COMPARISON OF THREE k-€ TURBULENCE MODELS
FOR PREDICTING VENTILATION AIR JETS
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ABSTRACT. Published data on unconfined plane-wall jets and plane-free jets were reviewed and used to assess the
accuracy of numerical simulations. A plane-free jet was numerically simulated using the standard k-€ model and Jour
nonuniform grid patterns (70 x 32, 100 x 52, 120 x 60, and 120 x 74). The solution for a plane-free jet with adequate grid
resolution was in good agreement with the published data. A plane-wall jet was numerically simulated using five different
grids (70 x 32, 100 x 52, 120 x 60, 120 x 74, and 120 x 92) and three k-€ turbulence models (the standard k-&€ model,
Lam and Bremhorst low Reynolds number model, and Lam and Bremhorst low Reynolds number model with wall
functions). The simulations predicted velocity decay and velocity profile well, but overpredicted the jet spread and
entrainment ratio by 20 to 40%, indicating the need for a better turbulence model for wall jet predictions.
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et-ventilated structures are widely used in both

agricultural and nonagricultural systems. Numerous

research has been done on ventilation air flows

involving jets as well as on jets themselves. Because
jets have been studied extensively, they provide good test
cases to estimate the effects of using different turbulence
models and grids. Turbulence modeling is an important
part of numerical simulation. Currently, most of the
ventilation simulations use one of three k-€ models (k is
turbulent kinetic energy, € is the dissipation rate of
turbulent kinetic energy): the standard k- model (Launder
and Spalding, 1974), Lam and Bremhorst (1981) low
Reynolds number model, or the Lam and Bremhorst low
Reynolds number with wall functions (Chen et al., 1990).
Although most of the studies reported agreement with the
corresponding experimental results using the three models,
detailed comparison of the performances of the three
models is not available in a ventilation setting.

Figure 1 is a sketch of a plane-free jet and a plane-wall
jet. A plane-free jet is a two-dimensional jet that is not
attached to any solid surface. If a two-dimensional jet is
attached to a solid surface, the jet is a plane-wall jet. For
ventilation applications, the jet characteristics of interest
include the velocity profile, velocity decay (or peak
velocity), jet spread, and entrainment ratio. The velocity
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profile is the velocity profile at a given x location (fig. 1).
The velocity decay is the peak velocity u,, as a function
of x. The jet spread is the location of y 5 as a function of x.
The entrainment ratio is the flow rate at location x divided
by the inlet flow rate, Q,/Qq.

The objective of this study was to compare the
performances of three k-€ turbulence models in predicting
the jet characteristics of interest to ventilation.

Available experimental data were used to assess the
performance of numerical simulation and the impacts of
different grids and turbulence models. Since inadequate
grid resolution can be a major source of error (Thangam
and Speziale, 1992), five different grid patterns were used
to ensure adequate grid resolution and to evaluate the
impact of using different grids in the numerical simulation
of jets. Published data on unconfined isothermal air jets
were summarized in terms of velocity profile, jet spread,
velocity decay, and entrainment ratio for both plane-free
and plane-wall jets. The three models used in this study
were selected from available turbulence models (Liu et al.,
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1995a) because they were commonly used in ventilation
simulations.

The jets studied were a plane-free jet and a plane-wall
jet. The jets were isothermal and unconfined (except
confinement due to a solid wall that form a wall jet for the
plane-wall jet). The inlet height b (half of the inlet height
for the plane-free jet) was 0.05 m and the inlet velocity was
6 m/s and was assumed uniform across the inlet. The
Reynolds number based on inlet height and mean velocity
was 2.0 X 104,

LITERATURE REVIEW
EXPERIMENTAL AND ANALYTICAL STUDIES ON PLANE JETS

Unconfined air jets can be divided into four zones
(ASHRAE, 1989)—a short zone in which the maximum
velocity of the jet remains practically unchanged (zone 1),
a transition zone (zone 2), a zone of fully established
turbulent flow, which is also referred to as the self-similar
zone (zone 3), and a terminal zone (zone 4). Zone 3 is the
longest and the most important in engineering applications
among the four zones. The results reviewed in this study
are for zone 3 only. However, the division line between
zones 3 and 4 may need clarification. The suggested
division line is at x/b of about 100 (ASHRAE, 1989).
Many experiments measured jets at x/b over 100 (Launder
and Rodi, 1981; Narasimha et al., 1973). The results
showed that zone 3 behavior continued at x/b > 100 and as
high as x/b =1000.

