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Nonlinear eddy viscosity modeling and experimental study of jet
spreading rates
Abstract Indoor airﬂow pattern is strongly inﬂuenced by turbulent shear and
turbulent normal stresses that are responsible for entrainment eﬀects and
turbulence-driven secondary motion. Therefore, an accurate prediction of room
airﬂows requires reliable modeling of these turbulent quantities. The most
widely used turbulence models include RANS-based models that provide quick
solutions but are known to fail in turbulent free shear and wall-aﬀected ﬂows.
In order to cope with this deﬁciency, this study presents a nonlinear k-e
turbulence model and evaluates it along with linear k-e models for an indoor
isothermal linear diﬀuser jet ﬂow measured in two model rooms using PIV. The
results show that the ﬂow contains a free jet near the inlet region and a wallaﬀected region downstream where the jet is pushed toward the ceiling by
entrainment through the well-known Coanda eﬀect. The CFD results show that
an accurate prediction of the entrainment process is very important and that the
nonlinear eddy viscosity model is able to predict the turbulence-driven
secondary motions. Furthermore, turbulence models that are calibrated for high
Reynolds free shear layer ﬂows were not able to reproduce the measured
velocity distributions, and it is suggested that the model constants of turbulence
models should be adjusted before they are used for room airﬂow simulations.
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Practical Implications

A nonlinear version of the standard k-e turbulence model is proposed to improve its performance for the jet spreading
found in linear diﬀusers. The model is evaluated against new measured PIV experimental data that serve as a benchmark for future evaluations of turbulence modeling in indoor airﬂows. The PIV measurements provide insight into
the ﬂow behavior from linear diﬀusers. The results will help users choose the appropriate default turbulence models
that are readily available in commercial CFD software, to suit the indoor air simulation.

Introduction

Indoor airﬂows subjected to linear jet diﬀusers feature
a rich variety of ﬂuid dynamics. These ﬂow characteristics also exert signiﬁcant inﬂuence on the distribution
of contaminant particles suspended in the air, and
therefore, the accurate prediction of such airﬂows plays
an important role in the design process of ventilation
systems for both occupant comfort and contaminant
removal (Chang et al., 2006; He et al., 2005; Inthavong
et al., 2012). Computational ﬂuid dynamics (CFD) is a
promising tool to capture such ﬂow phenomena. Due
to the lower computational eﬀort, most airﬂow
simulations are based on the Reynolds Averaged
Navier Stokes equations (RANS) with a ﬁrst-order-

closure turbulence model. While its use has been prominent in recent years as reviewed by Chen and Zhai
(2004) and Zhai et al. (2007), the accuracy and reliability of the simulation signiﬁcantly depend on the implementation of the turbulence model to account for the
ﬂow behavior.
Early numerical investigations of two-dimensional
room airﬂows (Nielsen, 1990; Sørensen and Nielsen,
2003; Voigt, 2002) showed that isotropic turbulence
models (e.g., a linear eddy viscosity model) were suﬃcient in predicting the room airﬂows. However, the
standard Boussinesq approach used relies on a linear
correlation between the Reynolds stress tensor and the
strain rate tensor, which is not able to reproduce the
turbulent normal stresses suﬃciently. For this reason,
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this approach fails in the prediction of turbulencedriven secondary motions (Demuren and Rodi, 1984;
Heschl et al., 2013; van Hooﬀ et al., 2013). For room
airﬂows, this scenario can be observed at air diﬀusers
or inlets that are mounted near a wall so that a threedimensional wall jet is encountered. The large lateral to
normal spreading rates caused by the redistribution of
the turbulent normal stresses near the wall are not captured by linear correlation turbulence models, leading
to poor predictions in downstream ﬂow (Abrahamsson, 1997; Craft and Launder, 2001; L€
ubcke & Th.
Rung, 2003). A further diﬃculty in CFD modeling of
indoor airﬂows is the low inlet velocities that produce
Reynolds numbers in the range of Re  102  104. In
this range, transitional eﬀects inﬂuence the entrainment
of the inlet jet. Studies have shown that the jet spreading rate is dependent on the Re number (Deo et al.,
2007). The importance of the turbulent normal stresses
and the transitional eﬀects indicates that a nonlinear
eddy viscosity turbulence model (EVM) calibrated with
regard to normal stresses and ﬂow entrainment is indispensable for an accurate prediction of room airﬂows.
Therefore, the purpose of this study is the development of a nonlinear eddy viscosity model capable to simulate the room ﬂow phenomena described previously.
Starting from the investigation of the performance of ke turbulence models in the prediction of the lateral
spreading rate of isothermal three-dimensional wall jets,
a nonlinear eddy viscosity modiﬁcation is made to the
standard k-e model and its model constants are calibrated based on experimental data (isothermal case).
For this reason, two model rooms with diﬀerent widths
and heights and a linear diﬀuser inlet producing a wall
jet ﬂow across the ceiling are investigated experimentally
using particle image velocimetry (PIV) and used to evaluate the k-e turbulence models.
Experimental setup

