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holmsvej 57, DK-9000 Aalborg, Denmark

Abstract —

In this work the flows in a three-dimensional wall jet and in a fully developed plane channel are

computed. Two different turbulence models are used, the low-Re & — ¢ model [1] and the 2 — f model [2,
3]. Two modifications of the v2 — f model are proposed. In the original model the wall-normal stress
v? is alowed to exceed 2k /3, although it is supposed to be the smallest of the normal stresses. A simple
modification of the v2 — f model is proposed which takes care of this problem.
In the v2 — f model, two velocity scales are available, £'/2 and (v2)'/2, where the latter is the wall-
normal fluctuations which are dampened by the wall. In the second modification of the * — f model
we propose to use two viscosities, one (1, | ) —based on (v2)1/2 —for the turbulent diffusion in the wall-
normal direction, and the other (14 ) — based on k'/2 — for the turbulent diffusion in the wall-parallel
directions.

1. Introduction

In rooms ventilated with mixed ventilation the flow is usually supplied through an inlet device
mounted on awall just below the ceiling. The resulting flow isawall jet developing aong the
ceiling. Theflow inthiswall jet determinestheflow inthewholeroom. Thusitisvery important
to be able to predict the flow in the wall jet in order to be able to design the ventilation system.

The flow in an isothermal three-dimensional wall jet is the subject of the present work. It
is well known that the spreading rates of a wall jet are very different in the wall-normal and
the spanwise directions. The reason for this behavior is the presence of the wall which inhibits
the turbulence in the wall-normal direction and hence also the spreading. According to the
measurement [4], the spreading rates in the wall-normal and spanwise direction are dy, /»/dx =
0.065 and dz; /»/dx = 0.32, respectively. The large spreading rate in the spanwise direction is
created by a strong secondary motion, generated by the normal stresses [5], analogous to how
secondary motion in asguare duct is generated. Whereas the magnitude of secondary motionin
asguare duct is approximately one percent of the streamwise velocity [6], the secondary motion
in athree-dimensional wall jet is much larger. In [4] values of up to 18% (scaled with the local
streamwise vel ocity) are reported, and predictions employing second-moment closures[5] show
spanwise velocities of up to aimost 30%.

In the present study we use alow-Re k — ¢ model [1] and the v2 — f model [3]. Two modifi-
cations are proposed for the v2 — f model.

1. Inthev? — f model, atransport equation is solved for the wall-normal stressv2. Theidea
isto model the reduction of v? as walls are approached. Thus v2 should be smaller than
the other normal stresses, which means that v2 < 2k /3. Thisrelation is not satisfied in



H Mesh ‘ AZmin, ATmag AYmin, AYmax ‘ Azmina AZmow: ‘ (NyaNz)in H
1 54-107% 0.14 | 1.6-1074,0.045 | 4.3-107%, 0.015 | 21,9
2 1.62-1073, 0.07 | 1.7-107%,0.039 | 2.1-104, 0.027 | 31,15

Table 1: Details of the meshes. Number of grid points (N,, N,, N,) for Mesh 1 & 2 are
(82,92,76) and (112, 116, 82), respectively. Maximum stretching for Mesh 1is (f,, fy, f2) =
(1.1,1.1,1.07) and for Mesh 2 (f,, f,, f») = (1.05,1.08,1.06). In the table are given minimum
and maximum cell size in each direction and number of cellsthat cover theinlet, (N, x N,);,.

the standard v2 — f model. In the present work a simple modification is proposed which
givesv? < 2k/3 everywhere. The modification is shown to work well in fully devel oped
channel flow and for the 3D wall jet.

2. In the v2 — f model, two turbulent velocity scales are available, (v2)/2 and k'/2. In
eddy-viscosity models—including the v2 — f model — the turbulent diffusion is modelled
employing an isotropic turbulent viscosity using one turbulent velocity scale and one
turbulent lengthscale. Since in the v2 — f model we have two turbulent velocity scales,
the v2 — f model isin the present work modified so that one turbulent viscosity (ve,1) —
computed with (v2)'/? —is used for the turbulent diffusion in the wall-normal direction,
and another one (v,;) — computed with k'/2 — is used for the turbulent diffusion in the
wall-parallel directions.

The report is organized as follows. First a short description of the numerical method is
presented. In the following section, the v> — f model and the proposed modifications are de-
scribed. Then the results are presented and discussed, and in the final section some conclusions
are drawn.

2. Numerical Method

The finite volume computer program CALC-BFC (Boundary Fitted Coordinates) for three-
dimensional flow [7] is used in this study. The program uses collocated grid arrangement,
Cartesian velocity components, and the pressure-vel ocity coupling is handled with SIMPLEC.

The convective terms in the momentum equations are discretized using the second-order,
bounded van Leer scheme [8]. The convective terms in the equations for turbulent quantities
are discretized with hybrid upwind/central differencing.

