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SOME SYSTEMATIC MISTAKES IN NEAR-WALL TURBULENCE MODELING AND
POSSIBLE WAY TO OVERCOME THEM

All near-wall models of turbulence do not reproduce the cascade energy transfer. In the
author opinion, models poorly take into account the structure of near-wall turbulence. Therefore
these models can not reproduce correctly all processes in turbulent boundary layer. Traditional
correction terms can not be regarded as physically reasonable solution of the problem. As a result
there are many turbulent flows that can not be simulated. This paper presents a possible
explanation of difficulties encountered in the development of turbulence models for the calculation
of the boundary layer. A technique to overcome these difficulties is presented.
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Introduction
Almost all modern models of turbulence are based on the equation of turbulent energy
transfer. If such model is reckoned as universal then it must answers the three questions. First —
where does the turbulent energy originate? Second — what happens to this energy later? Third — how
does the energy dissipate? Otherwise there are certainly exists such flow that this model can not
reproduce.
Kolmogorov’s theory of cascade energy transfer answers these questions. By this reason
results of simulations by high-quality models must be in agreement with this theory.
It is known that the RANS and LES type models do not reproduce the basic features of
cascade energy transfer in simulations of the boundary layer. Main reason — these models poorly
take into account the structure of near-wall turbulence.

Physical effects not taken into account in modern models

Experimental investigations [1], [2], [3] show that main role in a turbulent boundary layer is
played by long-scaled quasi-ordered vortex structures commensurable with the layer thickness.
Structures are disposed across the flow and have a limited length. The longitudinal size of such a

structure is AX~1.68 [2] or Ax™ ~1000 [4], [5]. The distance along the stream in which it retains
its own characteristics is about of 56 [6], Convection velocity of these structures is
U/U, ~ Q.46 -0.62 [7], [8], and U increases with increasing of Re [8].

Their schematic representation is shown in Figure 1 [3]. Structures move along the flow.
While the structure moves velocity at a fixed point of the space within this structure gradually
decreases in time. After passing the boundary that closes this structure, intense high-frequency
fluctuations of velocity, temperature, pressure, etc. are observed and there occur jet ejections of
decelerated liquid from the wall and invasion of accelerated to the wall region [9]. Experiments
show that these jet ejections of liquid are accompanied by the long-scaled vortexes deceleration.

As a result of the interaction of accelerated and decelerated parts of two long-scaled
structures an inflection point appears on the average velocity profile. In turn, the appearance of the
inflection point provides the appearance of new transversely oriented vortex [10]. Thus the
transverse vortex originates and therefore exists at the expense of the energy of the averaged flow.
All this is one cycle of a turbulent boundary layer renewal.

The ejections interact with the averaged flow. As a result very thin longitudinally oriented
vortexes are formed from the ejections. These vortexes merge pairwise and form so called
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horseshoe vortexes [11]. Horseshoe vortices intertwined with each other. Their location according
to [12] is shown in Figure 2.

Experiments show that time scales of theses longitudinally oriented and horseshoe vortexes
are rather small. But in the development of turbulence models a very large time of averaging is
used. Theoretically this time tends to infinity. As a result of such averaging the following picture
arises from the described process.

This intertwining of horseshoe vortexes is observed as comprehensive whole, not as
collection of separate eddies. We will call it a medium-scale structure. However, this structure
really consists of thin vortexes. So, main properties of such vortexes are applied to the structure.
First. In accordance with Kolmogorov’s theory, thin vortexes dissipate very rapidly. So, the rate of
dissipation in the medium-scale structure must be very high. Second. Thin vortexes create very
small mixing. So, the turbulent viscosity in medium-scale structure is very small.

At the same time simulations show that medium-scale structures have noticeable turbulent
energy. For example, the model for calculation of the development of disturbances in the boundary
layer was proposed by Zhang and Lilley [13]. In this model periodic disturbances were imposed on
a turbulent flow. As a result, secondary disturbances in the form of slowly rotating formations
appeared in the flow. These formations are very similar to the aggregation of horseshoe vortexes.
They are placed in region y, <100 and create fluctuations of averaged velocity AU, ~0.7+0.75.

So, increase of the turbulent energy can be estimated as Ak, ~ 0.25+0.28.