Plane jets have been studied in terms of velocity profile,
jet spread, turbulence properties, and shear stress
(Koestel et al., 1950; Tuve, 1953; Sigalla, 1958; Schwarz
and Cosart, 1961; Myers et al., 1963; Black et al., 1969;
Wilson et al., 1970; Walker, 1977; Wygnanski et al., 1992).
The velocity decay of a wall jet was found to be equivalent
to that of a free jet having twice the inlet width of the wall
jet (Tuve, 1953; Walker, 1977; ASHRAE, 1989). The same
was true for the velocity profile of a wall jet except for the

region close to the wall (fig. 3b and fig. 5b), although the
velocity expressions were different (table 1.). Tuve (1953)
found that the wall-jet spread was slightly less than that of
the corresponding free jet. Other studies quantified the
difference as about 30% less than the corresponding free jet
(Launder and Rodi, 1981; Rajaratnam, 1976). Because of
the difficulty in measuring flow rate, the entrainment ratio
was usually calculated using the velocity profile, jet spread,
and velocity decay (Rajaratnam, 1976). The entrainment
ratio of the plane-wall jet was also about 30% less than the
corresponding free jet due to the reduced jet spread.
However, the jet spread and entrainment ratio calculations
for wall jets were assumed to be equivalent to the
corresponding free jet (ASHRAE, 1989; Albright, 1990).
Studies on both plane-free jets and plane-wall jets were
reviewed and summarized by Rajaratnam (1976) and
Abramovich (1963). Launder and Rodi (1981) reviewed
experimental studies on plane-wall jets. Fifteen studies on
plane-wall jets were compared for velocity decay, jet
spread, turbulence intensity, momentum loss along the jet,
and other properties. Using experimental data from 17
studies, Narasimha et al. (1973) showed that inlet
momentum flux J, (Jy = ug?b) rather than both uy and b
could be used to determine “most (if not all) mean flow
parameters” in the fully developed region (x/b = 30). In
their experimental study, Wygnanski et al. (1992)
reaffirmed the Narasimha et al. (1973) finding on inlet
momentum flux.

Table 1 is a list of results reported in the literature and
the results were used to assess the accuracy of the
numerical simulations. The results cited here are for the
self-similar portion of the jet (zone 3) only. Refer to
nomenclature for all variables used in the table.

NUMERICAL SIMULATIONS

A number of numerical simulations on jets have been
conducted. Setrak (1988) used the standard k-¢ model
(Launder and Spalding, 1974) and SIMPLE (Patankar,

Table 1. Summary of jet characteristics

Equation and Number Sources
Velocity profile (free jets) ul = exp(= 0.6932) 1) Rajaratnam (1976), ASHRAE (1989)
m
Velocity profile (wall jets) u_u_ -1. 48111/7[1 — erf(0.687)] ?) Rajaratnam (1976)
m
Jet spread (free jets) Yo.5s =0.1x A3 Awbi (1991), Rajaratnam (1976)
Jet spread (wall jets) Yo5 =0.073(x + 12b) 4 Launder and Rodi (1981), Schwarz and Cosart (1961)
Velocity decay (free jets) u 35 ’\/? o) Rajaratnam (1976)
u, Y x
Velocity decay (wall jets) The same as equation 5 Rajaratnam (1976), Walker (1977), ASHRAE (1989)
Entrainment ratio (free jets) & 3 uy 6) Walker (1977)
Q Um
Q_ N x O]
Q b
Entrainment ratio (wall jets) Q, ®) Equations 2, 4, and 5
—-0.281/ X412
Q b
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1980) to simulate a wall jet and the effects of obstacles on
the wall jet. An empirical entrainment ratio was embedded
in the boundary condition at the free boundary of the wall
jet. Simulation of a confined wall jet was part of the study
done by Choi et al. (1988) using the standard k-& model
and a modified TEACH program. One constant in the
standard k-& model, Cy, Was adjusted from 0.09 to 0.05 for
wall jet simulation while 0.09 was used for other
simulations. The predicted results were comparable with
the experimental results. Grid patterns of 12 x 12, 22 x 22,
32 x 32, and 42 x 42 were tested. Rodi and Spalding
(1970) and Ng and Spalding (1972) also simulated wall jets
in an earlier search for better turbulence models. In a
review of experimental and numerical studies on wall jets,
Launder and Rodi (1983) concluded that the wall jet is a
significantly more complex flow than a simply strained
boundary layer flow for numerical simulation. Numerical
studies of wall jets using three types of turbulence models
were reviewed—models using mixing length hypothesis,
two-equation models including the standard k-€ model, and
the Reynolds stress models. It was found that numerical
simulations using the standard k-&¢ model predicted a jet
spread of about 30% greater than experimental results for a
plane-wall jet in stagnant surroundings. They pointed out
that this discrepancy was due to the fact that C,, was set as
a constant in the model. By evaluating the standard k-€
model using direct numerical simulation, Cazalbou and
Bradshaw (1993) also showed that a number of constants
(including C,) in the standard k-e model were different
from region to region in wall-bounded flows (boundary
layer flow and channel flow). Mixing length models
needed to adjust the constants from flow to flow in wall jet
prediction. Because of this problem, the mixing length
model by itself was not popular in engineering applications
(Nallasamy, 1987). Reynolds stress models were better
than the two equation models and the models using mixing
length hypothesis for predicting wall jets. The use of
Reynolds stress models for engineering were limited
because of the limited gains by using the models and the
greater CPU time requirement (Bradshaw, 1987).

