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Abstract

Concerns have beeaised as to the dependency of the solutions bfitant flowsin

FLOW-3D® *on themaximum"turbulentmixing length,"YyQ3 , which is set by the user
whenatwo-equation turbulence modelused Thisparametercts as a limiter on the
turbulent length scablhich in turn limits the minimum turbulent dissipatidhhas been
observed that if the value is not chosen appropriately the results could become physically
unrealistic In order to resolve this isspmodfications have been made to the two

eqguation turbulence models to stmict local bounds on turbuldlength and time scales.
Thistechnical noteshowsthat these changes effectively eliminate the sensitivity of the
solution to the value 6NQ) .

Some valuable discoveries were madeng the waywhich led tomoremodificationsof
the turbulence models FLOW-3D that further improved the results. The test cases
discussed here include both simple as well as complex flows. Starting with thessimpl
flow configurations andbtaining reasonably accurate results perthggonsideration

of more complex case¥he data and conclusions documented bkhaeildbe used as a
starting poinfor any other changes tbe turbulence models FLOW-3D.

Introduction and Formulation

Thetwo-equation turbulence modets FLOW-3D, includingthestandard and
renormalization group (RNGQ - modek[6,25], are based on the turbulent viscosity
hypothesis andolve two transporteriationsfor theturbulent kiretic energy Q, andthe
turbulent dissipation,. TheRNG'Q - modelhasseveraldvantages over the standard
'Q - model It ismore accrate for rapidly straineflows andswirling flows andfor

lower Reynolds numbex¥YQ), the RNG modelbehaves better than the stand&d -
which is only valid fo high Reynolds numbédlows.

The turbulent kinetic energy is definad the energy of therbulent velocity fluctuations
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wheredgugeandl aare thecomponents of theelocity fluctuationsTherefore, it can
~, - - 2
easily be seen thd&bhas dimensions of)'—z :

2
By definition,theturbulent dissipation is nenegative and has dimensions ;{Ia§ A
length scale can be formed fré@and-
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as well asa time scale
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Turbulent viscositycan be expressets the product dhe turbulent velocity ankéngth
scale Therefore,
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whered = 0.09inthe™Q - model and® = 0.085 in the RNG model.

The transport equation fa@is
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whereV is theturbulenceproduction termand in Cartesian coordinates is
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Here,0-; is the shear production coefficiemt Eq. (5), : is the buoyancy production
term
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whered- hasa default value 00.0, unless the problem teermally buoyantin which
caset takes onthevalue of2.5. The diffusion ternf, o in Eq. 6) is
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where, o= 1.0 in the standar® - model and, o= 0.72 in the RNGQ - model
The transport equation feris
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whered., 0.,, andd. 5 are useiadjustablenon-dimensional parametershe default
valuefor 6_; is 1.44 for the™Q - model andl1.42 for the RNG.6., defaults tal.92 for
the™Q - andis computed based on thalues ofQ - and the shear rafer the RNG
model 0.3 has a value dd.2 for both modelsThe diffusion term for the dissipation is
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where, . = 1.3 in the standard - model and,. = 0.72 in the RNGQ - model In
order to preventinphysically small dissipation rates, the minimdissipation is limited
by a maximum length scaleepresented by¥YQ) in FLOW-3D
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It is recommendetb use a valuef "YYQi equal to about% of the hydraulic diameter.
However, there areftenconfigurations with complex mulgcale features where
choosing this parameter is not a straightforwasik It is in those cases where pickiag
wrongvalue for"YYQ) maylead to unrealistic results. FLOW-3D version9.3and
earlier, specifyng "YQ) was the only optiorFrom Eq. (L1), the minimum dissipation
then becomea functiononly of the local turbulent energy, and when this occurs, the
two-equation model essentially reverts to a-eqeation model.

In FLOW-3D version9.4, anew optionhas been incorporated dgnamicallycompute
turbulent length and time scalé&xgs. @) and (3), andheirrespectivaupper and lower
boundswhich are

Oy = 700 7 = (12)

0.86 IQ
Uy ay = TF’ (13)



Y- = 6.0 (14)
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where’ is the molecular viscosity, is the density, and is the mean strain rate
magnitudecomputed from the second invariant of the strain tensor.