The test setup consists of an air supply duct system, a
model room made of plexiglass in an air-conditioned

test room and a PIV measurement system (Figure 1).
The test rig is equipped with a frequency-controlled
fan unit, which feeds the air via an oriﬁce plate, a rectiﬁer, a mass ﬂow measurement unit, temperature sensors, and seeding mixing chamber to the plexiglass test
model. The plexiglass model is placed inside a blackcoated test room to allow optimum illumination, while
thermal inﬂuences are minimized by placing the laser
energy supply and the computer equipment outside of
the test room. During the measurements, temperatures
of the inlet, outlet, and surrounding walls, the relative
humidity, and the ambient pressure are logged, so that
the air properties can be determined to ensure an
isothermal case.
Plexiglass models

The two plexiglass model rooms with their dimensions
are shown in Figure 2. They diﬀer in their length-toheight and length-to-width ratios and in their outlets.
Both models have an inlet air supply duct with evenly
distributed holes. The supply ducts are fed from both
end sides over a ﬂow rectiﬁer. For Room-1, the air supply extends over a length of 666 mm and contains 222
holes (2-mm diameter) evenly spaced along the duct.
The mean inlet velocity is 14.84 m/s (air change rate
ACH = 84), and the inlet angle is 16° downwards from
the horizontal direction. The air leaves the model room
through a small channel of 12 mm height and the same
length of 666 mm at the opposite wall of the room.
Additional parameters are as follows: H = 400 mm, D/
H = 0.001, W/H = 2.0, L/H = 3.0.
The air supply of the second model room contains
seven groups of 32 holes with a diameter of 1.3 mm
over an overall length of 440.8 mm. The distance
between the holes is 1.5 mm and between the sevenhole groups 13.5 mm. The mean inlet velocity is
36.88 m/s (ACH = 84), and the inlet angle is 27.5°
downwards from the horizontal direction. The outlet is
a duct at the opposite wall which has the same hole distribution as the inlet air supply duct.

Fig. 1 Schematic of experimental setup for the room ﬂow investigation
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Model Room-1

Model Room-2

(a) Schematic of the two plexiglass model rooms

Fig. 2 Geometry of the plexiglass model rooms. Dimensions are in mm

PIV measurement setup

The light sheet optic and the two cameras are mounted
on a two-dimensional traverse system so that only one
calibration is needed for all PIV measurements. The
two cameras are mounted on top of each other so that
the complete height of the model room can be covered.
The ﬁeld of view of one camera is 155 9 200 mm², so
that in x-direction 294, in y-direction 110, and in
z-directions 39 measured positions were obtained. This
yields in a measured domain ranging from x = 110 to
1200 mm, y = 0 to 400 mm, and z = 0 to 800 mm
which consists of about 1,300,000 vectors. To eliminate
the turbulent ﬂuctuations, the measuring data are averaged over a measuring period of 30 s with a sample
rate of 4 Hz.
The ﬁeld of view of one camera was
155 9 200 mm², so that the complete height of the
model room could be measured at the same time for
every position. For all PIV measurements, two cameras
with a resolution of 1344 9 1024 pixels are used. The
interrogation areas are deﬁned with 32 9 32 pixels and
an overlapping of 25%. In the z-direction, the light
sheet probe and cameras were traversed in steps of
20 mm to determine the x and y velocity components
in about 40 measurements planes normal to the z-axis.
Measurement uncertainty analysis was performed
following Coleman & Steele (1995). The accuracy of
velocity measurement is limited by the accuracy of the
sub-pixel interpolation of the displacement correlation
peak. In this study, the cross-correlation is performed
using the adaptive correlation method (Dantec, 2002).
Based on the size of the interrogation area, the adaptive correlation is used to calculate the instantaneous
vector maps, and the large number of instantaneous
vector maps is used to calculate the mean velocity. For
our data, this leads to an uncertainty in the streamwise

and wall-normal mean velocities at 95% conﬁdence
level of 2.3% and 2.9%, respectively.
Numerical method