3. Thev? — f model

In [2] a modification of the v2 — f model was proposed alowing the simple explicit boundary
condition f = 0 at walls. Thismodel is used as standard model in the present work. The »2 and
f-equations read [2]

(l/ + l/t) 7 + k’f —6—=¢ (1)
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Figure 1: Channel flow. Re, = 590. v2 — f model. Thin solid line: standard mode!; thick solid
lines: Modification |. Circles represent DNS[9]
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The turbulent viscosity is computed from
v, = C,v2T (3)

The standard £ and s-equations are al so solved (without damping functions). Boundary con-
ditions at the walls are

k=v2=f=0,c=2vk/y 4)
The coefficients are given the following values:
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Figure 2: Configuration. L = 3H, h/H = 0.01,t/H = 0.15. Re = U;,h/v = 7000.
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Figure 3. Spreading of the wall jet. Thick solid line: the slope 0.065z. Thin solid line: 3, /2;

dashed line: z; /»; No markers: AKN model; o: v2 — f model, Modification |; +: v2 — f mode,

Modification | and I1. Mesh 2.
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and C.; = 1.4(1 + 0.05(k/v2)'/?).

Note that in the v2 — f model v2 denotes a generic wall-normal fluctuation component rather
than the fluctuation in the y direction. This is achieved through the source (= £ f) which is
affected by the closest wall.

3.1. Modification |

The source term k£ in the v2-equation (Eq. 1) is the modeled pressure strain term which is
dampened near walls as f goes to zero. Since v2? represents the wall-normal normal stress, it
should be the smallest normal stress, i.e. v2 < u2 and v2 < w2, and thus v2 should be smaller
than 2%. In the homogeneous region far away from the wall, the Laplace term is assumed to be
negligiblei.e. 9? f /0x;0x; — 0. Then Eq. 2 reduces to

v2 2
3

1 P,
fhom— T (Cl 6)/€

(Ci—=1)| + 02? ©)
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It turns out that in the region far away from the wall, the Laplace termis not negligible, and asa
conseguence v? gets too large so that v? > %k A simple modification is to set an upper bound

on the source term k f in the v2-equation as

_ 2k
3

1 _
V25 ource = Min {kf, ~7 [(C’l — 6)v? (Cy — 1)} + C’ng} (6)
This modification ensures that v2 < 2k/3. In regions where v2 ~ 2k /3, the turbulent viscosity
with the v? — f model is2 - 0.22k?/(3¢) = 0.147k* /= (see Eq. 3) which is considerably larger
than the standard value in the k — e model, 0.09%k2 /<. A simple remedy isto compute v; as

v, = min {0.09/g2 /e, o.QQWT} @)
Equations 6 and 7 are called "Modification I, unless otherwise stated.

3.2. Modification |1

Inthe v2 — f model we have two velocity time scales, (v2)'/2 and k'/2. The wall-normal stress
v? is dampened near walls as f goesto zero. Thusit is natural to introduce two viscosities, one
for wall-normal diffusion (v, ;) and one for diffusion parallel to the wall (v, ) In the present
study, we propose to compute them as

v, = 0.2202T, v, = 0.09kT (8)

For awall parallel to the x — z plane (for example), the turbulent diffusion terms are computed

as
0 od 0 od
il =) 2 7)) 49
o (Vt,L 8y> ' B, (Vt,|axj) JF 9)

where ® denotes a velocity component. Equation 9 could also be used for the turbulent quanti-
ties, but the effect is largest in the momentum equations, and in the present work Eg. 9 is used
only in the momentum equations.

4. Results
4.1. Channd Flow

In Fig. 1 channel flow predictions are presented. The computations are carried out as 1D simu-
lations, and the Reynolds number based on the friction velocity is Re, = u..0/v = 590, where
o denotes half-width of the channel. The number of cells used to cover haf of the channel is
64, and a geometric stretching factor of 1.08 isused. The node adjacent to thewall islocated at
yt =0.14.

From lait can be seen that the velocity profile is only very little affected by Modification
|. The v2 profile is much better predicted with Modification |, as can be seen from Fig. 1b.
Without the modification, v2 becomes too large for y+ > 150, and it is also seen from Fig. 1c
that v2 for y* > 400 erroneously becomes larger than 2k /3.

Modification | reduces f [10]. The reason is that we have a positive feedback: the modifica-
tion reduces v2 by reducing its source (Eq. 6), which in turn reduces f by reducing part of its
source (6 — C)v?/k, which further reduces the source in the v2 equation and so on.

The turbulent viscosity is presented in Fig. 1d using either Eq. 3 or Eq. 7. It can be seen that
switching from the v2 — f expression (Eq. 3) to the k — ¢ expression has only a small effect on
the computed v;. For y* > 380 the viscosity from the k — = expression becomes larger than v,
from the v2 — f model. The effect this switching has on the resultsin Fig. 1a-d are negligible.
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Figure 4: Profiles of (v2/k — 2/3) between z/H = 0.34 and «/H = 1.07. Thin solid line:
x/H = 0.34; thick dashed line: x/H = 1.07. Comparison between standard v2 — f model and
Modification |. Mesh 1.