The lower bounds of the turbulent length and time scales are based on the Kolmogorov
scales [13] and the upper bounds are based on the rapid distortion theory e, 7]. T
length scalé)- Eq. ), subject to the limits given ygs. (2) and (13)is used to limit
dissipation
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Theinverse of theéime scal€¥; Eq. 3), subject to the limits given bigqgs. (4) and (15),
is used on the rigitand side oEq. @) where-/ QappearsThe user still has the option
to specify™YQ) as the constant maximum length scale and bypass the dynamically
computedimiters “Y)Q) can also be defingr theturbulentboundary and initial
conditions when the option to dynamically comptiiebounds is selecteéiereon we
shall refer tdYQ) as theuserspecified constant maximum length scale @ndhe new
feature as dynamically computed limiters.

Validation

In order to evaluate the perfornenof thetwo-equationturbulence models IRLOW-3D
several test casese examinedThese test cases have theoretical or experimental
solutions against which the results frélofOW-3D arecompared. The cases included in
thistechnical notare flow in smooth and rough pipes with circular cross sexttouo-
dimensional backwarthcing sep, and flow over a twdimensional spillway.

The main purpose of thigork is to investigateand reducghe sensitivity of the
turbulence models to thmaximumturbulent mixing length™)Q) , in FLOW-3D.
However, along the way other issues were entavad which were als@addressed.

Pipe Flow

For theturbulent pipe flowin a circular pipethehead loss anthefriction factor are
obtained from the simulations and comparetheexperimental data.

Setup



Since the steady, fully developed pipe flmraaxisymmetric, theomputational domairs
chosen aawedgeof the pipe (Figl) in the azimuthal direction inylindrical
coordinates.

Figure 1: Computational domain for the pipe flow.

In order tominimize the simulation rdume and obtain accuratesults, different sets of
boundary conditionkave beemxamined. Theskoundary conditions include

velocity boundary at the top (maximuipand continuative at the bottom, velocity
boundary at the top and specified pressure at the bottom and fieatgic boundaries
at the top and the bottom. In all these cases the boundary conditions at the front
(minimum ), back(maximumc) and left(minimuma) are symmetry and at the right a
no-slip boundary conditin is considered. After sevetakts and areful convergence
studies the periodic boundary conditiamsre foundo be the most efficienf&(g. 2).
While using a velocity boundary condition requires a long pipe in order fourtelent
flow to become fully developed, the usetloé periodic boudary conditions in the
direction of the flow achieves that more quickly and the length of the piel@ger an
issue In this casesince the periodicity results in a uniform pressure distribution in the
flow, a gravitational heats introduced in ordeto drive the flow.The product of density
and gravity is equivalent to the pressure gradient in a real@ipeity can beadjustedo
obtain adesired flow rate and hent®e Reynolds number.

.
<>
& -

[ S

Figure 2: Boundary conditionsfor the pipe flow.
Laminar Case



To make sure thiapproachs indeed plausible, a laminar flow case wif= 1000 is
modeled first The specifics of the case are showiablel.

Pipe diameter [©) 40cm
Pipe length 0 1.0cm
Inflow velocity | 6YO | 25cm/s
Fluid density " 1.0 glent
Fluid viscosity ‘ 0.01 g/lcmss

Table 1: Pipe flow specifications for a laminar caséor 4 g=

The gravitational acceleratipif) was adjusted to achietiee average velocity of

6YO= 2.5 cm/s 17)
For this average velocityQcomesout to be

"= 0.05 cm/<. (18)
The steadystateflow field based on thaverage mean kinetic enerfig. 3a) is shown
in Fig. 3b. Since there is no pressure gradient along the, pifgehead loss is equal to the
length of the pipeandtherefore

"Q=1cm. (19)