In the CFD model, the inlet consisting of individual
holes was simpliﬁed to a single slot with the hole diameter as its height. Due to the larger inlet area, the inlet
velocity was reduced to achieve the same mass ﬂow. To
obtain the same momentum, a small volume in the inlet
area of the slot was created where a momentum source
was deﬁned to match the original supply duct. This
technique is known as the momentum method (Srebric
and Chen, 2002). Preliminary CFD simulations were
performed and compared with the PIV measurements,
prior to performing the full room simulations.
The steady-state continuity and momentum RANS
equations for incompressible ﬂuids and isothermal ﬂow
are as follows:
@uj
¼0
@xj



@u0i u0j
@ui
1 @p
@
@ui
uj
v

¼
þ
q @xi @xj @xj
@xj
@xj

ð1Þ
ð2Þ

To close the equation system, the Reynolds stresses
qu0i u0j must be modeled. Typically, this is achieved by
the linear eddy viscosity concept, where the turbulent
stress tensor is expressed by a linear correlation
between the strain rate tensor Sij and the Reynolds
stress tensor
2
qu0i u0j ¼ qCl Lt Ut Sij  qkdij
ð3Þ
3
where Cμ is a model constant, Ut and Lt are turbulent
velocity and length scales, respectively, and k is the turbulence kinetic energy.
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Standard k-e turbulence model and its modifications

To close the linear eddy viscosity turbulence model, the
turbulent velocity scale and the turbulent length or time
scale must be determined. For the standard k-e turbulence model, two additional transport equations for the
turbulence kinetic energy k and the rate of dissipation e
are used to achieve this. The equations are given as
quj

@k
@
¼
@xj @xi

@e
@
quj
¼
@xj @xi


lþ




lt @k
þ Pk  qe
rk @xi



lt @e
Ce1 Pk  Ce2 qe
þ
lþ
T
re @xi

ð4Þ
ð5Þ

Lt
The time scale, T ¼ U
, and the
pﬃﬃﬃvelocity scale are detert
mined by T = k/e and Ut ¼ k , respectively, and the
turbulent viscosity is expressed as

lt ¼ qCl

2

k
:
e

ð6Þ

The standard empirical model constants are
Cl = 0.09, Cɛ1 = 1.44, and Cɛ2 = 1.92.
The standard k-e model is a semi-empirical model
derived primarily for high Reynolds number ﬂows and
thus valid for ﬂow regions far from wall boundaries
(turbulent core ﬂow). For low Reynolds number ﬂows,
such as those found near walls, wall functions
(Launder and Spalding, 1974) are typically used to
connect the turbulent core ﬂow with the near-wall ﬂow.
In this study, an enhanced wall function is used which
implies a ﬁne near-wall mesh where the ﬁrst node from
the wall is placed around y+ = 1, to resolve the viscous
sublayer. Modiﬁcations to improve the standard k-e
(SKE) model include the Realizable k-e model (RKE)
by Shih et al. (1995) and the Renormalization Group
k-e model (RNG) by Yakhot and Orszag (1986).