The standard k-e model is widely used to predict
ventilation air flows (Worley and Manbeck, 1995; Gan and
Awbi, 1994; Knappmiller and Kirkpatrick, 1994;
Maghirang and Manbeck, 1993; Chen and Jiang, 1992;
Murakami et al., 1991; Choi et al., 1990; Fang and Grot,
1990; Awbi, 1989; Choi et al., 1988). However, two
problems are commonly reported using the standard k-&¢
model in engineering applications. One is that all the grid
points have to be located in the fully turbulent region and
wall functions are needed to bridge the solid surface and
the first grid point adjacent to the solid surface (Launder
and Spalding, 1974). Hoff (1990) found that his numerical
simulation might not converge if all the grid points were
not in a fully turbulent region. Choi et al. (1988) found that
a fine grid of 42 x 42 did not converge but that coarser
grids converged, possibly a result of the same problem.
Another problem of the standard k-e model is the poor
accuracy when predicting complex flows, especially flow
with separation (White, 1991; Wilcox, 1993; Patel et al.,
1991). Jet separation and reattachment are commonly
encountered in ventilation air flows.

Because of these problems, Hoff (1990) used a low
Reynolds number model proposed by Lam and Bremhorst
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(1981). The Lam and Bremhorst low Reynolds number
model compared favorably with a number of turbulence
models (Liu et al., 1995a; Patel et al., 1984). Chen et al.
(1990) used the Lam and Brembhorst low Reynolds number
model with wall functions to predict water and air flows in
a model and found that this combination was better than
the standard k-e¢ model. The combination of Lam
Bremhorst model with wall functions were also used in
Chen et al. (1992), Baker et al. (1994), and Baker and
Kelso (1990). In more recent studies, Bergstrom (1994)
used an algebraic stress model with a low Reynolds
number model in a two region manner. Murakami et al.
(1994) compared the performances of the standard k-¢
model, an algebraic model, and a Reynolds stress model
and found that the standard k-€ model was not as accurate
as the other two models. As reviewed by Liu et al. (1995a),
many new turbulence models have been proposed and
some of them showed significant improvement over the
standard k-€ model. Most of the new models reviewed have
not been tested for ventilation simulation.

Most of the numerical simulations in ventilation
applications use the SIMPLE(R) algorithm (Patankar,
1980). Detailed discussions of this algorithm and its
application for ventilation simulation were given by Awbi
(1991), Jones and Whittle (1992), and Hoff (1990).

The importance of grid resolution was addressed by
Baker and Kelso (1990) and Thangam and Speziale (1992).
As pointed out by Baker and Kelso (1990), the problem of
numerical diffusion may dominate the transport process
without adequate grid resolution. Using a grid of 200 X
100, Thangam and Speziale (1992) showed that the
reported errors in predicting flow over a back-facing step
were mainly due to inadequate grid resolution.

NUMERICAL SOLUTION
GOVERNING EQUATIONS

The governing equations for steady state flows can be
written in the general form of (White, 1991; Patankar,
1980):

0 d
a_Xi (p“i¢ - F¢,eff a_i)l) = Sq, ()]
where
¢  =scalar variable

Ty o = effective diffusion coefficient for ¢

Sy = source term for ¢

T%e governing equations include continuity, momentum,
turbulent kinetic energy, and dissipation for turbulent

Table 2. Summary of the partial differential equations

Equation ¢ Coert Sy
Continuity 1 0 0
M tu i

omentum u; [TRNT _a_P+_§.r~ (‘2]1

eff
ox axj *etf 3 X;

Turbulence energy k w+ [p/ol p(G-¢)
Dissipation € n+[p/ogl (pe/k) (C,G - C,¢)
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kinetic energy. The terms ¢, r¢’eff, and Sq, are summarized
in table 2 for each equation.