Usingthe DarcyWeisbacH4, 22 major loss equation

. 0 oYd
Yo= Q=055 (20)
and substituting for all the parameters
Q=1lcm= L (25)° (21)
42(0.05)
Therefore,the friction factor is
"= 0.064|. (22)
Analytically, forlaminar flow
Yo+ = g = 23)
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Figure 3: Laminar pipe flow for =| -



and substituting foifrom Eq. 0)

D03 85| 64 64 (24)
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Therefore the friction factor iSndependent of the value @
64
»n - — 25
Q= o= 0.064), (25)

which matches the friction factor obtained frétoOW-3D, Eq. 22).
Turbulent Case

For a fully developed turbulent pipe flaatthe Reynolds number df0,000, which is
well within the turbulent regime, the parameters present@dhie2 wereselected.

Pipe diameter 0 40cm
Pipe length 0 1.0cm
Inflow velocity | YO | 25.0 cm/s
Fluid density " 1.0 glcnt
Fluid viscosity ‘ 0.01 g/cms

Table 2: Pipe flow specifiations for a turbulent case for{ g=
For aturbulent flow in ecircular pipe the Swamee€lain [16 equation
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is used to solve directly for the Dardy/eisbach friction factoiQn Eq. 0). This is an
approximation to the implicit Colebroakhite [2, 3] equation
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Moody[12, 14] usedEqg. 26) to plot the turbulent part of the wedhown Moody
diagram Fig. 4), wherg is the surface roughness. For the cases presentedheere
surfacewasassumed to be smth unless otherwise specified, thaf is; 0.

Theway to computéhe gravitational aederation is different for turbulent flamdueto
the nonlinear behavior of the friction factor. At a Reynolds numbet@000 the
friction factor,according tdq. 26), is



"= 0.0309. (28)

Substituting this friction factor as well as the average veloefuired to generate a
Reynolds number df0,000 into the DarcyWeisbach equatiokg. 20)

q = e - 0030022 29)
0 2Q 4 2°Q
andsince
Q@ =1cm, (30)
we find
"O= 24 cm/<. (31)

Thegravitational acceleration &4 cm/< results in thewverageurbulent flowvelocity
of 25 cm/s. Thesteadystateaverage velocitpredicted by the simulation céimenbe
used to evaluate the accuracy of tindulence models
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Figure 4: Moody diagram (reprint of Beck and Cdlins, University of Sheffield).



Dynamically Computed Limiters on Turbulent Time and Length Scales

A suggestedalue for"YYQ) is 7% of the pipe radius, that i8,14 cmin this caseFor

the sensitivity study the value 00'Q) is changed by factsrof 2 and10 bothup and

down plus some intermediate valude results are shown kg. 5. The results for

when the turbulent scale limiters are computed dynamically are also presented. Different
mesh resolutions in the radial directi@n, are also considerell.is clearthatfor a

constant turbulent length scdle solutionstronglydepends ofiY)YQ) , at leasup to a

certain value

With themodificationsto the tweequation turbulence models, the model does not
depend o LEN, thusthe sensitivityto its values is elimiated Instead of aiser
specified™YQ) , the bound®n theturbulenttime and length scales are determined
locally based on the flow characteristiEggures 9 and10 show results for a range of
Reynolds nmbersandsurface roughnesdenoted by .
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Figure 5: 4|4 & study for different mesh resolutions,with constantdd # as well as
the dynamically computed turbulent scalelimiters. The average velocity is
comparedto the experimental data at{ g= and afriction factor of
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Turbulent boundary layer

Thegenerallyrecommended value f6WQ) is 7% of the smallest length scale of the
problem, here the pipe radjwd hencéYQ) = 0.14 cm. A study on thesensitivity of
the results to themesh resolution itheradialdirectionhas beemerformed. The results
are presented iRig. 6. The mesh resolution for the pipadius of2 cm was changed
from 32 uniform mesh points down tb. Additionally, a noruniform mesh with higer
resolution near the wall wased Besides the mesh resolutighe tweequationQ -
andtheRNGQ - were examined. The RNG modehsvtested with and withothe
dynamic computation of the boundstheturbulent scalesThe resulting average
velocities were compared theaverage velocity 025 cm/s which is based on the
empirical calculations consideritige head loss anthefriction factor at this Reynolds
number.