Sij ¼

@ui @uj
þ
@xj @xi




Xij ¼

@ui @uj

@xj @xi


ð9Þ

where Gk are model constants, Tij is a nonlinear function of the local velocity gradients expressed by the
shear rate tensor Sij and the vorticity tensor Ωij, and Tt
is the turbulent time scale; for a nonlinear k-e model,
Tt = k/e. For the modeling of the Reynolds stress
anisotropy tensor bij, the approach of Gatski and
Speziale (1992) is used, where


1
bij ¼ G1 Tt Sij þ G2 T2t Sik Skj  Skl Skl dij

 3
ð10Þ
þ G3 T2t Xik Skj  Xjk Ski :
With the model constants
G1 ¼ Cl ; G2 ¼ C1 ; G3 ¼ C2 :

ð10Þ

For calibration of the model constants C1 and C2,
existing experimental and DNS data from simple shear
ﬂows are used [Kim et al. (1987), Tavoularis and Karnik (1989), Tavoularis and Corrsin (1981), De Souza
et al. (1995)] and plotted in Figure 3 as these ﬂows correspond well to jet ﬂows. The dimensionless invariants
g and ξ are used to characterize the ﬂow parameters
and are deﬁned as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g ¼ T 2 Sij Sij

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n ¼ T 2 Xij Xij

ð11Þ

For homogeneous shear and boundary layer ﬂows, the
anisotropy coeﬃcient b12 is proportional to g and ξ,
and the anisotropy coeﬃcient bii to g² and ξ². It is noted
that only the values for b11 and b22are shown because
1
for simple
shear ﬂows,

 the terms Sik Skj  3 Skl Skl dij
and Xik Skj  Xjk Ski in Equation 10 are close to zero
for i = 1 and j = 2. This makes b12 mainly dependent
on Cμ, (i.e., the inﬂuence of C1 and C2 becomes negligi-

Nonlinear k-e turbulence model

Nonlinear turbulence models include nonlinear terms
of the strain rate for the deﬁnition of the Reynolds
stresses, so that the Reynolds stresses can be based on
the Reynolds stress anisotropy tensor bij as
bij ¼

u0i u0j 1
 dij :
2k 3

ð7Þ

In principle nonlinear eddy viscosity, models assume
that the anisotropy tensor depends on the local velocity
gradients, vorticity, and the turbulent time scale which
can be summarized in the following form:
X


bij ¼
ð8Þ
Gk Tkij
Tij ¼ Tij Sij ; Xij ; Tt
k

where
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Fig. 3 Dependence of the model constants C1 and C2 on the
dimensionless parameter c
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ble). A dimensionless invariant c is introduced to determine the model constants C1 and C2, and is deﬁned as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 


c ¼ 0:5 g2 þ n2 :
Ci ¼ Ci c2
ð12Þ
The dependence of the model constants C1 and C2 on
the dimensionless invariant c is shown in Figure 3
where the data points are DNS and experimental data
found in literature cited previously. The solid black line
represents the corresponding approximation equation
found as
C1 ¼ C2 ¼

0:171
:
0:9 þ c2

ð13Þ

The dashed lines in Figure 3 show the limits for
simple shear stress ﬂows (homogeneous shear ﬂows,
two-dimensional channel ﬂow, boundary layer ﬂows
etc.), where the turbulent normal stresses u02
2 [ 0 and
u02
[
0
are
positive.
The
comparison
between
the
3
approximation in Equation 13 and the limit lines
shows that the proposed nonlinear model always predicts positive turbulent normal stresses, so that a
robust and stable numerical solution can be expected.
The computations were performed with the commercial CFD code ANSYS Fluent (Fluent, 2007). The SIMPLE-based segregated solver is used; for the convective
terms, the second order upwind discretization is applied.
Beside the included turbulence models (SKE, RKE,
RNG), the proposed nonlinear eddy viscosity modiﬁcation was imposed to the SKE model leading to the
SKE-NL (nonlinear) model. The implementation into
Fluent was performed through UDF (user-deﬁned function) routines where the simulation time of the nonlinear model is 1.3-times longer than with the default
models. For both model rooms, a structured mesh with
high resolution in the near wall to satisfy the requirements for low-Re turbulence models, that is, y+ of ﬁrst
grid point <1, was used consisting of 3.5 million cells for
Room-1 and 2.5 million for Room-2. The turbulence
properties deﬁned at the inlet boundary to deﬁne the
supply jet were chosen in such a way so that the ﬂow
proﬁles in the near inlet region obtained from the experimental data were matched. For Room-1, a turbulence
intensity of 40%, corresponding to a turbulent kinetic
energy of 11.2 m2/s2, and a dissipation of 42152 m2/s3
was used, while for Room-2, the turbulence intensity
was 20%, corresponding to a turbulent kinetic energy
of 20 m2/s2, and the dissipation was 162264 m2/s3.