Now consider the turbulent energy spectrum in the boundary layer. It is supposed that a) the
spectral function is averaged by time; b) long-scaled structures obey Kolmogorov’s law

It is known, that in free stream the k-¢ type model satisfactorily reproduces inertial part of
turbulence spectrum, i.e. results of calculations are in accord with Kolmogorov’s ‘-5/3 law (for
example, see [14]). The schematic plot of the spectral function is shown in Figure 3a.

The hypothetical graph of the spectral function in some cross section of the layer which is
placed very close to the wall is shown in Figure 3b. Figure 3a and 3b differ very markedly. Form of
the Figure 3b is determined by two factors. First, main part of the graph corresponds to the cascade
process theory because main part of the turbulent energy is concentrated in the long-scale
structures. This part of the graph is in agreement with Figure 3a. Second, the ejection is presented in
the graph at high wave numbers. It is determined by existence of the medium-scale structures in the
layer.

Let’s move the cross section from the wall. Sizes of the medium-scale structures are much
smaller than the layer thickness. So, at some distance from the wall the effect of these structures
must start to decrease with increase of the distance, i.e. size of the ejection in Figure 3b must
decrease also. On the boundary of layer Figure 3a and 3b must coincide.

Any sufficiently general model of turbulence must be agreed with such behavior of
turbulence. This means that model must answer the following questions.

1. From the point of view of the theory of cascade process Figure 3b violates the energy
conservation law. Indeed, the cascade process guarantees that if the wave number increase
then the turbulent energy decreases. Growth of the turbulent energy in the cascade process is
impossible

2. As it was said above, the experiments show that the jet ejections of the liquid are
accompanied by deceleration of the long-scaled structures. Because the medium-scale
structures appear from these ejections it is natural to assume that some part of the braking
energy is used on production of the medium-scale structures. So, it can be said that direct
energy transfer from the long-scale to the medium-scale structures exists in the layer and
this transfer occurs without any involvement of the cascade process. It is not clear how to
introduce this mechanism into the model, especially if this model is in agreement with the
cascade process.

3. In RANS models fluctuation flow is averaged by time. In LES modes average is replaced by
filtering. But as it is known filtering in LES method can be regarded as spatial average (for
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example, see [15]). In any case very strange formation appears on location of the
medium-scale structure. It has sufficiently large sizes , ~100 , noticeable turbulent

energy, dissipate very rapidly, and create vanishingly small turbulent viscosity.
All authors of models of turbulence in fact attempt to correspond to third item of this list.
That means that all models of turbulence have the following properties.
1. The calculated turbulent energy is equal to the sum of the energies of the long-scale and
medium-scale structures.
2. The calculated dissipation rate in the near-wall region is sufficiently high. This simulates the
rapid dissipation of the medium-scale structures.
3. The calculated turbulent viscosity in the near-wall region is strongly suppressed. This
simulates the fact that the medium-scale structures have not effect on the turbulent viscosity.
These properties are obtained by introducing into the model of the complex correction
functions. Unfortunately these corrections effect on the long-scaled structures also. As a result the
model looses all original positive qualities of the models without corrections and can not simulate
the cascade process.

New approach to turbulence modeling

The author offers a radically different approach. It is based on the following hypothesis. From
an engineering point of view the main problem of the turbulence modeling is to provide correct
simulation of the mean flow. In its turn, quality reproduction of the turbulent viscosity guarantees
correct simulation of the mean flow. But as stated above, the medium-scale structures create
vanishingly small turbulent viscosity. So their influence can be neglected. At the same time sizes of
the long-scale and medium-scale structures differ very markedly. By this reason the medium-scale
structures weakly effect on the long-scale structures and this effect can be neglected also. So we can
eliminate the medium-scale structures from the model without loss of generality.

The medium-scale structures can be eliminated in the following way. Let k be the total
turbulent energy, ko — the energy of the long-scale structures, and k; — the energy of the
medium-scale structures. Neglecting the energy of interaction of structures we get k =k, +k;.