It is evident fromFig. 6 that increasing the mesh resolution does not improve the
accuracyof the solutio. In fact by increasing the mesh resolution beybdgoints the
average velocity starts to decrease and deviate from the targetaraldfer the32 point
case, it exhibits a significant drop. This behavior has to do with theheayrbulent
boundarylayer is accounted for.

In FLOW-3D the boundary layer calculations are done only for therfiethpoint away
from the wall and the secomdeshpoint is assumed to be outside the boundary |&ser.
the mesh gets finer, the possibility of the secoreshpoint being within the boundary
layer increases and this degrades the accuracy of the ré&sigtexplainghe gradual
devigion from the target value for the velocity.

The sudden drop in the valuetbE average velocity iRig. 6 when32 points in the
radial direction are used has to dithithe calculation of thevall-friction velocity 6°

o= To, (32)

wheret, is the wall shear streshn this cas€¢; = 32), the first mesh point away from
the wall, based on whigkhe distancérom the wall inviscous lengther wall units «"

W= — (33)

is calculated, falls below thealue of5, which is within theviscoug'sometimes called
linear) sublayer where

6t = —= o (34)

is called the innelayervelocity.
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After reviewingthe literaturg 13, 23, 24 and performing a number of tests, it was
concludedhat if any of the turbulence models weised thelog-law shouldbe applied
to the first point away from the wall regardless of how sidalinight be Therefore,

1
0" = in & +8, (35)
wherell = 0.433 for all the turbulence models except for RNG where 0.399, and
0 =5.0.

Pope[13] mentions that near the wath"™ < 30 this approximation is poor but this
region makes a negligible contribution to the integrai ¥dexcept for very low
Reynolds numbers). The resultbenusing the logaw for all the cases (ho matter how
smallw" gets) are shown iRig. 7. For the turbulence model that uses the constant
maximum mixing length,YyQ) , the results improvedowever,the new boundsn the

"Q - turbulence models causecuracy problems for fine meshes > 30).

Turbulent Energy Calculations

It is clear that the modificatiorie the turbulentime and length scale limiters eliminate

the sensitivity tdY)YQ) . However, it can be seen frdfig. 7that these changes make the
solution deviate sharply from the target value when the mesh becomabdina certain
threshold 81 points for this particular caséjfter rigorous testing and monitoring

different varables involved in the turbulence models with the dynamic calculation of the
bounds on turbulent time and length scales, it was found that in the transitional stages of
the flow, for finer meshes, the production tesmjn the turbulent energy equatigiq.

6) cannot overcome the dissipation teAs a result, the turbulent energy becomes
negative and hence reset to a small default valois. problem was resolved lolaying

the application of turbulent dissipation to turbulent kinetic energy until tembul

production exceeds dissipatiorhe results after this modificatioRi¢. 8 are reasonable

in accuracy and the only reason for the degradation of accuracy with the mesh resolution
is the validity oftheturbulent boundary layepproximationsit is worth mentioning that

this modification has no effect on the reswitsen a constanuserspecifiedTLENis

employed as the upper bound of the length stidee that Figs. 9 and 10 are the results
after this modification.
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Figure 6. Mesh resolution study for different turbulence models as wekls with a
constant maximum length scale ofd /l = . cmand with the dynamically
computedturbulent scalelimiters. The average velocity is compared with the
experimental datafor { g= ,  and friction factor = .
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Figure 7: Mesh resolution study for different boundary layer considerations with

14 = . cmand with the dynamically computedturbulent scalelimiters. The
average velocity is compared v the experimental results for average velocityor
m- and friction factor |= .
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Figure 8: Mesh resolution study withthe modification to the turbulent energy

calculation with 44 @l = . cmand with the dynamically computedturbulent
scalelimiters. The average velocity is compared with the experimental dafar
im= .  and friction factor [|=
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