Results and discussion
Nonlinear EVM calibration

Any individual tuning of model constants should be consistent to the log-law layer (Wilcox, 2006). A simple
option is to adapt the proportionality factor of the pro-

duction and dissipation term in the e equation in such a
way that both the measured spreading rate and the logarithmic wall law are fulﬁlled. For the k-e-based turbulence
models, it is shown in (Pope, 2000) that the following
relations for the model parameters are constrained by
j2 ¼ ðCe2  Ce1 Þre

pﬃﬃﬃﬃﬃﬃ
Cl

ð14Þ

where j (kappa) is the von Karman constant. If the
spreading rate is known, a speciﬁc calibration of the
model constants based on the Equations 14 can be
achieved. The measurement data obtained in this study
provide the mean inlet velocity and the speciﬁc jet
spreading rate for the two room ﬂows.
For the air supply duct of Room-1, a constant
spreading rate of dy1/2/dx = 0.110 and of Room-2 of
dy1/2/dx = 0.108 was determined. The proposed calibration procedure yields Ce1 = 1.42, re = 1.23 for the
SKE-NL. The other model constants comply with their
default values.
Velocity distribution

A comparison of the measured and predicted velocity
distribution is shown in Figure 4 for Room-1 and in
Figure 5 for Room-2. In both cases, the ﬂow is characterized by a free jet at the inlet region and a wallaﬀected region downstream. The latter region is driven
by the Coanda eﬀect that pushes the jet toward the
ceiling. The measurement of Room-1 exhibits a near
symmetric ﬂow, whereas the airﬂow in Room-2 is
asymmetric. This asymmetry may be caused by the
smaller room size and its conﬁnement eﬀect which
inﬂuences the rate of entrainment of ambient air into
the jet. For Room-1, the ﬂow behavior is reproduced
by all turbulence models except for the RKE model
which partly predicts an asymmetric airﬂow. The RKE
model overpredicts the dissipative turbulence interaction so that the entrainment is signiﬁcantly underpredicted (the measured spreading rate in the inlet area is
about dy1/2/dx = 0.11 while the RKE predicts (dy1/2/
dx = 0.09). This leads to a lower entrainment in the
shear layer ﬂow and consequently a smaller jet proﬁle
with a higher centerline velocity. This behavior of the
RKE model can also be observed in Room-2. It underpredicts the entrainment so that a complete attachment
of the jet to the wall is suppressed. In contrast, the
standard model SKE with a computed spreading rate
of dy1/2/dx = 0.11 predicts the ﬂow pattern and the
velocity distribution clearly better than the RKE and
also RNG model. The computed ﬂow pattern indicates
that an accurate prediction of the entrainment process
is very important. Because of the low inlet velocity, a
transitional ﬂow behavior which leads to a high
entrainment eﬀect can be expected. Consequently, linear turbulence models that are calibrated for high Reynolds free shear layer ﬂows are not able to reproduce
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Fig. 4 Comparison of velocity contours in three planes normal to the x-axis in Room-1. The diagrams show the complete cross-section

the observed velocity distribution, and therefore, its
model constants should be adjusted before they are
used for room airﬂow simulations.
The eﬀect of the nonlinear modiﬁcations considering
the inﬂuence of the anisotropy based on strain rate and
rotation rate can be seen in the velocity contours. The
comparison of the velocity distribution for Room-1
(Figure 4) between the SKE and the SKE-NL model
shows that the nonlinear model provides better agreement with the experimental ﬁndings; particularly, further downstream at x/L = 0.75, where the turbulence
eﬀects are more distinct and are evident through the
wall jet attaching to the ceiling, the ﬂow is more realistically reproduced by the SKE-NL model. Interestingly, the inﬂuence of the turbulent normal stresses is
not noticeable in Room-2. This may be due to the larger inlet angle so that a hardly visible wall jet arises.
Jet development downstream

