ TLS+ RV +

(vectors ) in cross section Ill. View is upstream:  (a)
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of increasing the turbulence length scale is different, depending onFactorial design may also be used to organize workshops where
the level of the radial velocity. Since the joint effect is positiveseveral scientists with different affiliations contribute with one or
agyin iNcreases more when the turbulence length scale is increaseore runs. However, the results of both Turbine-99 workshops
at a high level of radial velocity, than it does at a low level.  show that workshops are a difficult exercise, as discussed by Aps-
Assuming a Student’s distribution for the 16 runs, a 95% ley and Leschzingrl3]. Even if most of the inputs are defined by
confidence interval for the wall pressure recovery was calculatetie organizers, there are still some degrees of freedom leading to
Cpw=1.029-0.096. The present confidence interval does not imliscrepancies between the results due to preprocessing, codes, and
clude the grid errof3—7% and the iterative errof<2%). There- postprocessing.
fore, the input parameters analyzed here, the iterative error and\s the computational power increases, factorial design may be
grid error explain partially the scatter in the results of the firsiutomated and implemented in commercial codes, where the en-
Turbine-99 workshojisee Fig. 2 The rest of the explanation may gineer will select the levels for the desired inputs. The program
be found in the results of the second workshop, where a referenaiél perform the different simulations and present the different
simulation was performed by all participants with the boundamgngineering quantities with a confidence interval as well as the
conditions, the grid, and the turbulence model specified. The punain and joint effects.
pose was to resolve the differences in implementation and post-
processing between different contributors. The results still showsa Conclusion

mean

large scatter for the wall pressure recovery, &85, /Cpy The application of factorial design to CFD has been discussed.
=1.38. When submitted data were recalcglged with the samgs 3 systematic, objective, and quantitative method to investigate
method, the scatter decreased, 6&%,,/Cji*’<1.28. Obvi- the influence of input parameters, such as unknown boundary con-
ousl_y, postprocessing is an important issue for workshops aggions, turbulence models, and computational grids. The main
engineers. The mean pressu, () recovery was also calculatedtask is the choice of parameters and their levels.
by the organizers with the data from the participants, 0.95 The illustration of the method with the Turbine-99 test case, a
<Cpm/Cpm ' =1.06. Unfortunately, this factor was not requestedlydropower draft tube flow, clearly illustrates the advantages. En-
for the workshops. Nevertheless, it points out the difficulty tgineering quantities are given within a confidence interval based
calculateC,,, correctly. on the influence of all parameters. Main and joints effects of input

parameters are evaluated and permit a better understanding of the

coﬁf?der?clzciﬁf:rl\?gll f('):r""gaor'gl] dir?ggr?n apﬂlzlaenc:ittowiilrae ¥r:2|cé?-feafgw‘ For instance, the radial velocity is shown to be a fundamen-
. y eng ngq Y, ._.1al factor for obtaining accurate results of the pressure recovery
of all input parameters under investigation are included. This N

terval, together with the iterative and grid errors, gives a meas%%d especially the energy loss factor of a draft tube. The use of
of the uncertainty of the numerical simulation. The method al torial design in engineering applications may improve the qual-

shows which parameter has the largest influence and which pfg_of the results and increase the trust in CFD in the industry.

rameters interact significantly. Therefore, a deeper understanding
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