Denote f,=k,/k or k, = f,k . Here fo — some function.
Schematically the equation of total turbulent energy transfer can be written as

Dk/Dt = Diff € 3P -¢ (1)

Here Diff — operator of diffusion transfer, P — rate of turbulent energy production, & - rate of
k dissipation. Multiplying (1) on function f, we obtain

Dk : Dfgk .
{foﬁz f,Diff € 3 f,P— fog}:{ D(; = Diff €,k ¥ f,P - fog}z @

Dk, .
={ Dto = Diff €, > fOP—eo}

Here g, = f,e - dissipation rate in the long-scale structures. Major result — the production

term is multiplied on additional function. Transformation f,Diff € > Diff €,k = Diff €, _is the

model of turbulent diffusion.

Let us remark that all these calculations are not rigorous and are needed only to clarify the
origin of the equation (2). The same result can be obtained strictly on the base of equations of
fluctuation components transfer.
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Equations of the k-¢ model for free flow are well-known

Dk 0 v, | ok
—=—|Vv+—|—+P-g¢, (3)
Dt 0Ox, Cy ) OX,
De 0 v, |0 ¢ ~
—=—|v+— | —+-C,P-C,e, 4
Dt axk( CgJaxk |<c1 v )
k2
v, =C,— (5)
g
_ A

Now, taking into account equation (2), let us introduce corrections into the system (3)-(5). The
resulting system has the following form

Dt  0Ox, Cy ) OXy
8
Dt  0Ox, C, )ox, kg
k2
v =C,F, =% ©
€o

Here Ex and E, are the corrections assigned to balance the diffusion on the wall.

To close model (7)-(9) it must first be supplemented by the expression for the function f,. The
graph of this function can be obtained based in the experimental data. In doing so it is enough to
substitute into the model the experimentally obtained distributions of the turbulence energy and
eddy viscosity and to consider system (7)-(8) as the system of equations relative to the function f,
and dissipation. It is supposed hear that k,=k and E, =E,=0. Because we just want to

understand how this graph looks this assumption does not exercise a significant influence.

But it is much more convenient to generate the values of the turbulence energy and eddy
viscosity by calculating on the basis of the well-tested models of turbulence. In the present paper,
the models of Chien [16], Launder and Sharma [17], and Nagano and Tagawa [18] are used as data
generators. The results of calculations of the function f, are given in Figure 4. It is of interest to note
that the graph almost exactly coincides with the velocity distribution in a laminar boundary layer.
For comparison Figure 4 gives the familiar Pohlhausen solution.

As a result of variance calculations the following approximation was obtained for the
function fo:

f,= (—exp€Re,, /55 (-exp€24y/L, (10)

where Re, = \/k_o y / v, L, =k'?/e, . Test calculations have shown that the expressions
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E, =€(-f, —
=< X, C, ) O,

_f ~0_ i |90
Ox, C, ) ox,

E, = (

are good approximation for the wall corrections.
After substitution of the wall corrections into the system of equations and cancelation we
obtain the form of presentation of model equations

11
Dko _ foi yy %Jrfop_go’ (11)
Dt OXy Cy ) OX¢
Deg, 0 Vi |0gq € -
= fp—| v+t |20 4 20 €, f,P-C,e
Dt Oaxk[ cgJaxk K, C.oP=Coto (12)

By the results of test calculations for the function F, we obtained the following
approximation:

F, = (~exp€Re, /45 {-exp€24y/L (13)

The constants and the boundary conditions are:

C,~=0.09, C~1.3, k=1, C»=1.45, C,=0.9C,.
y:O - k0:80:0, y—)OO - kozke, 80:88

For constants C,, C;, and Cy the standard values were used. The constant C, has been chosen
in the following way. Transfer of turbulence in the external flow is described by the system of
equations with initial conditions

dk,

— =—c

e dX e’

~ ~
Ke ((of Kos &e ((0/= &o-

2

u, % __c &
dx Ke
This system has an exact solution
1 C,
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where
kOU e

=—90"€ X=X, —Xq+X.
a 4 a 0
gocz_]-/

The flow in the free stream becomes laminar at infinity. By this reason at infinity turbulent
energy, rate of dissipation and dissipative scale are equal to zero. So

K32 K32 (% 115:52
lim - —lim O—(—J =0
£

X—0 X—>00
e &o Xa

As a result we have €5-C, J€-C, X0 or 1<C, <1.5. Constant C,=1.45 was taken on
the base of this relation.