4.2. Thewall Jet

The configurationis shownin Fig. 2. The squareinlet islocated at the uppermost part of the | eft
wall and the outlet (a dlot) is situated at the lowermost part of the right wall. Since the geometry
issymmetric only half of the configuration is considered.

Two different grids have been used to check the grid independence of the computations, see
Table 1. In[10] it was shown that the predictions are grid independent. In Fig. 3 the predicted
half widths (defined as the position where U(z, y, 2) is haf of U,,..(z)) are presented. The
spreading rates di, /»/dx and dz; j» /dx for the AKN model are both larger than 0.065. Thisis
in disagreement with experiment from where it is known that the spreading rate in the wall-
normal direction (y) is much smaller than the one in the spanwise direction (z). The reason
is that the turbulence in the wall-normal direction is dampened by the wall. The experimental
values are di /»/dr = 0.065 and dz,/»/dx = 0.32 according to the measurement [4]. The
predicted spreading rates for the v2 — f model, Modification | are also included in Fig. 3. It
can be seen that, as expected, the predicted spreading of the wall jet is smaller with thisv? — f
model than with the AKN model. The reason is that the wall-normal stress v2 in the v2 — f
model is dampened by the reduced f as the wall is approached. When »2 is reduced, so is aso
the turbulent viscosity and thereby also the entrainment.

In Fig. 4 the effect of Modification | isinvestigated. It can be seen that without M odification
| the predicted v2 becomes much larger than 2k /3, which is physically incorrect. However, with
Modification I, v2 < 2k/3 as required. The effect on f is hardly noticeable, see [10]. Asv?
is over-predicted, this also gives an over-predicted turbulent viscosity compared with a k — ¢
model. v; is over-predicted with up to a factor of four in the outer shear layer of the wall jet
compared withak — = model, see [10]. Recall that in Modification | v, iscomputed from Eq. 7.

In [5] it was shown that the reason why the spreading rate in the lateral (z) directionis much
larger than that in the wall-normal direction (y) isdueto a strong secondary motioninthey — z
plane, driven by the anisotropy in the normal stresses. Thus a Reynolds stress model isrequired
to predict this flow in a proper way [11]. One way to create anisotropic normal stressesin an
eddy-viscosity model is to use anisotropic turbulent viscosities.

Below results using the v2 — f model with anisotropic turbulent viscosities are presented. In
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Figure 5: v2 — f model, Modification | and I1. Mesh 2. v, | /vy

Fig. 5 the predicted viscosity profiles are depicted for Modification | and 11. In Modification |1
different viscositiesare used for the diffusion termsin the wall-normal direction (v, ; ) and inthe
wall-parallel direction (v). The viscosity inthe wall-normal direction istaken from thev? — f
model and the viscosity in the wall-parallel direction is computed with the k£ — ¢ expression.
The ratio between these viscosities is v, | /v, = 0.2202/(0.09%), see Eq. 8. The expected
effect isthat the spreading of thewall jet in the spanwise direction with this modification should
be larger than with Modification I. From Fig. 3 we find that this is indeed the case. Actualy
the spreading in the wall-normal direction has also increased somewhat, but clearly 212 /712 is
larger for Modification | and Il than for Modification 1.

Profiles of theratio v, | /v, areshowninFig. 5. It can be seen that v, ;| ismuch smaller than
v, Theratiov, | /v, isapproximately 0.6 at the location of the velocity peak (4/71 /2 ~ 0.15).
Inside the vel ocity peak the ratio goes to zero as v2 is dampened by wall (f — 0).

5. Conclusions

Two modifications of the v2 — f model have been presented. In the first modification — Mod-
ification | — the source term in the v2 equation is limited so as to ensure that v2 < 2k/3. The
second modification — Modification |l — is based on a non-isotropic eddy-viscosity approach.
Different viscosities are used for the turbulent diffusion in the wall-normal direction and in the
wall-parallel directions. The object of Modification Il was to be able to model the different
spreading rates in the wall-normal and spanwise direction of a 3D wall jet.

Modification | was shown to work well. The predicted v2 was smaller than 2 /3 both for
the fully developed channel flow and the 3D wall jet. Modification 11 was found to give only a
small improvement for the 3D wall jet, and with this modification the spanwise spreading rate
was increased.

A further modification of the v2 — f could be to use the limitation of the time scale 7 model
derived from the requirement that the normal stresses must stay positive in regions of large
irrotational strains (e.g. in stagnation regions) [12]. It is very important that this limitation is
imposed in a consistent manner in Egs. 1 and 2. Furthermore, the limitation has a strong effect
also in region far away from stagnation regions. For more details, see Refs. [13, 14].
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