Variables used in table 2 are (Launder and Spalding,
1974):

pe = C,pk?/e
2 2 2
G=vt[a—“-+a—V +2 ﬂ) +2 a_v)]
dy dx ox ay

ok = 1.0, 0 = 1.3, C = 0.09f,, C; = 1.44f;, C; = 1.92f,
For STD model (Launder and Spalding, 1974):
f].l = fl = f2 = 1

For LB and LBW models (Lam and Bremhorst, 1981):

fu= [1 — €Xp (— 0.0165Ry)]2(1 + M)

Rl
£=1 ,{0.05)3
fu

f,=1-exp(-R, 3

2
R,=
VE

R = kl/zymin
y \%

Ymin = the shortest distance to any solid surface

TURBULENCE MODELS

Three turbulence models were used: the standard k-g
model (Launder and Spalding, 1974), referred to as the
STD; the low Reynolds number model proposed by Lam
and Bremhorst (1990), referred to as the LB; and the Lam
and Bremhorst low Reynolds number model with wall
functions (Chen et al., 1990), referred to as the LBW. The
governing equations for each model are listed in table 2
with other equations. The STD model has been used
successfully in numerous applications, especially for free
shear flows. However, as reported in the literature, it
requires all the grid points to be in the fully turbulent flow
region and it is not accurate for complex flows. The LB
model is intended to overcome the problems that the STD
model has. It uses damping functions to extend its use to
the low Reynolds number region and no wall functions are
needed. The LB model requires a dense grid in the solid
surface region and has relatively poor convergence
behavior (Patel et al., 1984; Chen et al., 1990). The
damping functions used also need improvement
(Patel et al., 1984). The LBW model differs from the LB
model in that wall functions are used in the solid surface
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Table 3. List of grids used

Grid Grid Grid Grid Grid

No. 1 No. 2 No.3 No. 4 No. 5
Points inside inlet 1 5 8 15 30
Mesh* 70x32 100x52 120x60 120x74 120x92
x progression factor 1.08 1.1 1.08 1.08 1.09
y progression factor 1.1 1.1 1.1 1.1 1.1
Minimum y*f 111 23 15 7 0.8
Maximum y+§ 1134 77 43 26 9

*  Number of points in x direction by the number of grids in y direction.
1 For plane-wall jet only.

region where y* > 11.5 (y* calculated as k!/2y_; /v). This
combination allows the model to be used in low Reynolds
number regions and does not require a dense grid in the
solid surface region because wall functions are used.
However, the performance of the LBW model near the
solid surface region where y* < 11.5 is questionable. Under
this condition, the LBW model is the same as the LB
model, however, the grid is not likely to be as dense as
required by the LB model.

All three models were used in this study for the plane-
wall jet. For plane-free jets, only the STD model was used
because the three models are essentially the same for free
shear flows.

SELECTION OF GRIDS

Five different grids were selected (table 3). The main
difference between grids was the number of grid points in
the jet region. Grid No. 1 was the coarsest grid which had
one grid point inside the inlet. Grid 3 was the densest grid
used for the STD model, which requires y* > 11.5 for all
the grid points. Grid 5 was the densest grid used with 30
grid points located inside the inlet. It had y* values ranging
from 0.8 to 9 for the grid points adjacent to the solid
surface with all of them located in the region where y* <
11.5. Compared with other low Reynolds number model
studies using grid points located with y* values less than
0.2 (Wilcox, 1993; Chen and Patel, 1988), using grid 5 may
not be dense enough for the LB model (Lam and
Bremhorst, 1981). However, the grid used was much
denser than grids commonly used for ventilation
simulation. A denser grid was not attempted. The y* values
for grid points adjacent to the solid surface (for plane-wall
jets only) are also shown in table 3.

Table 4 lists the combinations of grids and turbulence
models considered. Plane-wall jet simulations using grids
4 and 5 with the STD model did not converge. As shown in
table 3, not all the grid points in grids 4 and 5 were in a

Table 4. Combination of grids and turbulence models used

Grid Grid Grid Grid Grid
No. 1 No. 2 No. 3 No. 4 No. 5
Plane-free Jet
STD X X X X
LBW
LB
Plane-wall Jet
STD X X X X* x*
LBW X X X X X
LB X X X

*  Convergence not achieved.
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fully turbulent region. Grids 1 and 2 were not considered
for the LB model because the LB model requires a dense
grid in the solid surface region.