The development of the wall jet as it progresses downstream is visualized through a contour plot of the
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streamwise u-velocity component for both rooms
(Figures 6 and 7). The experimental results show a
large core region dominated by the jet in the upper half
of the room with a positive axial velocity. For Room1, all turbulence models predict the qualitative jet
development fairly well, although the SKE-NL model
produces a thinner high velocity region downstream.
The development of the wall jet in Room-2 shows a
greater jet plume created by the increased inlet angle of
the jet. The ﬂow is entrained rapidly and the jet reattaches to the ceiling at approximately x = 200 mm.
The SKE and RKE model predictions show the jet
velocity decaying rapidly, and at x = 900 mm, the
inﬂuence of the jet is diminished.
Velocity profiles for Room-1

Additional quantitative analyses are performed for
Room-1 because the ﬂow pattern shows some symmetry, and therefore, values at speciﬁc locations should
provide a good reﬂection of the ﬂow characteristics.
The u-velocity along the room height at mid-section is
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x = 182 mm , x/L = 0.206

0.15

Fig. 5 Comparison of velocity contours in three planes normal to the x-axis in Room-2. Measurement region is a height of 195 mm
(from ceiling) and a width of 608 mm (full width of the room)

x = 300 mm

u-vel/uo

x = 600 mm

x = 900 mm

Experiment

SKE-NL

SKE

RNG

RKE

Fig. 6 Comparison of the u-velocity contours in the mid z-plane of Room-1. The measurement region is the complete cross-section

depicted in Figure 8 for three locations (x = 300 mm,
600 mm and 900 mm as depicted in Figure 6). The turbulence models are able to capture the peak velocities
reasonably along the height at x = 300 mm. However,
the reverse ﬂow region below the jet ﬂow is not cap-

tured at all by any of the linear k-e models. The ﬂow
axial velocity remains positive; no recirculation is
found. As the ﬂow develops downstream, the linear
models eventually produce the recirculation in the
lower half of the room (x = 900 mm). The proposed
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Fig. 7 Comparison of u-velocity contours in the mid z-plane for Room II. The measurement region shows a height of 195 mm from
ceiling and the complete room length 883.1 mm
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Fig. 8 Axial velocity (u-component) proﬁles in the vertical coordinate in the z-midplane (PIV measurement data determined with moving-average validation), taken at x = 300 mm, x = 600 mm, and x = 900 mm of Room-1

SKE-NL model shows signiﬁcant improvements in
capturing not only the recirculation but also the velocity proﬁles quantitatively. The improved prediction of
the normal stress distribution by the nonlinear model
enables the turbulence-driven secondary motion that
enhances the prediction of the lateral spreading rate of
the three-dimensional wall jet at the ceiling.
The turbulent kinetic energy (TKE) taken along the
vertical lines x = 300 mm, 600 mm, and 900 mm are
given in Figure 9 to highlight the diﬀerences in each of
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the k-e-based turbulence models. The In the near inlet
jet region the TKE proﬁles are similar for all models
given that the ﬂow development is not fully realized.
Further downstream where the entrainment and turbulence-driven secondary motions become more inﬂuential, greater variation between the linear k-e models
with the nonlinear is much more evident. The nonlinear model provides has the ability to capture the secondary ﬂow motions and turbulent normal stresses,
whereas the linear models cannot.

Nonlinear turbulence model for indoor airflow

x = 300 mm

x = 600 mm

x = 900 mm

Fig. 9 Turbulent kinetic energy (TKE) proﬁles in the vertical coordinate in the z-midplane for Room-1 taken at x = 300 mm,
x = 600 mm, and x = 900 mm of Room-1 as depicted in Figure 6

the proposed approaches can improve the prediction of
linear jet diﬀuser ﬂows.

Conclusion

In industrial applications, RANS simulations with turbulence models are widely used. But generally, these
models are not able to predict transitional eﬀects, that
is, the growing spreading rate of wall jets with lower
Reynolds numbers. Especially at room airﬂows, often
low inlet velocities prevail so that the transitional eﬀect
on the airﬂow pattern has to be considered. For this
reason, a simple calibration procedure for eddy viscosity turbulence models which ensures the log-law and
the correct shear layer behavior is presented. In addition, a nonlinear eddy viscosity model is suggested
which reproduces the anisotropic Reynolds stresses
and consequently turbulence-driven secondary
motions. Finally, both approaches are validated with
own experimental investigations of two diﬀerent complex room airﬂows. Thereby, it could be shown that
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