Testing the k—e model: results of the calculation of forced turbulent flow in a boundary
layer

Figure 5, 6 and 7 show the results of calculations of a zero pressure gradient flat plate
turbulent boundary layer. The agreement with the experimental data is very good. It will be recalled
that the medium-scale structures were ignored in these calculations. By this reason the calculated
values of the turbulent energy are less then the experimental data.

Cascade energy transfer

Calculation of cascade energy transfer may be performed in the following way. At the first
step, the system of the k—¢ type is solved. At the second step, the same system is solved with the
dissipation, which is obtained at the first step, being used instead of the generation term. It is
evident that the calculation step simulates the step of the cascade process. The number of steps is
not limited.

The correspondence of the results of calculation to the cascade process can be verified in the
following way. First, it is known that transition of turbulent energy to heat occurs in vortices that
have the dimensions commensurable with the Kolmogorov scales, i.e., the energy transferred to the
cascade does not change. Hence it follows that if the dissipative term reflects the transfer of energy
into the cascade process, then in such calculation it must not change.

Second, if we assume that the wave number is proportional to 1/L., which follows from the
dimensional reasons, then the dependence of ki’k on 1/L;, where i is the number of the step of the
mentioned calculation, must not, as a minimum, be in contradiction with the known regularities of
the cascade transfer.

In the calculations by this model, the requirement e=const is satisfied almost exactly (see
Figure 8). At the same time, the turbulence energy, dissipative scales, and scales of time decrease
noticeably from step to step.

The dependence of ki’k on 1/L; is shown in Figure 9. It is in good agreement with the “-
5/3” law.

In the judgment of the author, these results prove that in the present model ¢ reproduces just
the rate of energy transfer to the cascade process. In other words, ¢ has a specific physical meaning,
which cannot be said of the traditional models. In particular calculation of the cascade process by
the Nagano—Tagawa model [18] showed that in this case, in development of the cascade process the
vortices are shifted toward higher, rather that lower, wave-numbers.
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Calculation of the boundary-layer flow with a large positive pressure gradient

Model (11)-(12) was verified by calculations of the boundary-layer flow with a large positive

pressure gradient (experiments of Samuel and Joubert [19]). Figures 10 and 11 present the results of
calculations of the friction coefficient and the profiles uv in three cross sections of the channel. The

correlation uv was calculated according to the Boussinesq hypothesis. The agreement with the
experimental data is satisfactory (X streamwise coordinate, m).
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AHoTanisa
B.II. T'o0BHA

Jesiki cucTeMaTH4YHi IOMUJIKH B MO/Ie/TIOBAHHI IPUCTEHHOH TypPOY/JIEHTHOCTI i MOKIUBH
LIsAXi iX mogoJiIaHHA

Bci mooeni npucmennoii mypbynienmuocmi #co0H020 pasy He 8i0mMEOPHEAmMb KACKAOHULL
neperoc emepeii mypoyrenmuocmi. Ha OymKy asémopa, mooeni no2ano 8paxosyioms CmpyKmypy
npucmennot mypoyienmuocmi. Tomy yi mooeni ne MO*Cymob I0MeOpumu NPAGUILHO 8ce NPoYecu
6 mypbyIenmHOMY NpPUKOpOoHHOMY wiapi. Tpaouyiiini nonpagoumi uneHu He MONCYMb
posenaoamucs AK Qi3uuHo po3ymHe piulenHs yici npobdremu. B pesynemami icmye Oazamo
mypOyIeHMHUX meyit, K He ni00armvcs MoOelbosaHto. Lla cmamms s61a€ cob60r0 Modxcaiuge
NOSICHEHHST MPYOHOWI8, WO BUHUKAIOMb NPU PO3poOYyi Mooeneti mypoyieHmHoCcmi Ol pO3PAXYHKY
NPUKOPOOHHO20 WUAD).

KurouoBi ciaoBa: mypoyrenmuuil  npukopOOHHUU  WAp, MOOENIOBAHH  NPUCMEHOYHOU
mypoyieHmuocmi.

Cmamms naoiuwna 13.06.2016
Ipurinamo oo opyxy 20.06.2016
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