TREATMENT OF THE EXPONENTIAL TERMS

During the initial stage of this study, it was noticed that
the LB and the LBW models, if used as proposed with the
exponential terms, required about three times the CPU time
that the STD model required to complete one iteration. The
problem was traced to the exponential terms in the Lam
and Bremhorst low Reynolds number model. To solve this
problem, the exponential term e* was divided into five
sections and each section was approximated by a
polynomial. The division line between each section was
drawn by observing the e™* curve and minimizing the
curvature in each section. Each polynomial was a least
square fit of data points of the exponential function for the
section. The polynomials are:

e = (10)
0.9962-0.9429x+ 0.3203x? 0<x<1
0.8146-0.5972x+0.1582x2-0.01471x3 1<x<3.9
0.2204-0.09677x+0.01447x2-7.325x107%3  3.9<x<5.5

0.1009-0.03759x+0.004744x2—-2.021x107%3 5.5<x<8
0 x>8

This approximation has a relative error of < 2% in the
range of 0 < x < 8 and an absolute error of < 0.0038 in the
range of 0 < x < oo, Use of the approximation improved the
speed of the LB and the LBW models to a rate comparable
of the STD model.

BOUNDARY CONDITIONS

The computation domain is shown in figure 2. A
computation domain of 250b in the x direction and 150b in
the y direction was used in this study. The 250b was
selected to ensure that the size of the domain was long
enough to cover the suggested self-similar region of up to
100b (ASHRAE, 1989). The y direction size was arbitrary
yet large enough that little impact was expected on the
prediction. To minimize the complication of a solid
surface, the left (except the inlet) and bottom boundary
(AB and AE in fig. 2) were selected as symmetry lines.
Uniform condition was assumed at the inlet for all the grids
used to ensure comparability between grids. The € value at
the inlet was calculated as € = (Cu3/ 4x3/2) / 0.41L (Djilali
et al., 1989; Gan and Awbi, 1994; Choi et al., 1988). L =2b
was used in the study. The boundary conditions are listed in
table 5.

| BN— Jet mlet
]

DOMAIN DOF INTEREST

150b

wall boundary (wall jet) or centerline of Jjet (free jet)
symmetry line
-———— exit

Figure 2-The computation domain.

DETAILS OF THE NUMERICAL SCHEME

The SIMPLER (Patankar, 1980) method was used to
numerically solve the partial differential equations. Central
difference scheme was used to discretize the source terms.
DEC 3000 workstations from Digital Equipment
Corporation were used for the calculation. The
convergence criterion was that the residual of the
continuity equation should be < 2.0 x 10-7. The flow rate
at any given axial location x was needed for entrainment
ratio calculation. The flow rate was calculated by
integrating the velocity profile from the center of the jet
(the wall in the case of wall jet) to the point where the air
velocity component in the x direction was zero. It was
found that the STD model was less likely to diverge. The
guessed velocity field to start the iteration process may
result in divergence using either the LBW or LB models, so
the STD model solution was used as the initial guess for
the LB and LBW models.

RESULTS AND DISCUSSION

The predicted results of velocity profile, velocity decay,
jet spread, and entrainment ratio are presented. The
parameters k, €, skin friction coefficient, etc. are not
summarized here because these are not of primary interest
for ventilation studies. Numerous discussions related to
these parameters are available (Chen and Patel, 1988;
Patel et al.,, 1984; Lam and Bremhorst, 1981; Wilcox,
1993). As mentioned earlier, uniform conditions were
assumed across the inlet. The impact of that assumption on
numerical simulation was not known. It was suggested that
the inlet conditions might be important to achieve
similitude (Liu et al., 1995b), however, the inlet condition

Table 5. Boundary conditions

AB u=0,0v/0x =0, ok/dx =0, de/9x =0

AE  0u/dy=0,v =0, Jk/dy =0, 0e/dy =0

BC u=ug, v=0, k =0.005uy?2, € = 0.2k3/2

DE  u=0,0v/0x =0, 0k/0x = 0, de/dx = 0, the momentum at DE should be less than or equal to the
momentum at the adjacent upstream section*

CD, plane-free jet
CD, wall jet STD model and LBW model (y* 2 11.5)
CD, wall jet, LB model and LBW model (y* < 11.5)

ou/dy =0, v =0, dk/dy =0, de/dy =0
wall functions (Launder and Spalding, 1974; Dijilali et al., 1989; Chieng and Launder, 1980)
u=0,v=0,k=0,and € = 2vk/y ;2 (Chieng and Launder, 1980; Chen et al., 1990)

* This condition was imposed to eliminate the possibility of unrealistic inflow at the exit.
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